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SUMMARY 

(1) Aerial survey methods for estimating 

population size of feral water buffalo in northern 

Australia were examined. 

(2) Line transect models underestimated population 

size. Of six models tested the most accurate 

underestimated by nearly half. The models give 

biased estimates most probably because not all 

animals on the survey line were sighted. 

(3) Aerial strip 

negatively biased. 

estimated in 

transect surveys were also 

The extent of this bias was 

index-removal experiments. 

Experiments were carried out on two populations in 

areas of differing obstructive canopy cover. 

( 4) 

60%, 

take 

In woodland habitat with a canopy cover of JO

a correction factor of 3. 2 was required to 

account of animals not seen. In forest 

habitat with a canopy cover of 60-100%, a 

correction factor of 4.9 was required. 

(5) Using these results, the population size of 

feral buffalo, cattle and horses in Kakadu National 
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Park was estimated by aerial survey at the end of 

each year over 6 years. 

for three regions of 

taking into account 

Annual rates of increase 

the Park were estimated, 

known removals f rem the 

population. The effects of dry season rainfall and 

population density in the preceding year on rate of 

increase were examined for each species. 

( 6) The mean annual exponential rate of increase 

for each species was o .10 yr-1 for buffalo, o. 2 3 

yr-1 for cattle and -0.14 yr-1 for horses. 

(7) The annual rates of increase varied greatly 

between years within all species and were highly 

correlated with dry season rainfall in the year of 

survey for buffalo and cattle but not for horses. 

(8) No significant effect of preceding density on 

rate of increase was found for any species. A 

large reduction in buffalo populations did not 

correspond with an 

populations of horses, 

increase in unharvested 

suggesting the two species 

do not compete for food or other resources. 

(9) A campaign to control populations of feral 

water buffalo in Kakadu National Park was assessed. 

Between 1979 and 1988, approximately 79,ooo animals 

iv 



were removed, 54% by commercial live-capture, 35% 

by shooting from helicopters and 10% by shooting 

from the ground. 

(10) In the period 1983-1988 when population 

estimates from aerial survey are available, mean 

buffalo population density was reduced from 

5. 60 km-2 to 1. 17 km-2 over the surveyed area of 

the Park. 

(11) The costs of removal by shooting from 

helicopters, capturing animals alive and shooting 

from the ground were compared. The mean costs per 

animal in 1988 were $24.13, $74.53, and $86.02 

respectively. 

(12) The effects of initial density and time spent 

shooting on number of animals removed by shooting 

from helicopters were examined. One linear and two 

curvilinear models were fitted to data from four 

different removal exercises. The relationship 

between time spent shooting and number removed was 

best described by a curv i 1 in ear ( Iv lev) function. 

This model was used to estimate costs of control to 

a specified density. 
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(13) Model regression coefficients differed 

between removal exercises, suggesting that the 

number removed may be affected by variables other 

than time spent shooting and initial density. Data 

from the range of conditions encountered during 

removal is thus likely to be required for robust 

estimation of removal costs. 
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PREFACE 

This thesis comprises four papers prepared for 

publication. At the date of submission, the status 

of these papers is as follows: Papers 1 and 2 have 

been submitted to the Journal of Wildlife 

Management and the Journal of Applied Ecology 

respectively; Paper 3 is in preparation and will 

shortly be submitted to the Journal of Animal 

Ecology; and paper 4 is to be presented at the 9th 

Australian Vertebrate Pests Control Conference, 

Adelaide, South Australia, 15-19 April 1991, with 

an abridged version to be included in the working 

papers. 

Papers have been prepared in accordance with 

instructions to authors given by the journals and 

conference organising committee. Consequently, 

there are differences in style between the papers, 

for example, in structure and in editorial 

convention, including treatment of references and 

presentation of tables and figures. Some 

repetition in the first sections of papers has been 

necessary, but is minimised by referring to other 

papers within this thesis as Skeat (unpublished 

manuscript a, b, cord). Paper 1 is manuscript a 
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and so on. Some data, not appropriate for 

publication, have been included as Appendices in 

paper 3 and are not referenced within the paper. 
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INTRODUCTION 

This thesis reports research related to the control 

of feral water buffalo (Bubalus bubalis) in Kakadu 

National Park, Northern Territory (Figure 1). 

Methods for aerial survey are examined and the 

results of aerial surveys of buffalo, cattle (Bos 

taurus), and horse (Equus caballus) populations are 

used to investigate the population dynamics of 

these species. A campaign to control feral water 

buffalo in the Park, and the applicability of 

predator-prey models to feral animal control, are 

assessed. 

Background 

Water buffalo were introduced into northern 

Australia between 1826 and 1866 (Letts et al. 1979) 

and, when early settlements were abandoned, rapidly 

became feral. Buffalo now occupy all major habitat 

types in the Top End of the Northern Territory 

(above 16° S) . Population size in this area was 

estimated to be more than 340 000 in 1985 (Bayliss 

and Yeomans 1989). 
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Introductio11 

Feral buffalo have caused substantial environmental 

changes in the Top End. Grazing and trampling by 

large numbers of buffalo in wetland areas reduced 

vegetation biomass and in some cases changed the 

hydrology of flood plain areas leading to loss of 

freshwater swamps and billabongs (Fogarty 1982; 

O'Neill and Matthews 1983). In an extensive study 

of monsoon forests, Braithwaite et al. 

changes associated with buffalo 

(1984) found 

activity in 

vegetation, vertebrate fauna abundance, 

nutrients and 1 it ter. In drier habitats, 

have reduced tree seedling recruitment 

1986) and have caused severe soil erosion 

1989). 

soil 

buffalo 

(Werner 

(Graetz 

Feral buffalo and cattle are hosts of the disease 

bovine tuberculosis (Hein and Tomasovic 1981). A 

national campaign to eradicate bovine tuberculosis 

in livestock in Australia commenced in 1970 and 

feral buffalo and cattle in northern Australia are 

now the major remaining reservoir hosts of this 

disease (Davis 1986). It is proposed that the 

disease be eradicated by 1992 by reducing infected 

populations of feral livestock to very low levels 

(Anon. 1990). This campaign is the largest animal 

disease eradication program undertaken in 
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introduction 

Australia, with an estimated final cost of $705.8 

million (Anon. 1990). 

Kakadu National Park is located in the Top End of 

the Northern Territory approximately 200 km ea~t of 

Darwin (Figure 1) . The Park covers an area of 

19 7 09 km2 and contains a di verse range of land 

forms and vegetation types. The north and west of 

the Park is largely lowland, dominated by open 

forest and woodland intersected by large tidal 

rivers. In the east, a sandstone escarpment rises 

to 300 m. Rolling hills and basins covered by 

woodland are found in the south and rainforest 

pockets are scattered throughout. Because of its 

outstanding natural and cultural values, most of 

the Park has been inscribed on the World Heritage 

List under the Convention Concerning the Protection 

of the World Cultural and Natural Heritage. The 

Park is managed by the Australian National Parks 

and Wildlife Service (ANPWS) in association with 

Aboriginal Traditional owners of the area. 

Feral water buffalo were recorded on the boundary 

of what is now Kakadu National Park in 1845 

{Leichhardt 1847). Policy on the control of 

buffalo in Kakadu National Park was set out in the 

Kakadu National Park Plan of Management (Anon. 
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lntroduction 

1980) . rt states that 11 Since the standards for TB 

inoculation and subsequent monitoring required by 

the Bureau of Animal Health by 1984 cannot be 

instituted for buffalo in the Park and since the 

scale of environmental destruction caused by 

buffalo is reasonably established, a program of 

buffalo eradication (except possibly for a small 

controlled population) is required 11
• The 

subsequent plan (Anon. 1986) states that 

11 ••• control measures will continue with the aim of 

eradication by 1992 11 • In accordance with the Plans 

of Management, buffalo populations in the Park have 

been subject to a control program which commenced 

in 1979. Cattle and horses are sympatric with 

buffalo over most of Kakadu. Cattle have been 

subjected to a similar control program while horses 

have remained largely uncontrolled. 

Research objectives and rationale 

The broad objectives of this study were: 

(1) to find a suitable method for correcting bias 

in aerial survey of large feral mammals in Kakadu 

National Park; 
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(2) to estimate rates of increase in these species 

and to examine the factors which affect these 

rates; and 

(3) to assess the effectiveness of a control 

program for feral buffalo in Kakadu National Park 

and the relative costs and efficiencies of the 

methods used. 

The program to control feral buffalo and cattle in 

Kakadu National Park has been costly (e.g. 

>$500 ooo expended on helicopter hire between 1979 

and 1989) and some measure of its effectiveness was 

therefore necessary. Aerial survey of population 

size was considered the most efficient method given 

the large areas involved. Normally an uncorrected 

index of population size could be used to follow 

trends. However, in this case, negative visibility 

bias associated with different categories of canopy 

cover had to be taken into account because animals 

could move between canopy types making comparison 

of uncorrected estimates between years meaningless. 

A series of annual aerial survey estimates and 

accurate records of animal removal from the Park 

provided the opportunity 

hypothesis that rates of 

to investigate the 

increase in ungulate 
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Introduction 

populations are affected by population density 

( intraspecif ic and interspecif ic competition) and 

amount of rainfall. Sinclair and Norton-Griffiths 

( 1982) proposed that several ungulate populations 

on the Serengeti Plains were largely regulated by 

interspecif ic competition for food and this has 

since been tested on a number of occasions ( e. g . 

Sinclair 1985; Dublin et al. 1990) . The 

hypothesis is of particular interest to managers of 

Kakadu National Park because horse populations 

remain largely uncontrolled at the request of 

Traditional Aboriginal Owners and there is concern 

that populations may increase rapidly as buffalo 

and cattle are removed. Dry season rainfall has 

been proposed as the major determinant of rates of 

increase in buffalo populations (Freeland and 

Boulton 1990) and the relationship has been used in 

a model to predict control costs for buffalo (W.J. 

Boulton and W.J. Freeland unpublished manuscript). 

Since the data used to establish the relationship 

was collected approximately 30 years ago and 

environmental conditions may have changed, the 

hypothesis requires further testing. 

To plan continuing control of feral animals in 

Kakadu, an assessment of the relative efficiency 

and cost of the control methods currently used was 
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required. In addition, an estimate of the total 

cost of control to achieve near zero density was 

desired to allow appropriate budgeting for the 

program and to help assess the feasibility of 

meeting the eradication objective. 

Research aims 

The speciflc aims of the research were: 

(1) to determine whether line transect methods 

could be used in aerial survey of buffalo in Kakadu 

National Park to provide accurate and precise 

estimates of population size (Paper l}; 

(2) if line transect methods could not be applied, 

to determine correction factors to allow estimates 

of buffalo population size obtained using aerial 

strip transect methods to be corrected for negative 

visibility bias (Paper 2); 

( J) to determine whether the population size of 

buffalo and cattle changed in the course of the 

control program (Paper J)i 
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( 4) to determine whether unharvested populations 

of horses increased as buffalo and cattle 

populations were reduced (Paper 3); 

( 5) to determine whether rates of increase in 

feral buffalo, cattle and horse populations are 

affected by population density and/or amount of 

rainfall (Paper 3); 

(6) to assess the relative effectiveness and cost 

of methods used to control feral buffalo in Kakadu 

National Park (Paper 4); 

( 7) to assess the applicability of predator-prey 

models to shooting of buffalo from helicopters and 

predict the cost of reducing the buffalo population 

in Kakadu National Park by 99% (Paper 4); 
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Figure 1. Kakadu National Park, Northern Territory 
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EVALUATION OF AERIAL LINE TRANSECTS: 

BUFFALO IN NORTHERN AUSTRALIA 



Mr Andrew Skeat 

ANPWS 

PO Box 71 

Jabiru NT Australia 0886 

AERIAL LINE TRANSECTS FOR BUFFALO 

EVALUATION OF AERIAL LINE TRABBECTS: 

BUPPALO IN NORTHERN AUSTRALIA 

A.J. Skeat 

Australian National Parks and Wildlife Service, 

Kakadu National Park, 

PO Box 71, Jabiru, N.T., Australia, 0886. 

Abstract 

The accuracy and precision of six line transect 

models were examined in a helicopter survey of a 

feral water buffalo (Bubalus bubalis) population. 

The six models were Fourier series, exponential 

power series, exponenti a 1 quadratic, hazard-rate, 

herrnite polynomial and Cox's method. Live animals 

at high density, live animals at low density and 

carcasses were counted in an area of medium cover 
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Paper 1: Aerial line tronst'cts for buffalo 

woodland. All models underestimated buffalo 

density in each of the three cases. The 

exponential quadratic was the most accurate but 

still underestimated by nearly half. The models 

give biased estimates most probably because not all 

animals on the survey line were sighted. 

Key words: aerial survey, line transects, water 

buffalo, Bubalus bubalis, 

Kakadu National Park. 

Northern Territory, 

Aerial surveys usually underestimate animal 

population sizes because not all animals within the 

surveyed area are seen (negative visibility bias) 

(Caughley 1974; Caughley et al. 1976; Pollock and 

Kendall 1987) . Line transect models take into 

account reduced visibility away from the survey 

line and they have been applied to aerial surveys 

( Shupe et al. 1987; Bonnell and Ford 1987) . Hone 

(1988) tested the accuracy of eight line transect 

estimators on a population of feral pig (Sus 

scrofa) carcasses in generally open habitat and 

found all gave accurate estimates. He reported the 
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Paper 1: Aerial line transects for buffalo 

study as the first evaluation of line transect 

estimators used during aerial survey of a known 

population. White et al. (1989) tested a similar 

set of estimators on known populations of mule deer 

(Odocoileus hemionus hemionus) and concluded that 

line transect methods were to be preferred over 

quadrat sampling for deer densities encountered in 

their study. They found that the estimator which 

generally performed best, the exponential 

polynomial, provided an estimate which was 90% of 

true density. 

This experiment examined the accuracy of six line 

transect models when used to estimate the 

population density of feral buffalo in woodland 

habitat. The transect model estimates were 

compared with independent density estimates for 

live buffalo at both high and low densities and to 

an accurate count of buffalo carcasses. 

METHODS 

study Area 

The study was conducted in Kadadu National Park 

(13°05'S, 132°5S'E), Northern Territory. The study 
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Paper 1: Aerial line transecLS for buffalo 

area comprises some 68.2 km2 of flat terrain 

surrounded by cliffs between 60 m and 200 m high 

with entrances to the east and west 2 km and 0.5 km 

wide respectively. Vegetation is dominated by 

Eucalyptus spp. woodland with Melaleuca spp. trees 

along a watercourse. In accordance with the 

classification of canopy cover used for aerial 

surveys of Kakadu National Park (Skeat unpublished 

data) the area is described as medium (30-60% 

cover) . 

Design and Survey Methods 

Buffalo were surveyed from the air using a Hughes 

300 helicopter, the population was then reduced by 

shooting from the same aircraft, then resurveyed 

for both live animals and carcasses. Counts were 

made by one observer at a height of 76 m and speed 

of 149 km/hr (80 kn). Sightings were recorded from 

within six strips (referred to as sighting 

intervals) each 25 m wide, extending to 150 m from 

the aircraft on one side only. The first interval 

started on the transect line, directly beneath the 

aircraft. The intervals were delimited by marks on 

an aluminium pole projecting perpendicular to the 

flight path and were checked by flying over objects 
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Paper 1: Aerial line transects for buffalo 

on the ground that had been placed at a known 

distance apart. Survey variables were set as close 

as possible to those used in previous fixed-wing 

surveys of the Park. After randomly selecting a 

starting point, systematic east-west transects were 

flown. Sampling intensity was 30%. 

Shooting was carried out by an experienced marksman 

and considerable care was taken to ensure no 

wounded animals were left. The animals were shot 

as a requirement of a Federal Government program to 

eradicate tuberculosis in 1 i ves tock (Anon. 19 8 3 ) . 

Fourteen hours of shooting were conducted over 

three days. Numbers of animals killed were 

accurately recorded by the shooter and pilot at the 

time. In each session shooting commenced at the 

western entrance to the gorge to minimise any 

movement out of the study area. The day after 

shooting ceased, both live animals and carcasses 

were surveyed. 

Data Analysis 

The true initial population density was estimated 

by the index-removal method (Eberhardt 1982), 

utilising a strip transect index of population 
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Paper ]: Aerial line tra11sects for buff a lo 

before and after the shoot (ratio method, (Jolly 

1969a, b), strip width (w) = 150 m); and by 

regression of the number of buffalo shot per 

session on previous cumulative number of buffalo 

shot (Leslie and Davis 1939). The regression was 

estimated by least squares and the regression co

efficient tested by Student's 't' test (Snedecor 

and Cochran 1980). 

Six line transect models were used to estimate 

density of live animals before the shoot and live 

animals and carcasses after the shoot. They were 

the Fourier series, exponential power series and 

exponential 

(Burnham et 

quadratic, 

al. 1980), 

using program 

hazard-rate and 

TRANSECT 

hermite 

polynomial, using program HAZARD (Buckland 1985) 

and Cox's method (Eberhardt 1978a) with strip width 

(w) = 75m. 

equation 

Density (D) was estimated from the 

D = nf(0)/L 

where n is the number of sightings, Lis the total 

length of transects and f (0) is the value of the 

probability density function at distance zero. The 

denominator in the equation is Land not 2L, as is 
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Paper 1: Aerial line transects for buffalo 

generally shown, because counts were made only on 

one side of the transect flight path. 

The variance of the density estimate was calculated 

as 

var(D) = o2(2var(n)/n2 + var(f(o))/(f(o)) 2 ) 

where var(n) is assumed to equal 2n following, for 

example, Eberhardt (1978b), Burnham et al. (1985) 

and Hone (1988). 

The estimates from line transect models were 

compared, using Student's 't' 

derived using the index-removal 

test, with those 

method, and with 

the known population of carcasses. 

RESULTS 

The estimated true initial population density of 

buffalo (±SE) based on the index-removal method was 

12. 3 6/km2 (±1. 07) . A total of 692 animals were 

shot giving a known density 

10 .15/km2 and an estimated true 

density of 2.21/km2 (±1.07). 

of carcasses of 

final population 

The estimate of 
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Paper 1: Aerial line transects for buffulo 

initial density based on the Leslie regression was 

12. 86/km2. The regression was highly significant 

(P <0,001, R2 = 0.84). 

The number of animals counted during the surveys 

was 181 live before shooting and 33 live with 157 

carcasses after shooting. The distribution of 

sightings across sighting intervals (Figure 1) 

generally declined with distance from the aircraft, 

although with live animals the decline was not 

smooth. 

All line 

population 

transect 

density 

models gave 

significantly 

estimates 

lower than 

of 

the 

estimated true density (or known true density in 

the case of carcasses) derived using the shooting 

data (Table 1). The most accurate was the 

exponential quadratic model which gave an estimated 

density for live animals before shooting of 

6.82/km2 (about half the estimated true density). 

At low density (after shooting) and when surveying 

carcasses, the model gave estimates of about two 

thirds estimated true density. The model also gave 

the lowest standard errors (as a percentage of the 

estimate i.e. coefficient of variation). The least 

accurate (lowest) estimate of live animals before 
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shooting was provided by the Fourier series model 

(2.71/km2). 

The uncorrected estimate for live animals before 

shooting derived from the strip method using all 

observations in the 150 m wide strip (ratio method 

of Jolly (1969a, b)) was 3.84/km2. 

DISCUSSION 

In contrast to the results reported by Hone (1988) 

and White et al. (1989), line transect models 

failed to provide an accurate estimate of 

population density. The most obvious difference 

between this study and that of Hone (1988), and the 

most likely explanation for the extent of negative 

bias, is that considerably greater vegetation cover 

obscured animals in this study thus violating the 

assumption of the models that all animals on the 

transect line are sighted. White et al. ( 1989) do 

not describe the extent of canopy cover but it also 

seems likely that the pinyon pine (Pinus edulis) -

Utah juniper (Juniperus osteosperma) woodland was 

less dense than the woodland described here. In 
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addition, the surveys reported here were conducted 

at a greater height and speed than the other two. 

An alternative explanation for the difference in 

results between the studies is that the true 

population size may have been overestimated in this 

case. This is clearly not true for carcasses, 

since animals shot were accurately recorded, and is 

highly unlikely for live animals before shooting 

since the index-removal and Leslie's method 

estimates agree closely. In any event, the minimum 

density of live animals can't be less than 

l0.15/km2 (the density of animals shot), which is 

still nearly twice the highest estimate from any of 

the models. Movement of animals out of the area 

during and after shooting could affect estimates of 

true density, particularly the post-shooting 

estimate. This is considered unlikely because the 

terrain formed a natural barrier in most 

directions, shooting was conducted at entrances 

first and there was only a short time between 

shoots and surveys. similarly, the uncorrected 

post shoot estimate could be negatively biased if 

animals avoided the survey helicopter more than 

during the first survey. If this did occur, the 

true initial density has been underestimated, 
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making the line transect estimates even less 

accurate. 

This study used counts of individual animals (as 

did Hone ( 1988)) . The recording of sightings of 

individuals rather than sightings of clusters or 

groups (which are then corrected for mean group 

size) violates the assumption of the models that 

sightings are independent of each other. On the 

other hand, it removes the need to accurately 

estimate group size which is otherwise crucial and 

can be difficult. For example, White et al. (1989) 

found that estimated mean group size increased 

significantly with distance from the transect line. 

The distributions of sightings across sighting 

intervals (Figure 1) suggest differences between 

live and dead animals in their ability to be 

detected from the air and in the e){tent to which 

the 6 basic model assumptions (Buckland 1985) are 

fulfilled for these two cases. The detection curve 

for carcass sightings was relatively smooth, as is 

desired with line transect data. Live animal 

sightings peak well away from the survey line 

suggesting animals are either more detectable at a 

distance or have moved in response to the survey 

(violating one or both of the assumptions that all 
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animals are seen on the survey line and that any 

movements are slow and independent of the 

observer). Both explanations for this peak away 

from the survey line are possible. Detection of 

even a large animal like a buffalo is difficult in 

obstructive canopy cover when looking straight 

down, particularly as normal behaviour includes 

standing still under dense shade. When viewed at 

an angle, not only can one see under the canopy 

(assuming cover is not too dense) but a larger and 

more obvious 'buffalo image' is presented. Thus it 

is not surprising that, in aerial surveys of 

buffalo in medium cover, not all animals are 

sighted on the survey line and the maximum number 

of sightings are made at some distance from the 

survey line. Significant movement of animals in 

response to the aircraft was not noticed during 

surveys but could possibly have occurred. 

The relative success of the exponential quadratic 

model should not be given too much weight. 

Buckland (1985) showed that both the exponential 

power series and exponential quadratic were not 

robust, for example, when data was pooled across 

strip widths. Using a data set obtained from 

surveys of inanimate objects, a small number of 

strip widths gave a 'spiked' detection function and 
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an estimate of f(O) 46% higher than that generated 

from unpooled data (where the detection function 

had more of a shoulder). The exponential quadratic 

model does not fully satisfy the shape criterion 

(presence of a shoulder) that Burnham et al. (1980) 

and Buckland (1985) suggest any estimator should 

meet. The relatively accurate estimates provided 

by the negative exponential and exponential 

polynomial estimators reported by White et al. 

{1989) are due to these estimators fitting a spiked 

function to the data which \corrected' for failure 

to sight all animals on the survey line. It cannot 

be assumed that the degree of 'correction' provided 

by spiked curves will be consistent or appropriate 

across different study areas and species. 

Use of the line transect method in aerial surveys 

is increasingly popular as it potentially resolves 

the problem of negative bias usually encountered in 

aerial strip transect or guadrat counts. Assuming 

the data fit the expected distribution of an 

estimator (Leatherwood et al. 1978 report an 

example where the data did not and the method was 

rejected), reported studies generaly fall into two 

categories. Either the method is used without 

serious question (e.g., Bonnell and Ford 1987) or 
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estimates derived from line transects are compared 

with either a known population size or estimates 

derived from an alternative technique (e.g., Shupe 

et al. 1987; Hone 1988; De Young et al. 1989; White 

et al. 1989). The latter studies all suggest the 

method is more or less satisfactory. However, the 

results reported here reinforce previous calls for 

considerable caution (e.g., Burnham et al. 1980; 

Pollock and Kendall 1987). The most comprehensive 

test of the methodology reported to date (White et 

al. 1989) found that, while confidence intervals of 

estimates from all models overlapped with true 

density, for any trial the estimated densities 

varied greatly between models. They found that 

estimates could be affected by choice of strip 

width and interval size. It was pointed out that, 

without rigorous guidelines for the use of line 

transects, there was too much flexibility in the 

choice of estimators and parameters thus allowing 

the massaging of data to produce an acceptable 

estimate. This flexibility, coupled with the 

1 ike 1 ihood of v io 1 at ing the basic assumption that 

all animals on the survey line will be sighted, 

suggests that where the line transect method is to 

be used in aerial survey it should be tested 

initially on a known population. 
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Table l. Population densily estimates (D) or live buffalo and carcasses from line 
transect models with standard err~rs (SE) and coefficient of variation (CV). Tr, 
densily before shooting :: 12.36/km , after shooting .., 2.21/km2, carcasses = IO.L5/km . 
t test degrees of freedom = 134, .. = P<0.01, N.E. = no estimate because of 
convergence. 

Model Buffalo D(/k.m2) SE CV(%) 

Fourier Live before 2.71 0.45 16.9 21.40° 
senes Live after O.Tl 0.12 16.2 12.00° 

Dead after 4.21 0.24 5.7 24.75·· 

Exponential Live before 3.50 0.22 6.2 40.27 .. 
power series Live after N.E. 

Dead after N.E. 

Exponential Live before 6.82 0.18 2.7 30.70·• 
quadralic Live after 1.34 0.08 6.2 10.88·· 

Dead after 6.89 0.19 2.7 17.16·· 

Haurd rate Live before 3.47 0.17 5.0 52.29 .. 
Live afLer 0.64 0.05 9.0 31.4()•• 
Dead after 3.59 0.24 6.7 27.33 .. 

Hermite Live before 3.00 0.41 13.7 22.83 .. 
polynomial Live after 0.52 0.19 35.7 8.89 .. 

Dead after 3.17 0.54 16.9 12.93 .. 

Cox's Live before 3.36 0.50 14.9 42.72 .. 
method Live after 0.90 031 34.8 ll.oo•• 

Dead after 2.48 0.40 16.0 21.97 .. 
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Caption for Figure 

Fig. 1. Number of buffalo sighted before shooting 

(a), buffalo sighted after shooting (b), 

and carcasses sighted after shooting (c), 

in each sighting interval during aerial 

survey. Interval width= 25 m, interval 1 

closest to observer. 
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POPULATIONS IN NORTHERN AUSTRALIA 

A.J. SKEAT 

Australian National Parks and Wildlife Service, 

PO Box 71, Jabiru, NT, Australia, 0886. 

SUMMARY 

(1) The visibility of buffalo Bubalus bubalis 

(Linnaeus) during aerial surveys was examined in an 

index-removal experiment. Populations were 

surveyed from either fixed-wing aircraft or 

helicopter, then greatly reduced by shooting, then 

resurveyed. 

populations 

canopy cover. 

Experiments were carried out on two 

in areas of differing obstructive 

(2) Estimates of buffalo population size derived 

from aerial surveys were negatively biased in both 

experiments. In woodland habitat with a canopy 

cover of 30-60%, a correction factor of 3. 2 was 

required to take account of animals not seen. In 

forest habitat with a canopy cover of 60-100%, a 

correction factor of 4.9 was required. 
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(3) An estimate of population size in the woodland 

habitat, derived from the regression of numbers 

removed per session on the cumulative total of 

animals previously removed (Leslie's method) , 

provided an estimate of visibility bias similar to 

that derived from the index-removal method. 

(4) Removal of a large proportion of a population 

can be used to provide a good measure of visibility 

bias during aerial survey. However, the method is 

expensive and not always feasible. The results of 

this experiment generally agree with visibility 

correction factors for buffalo in northern 

Australia derived using a less expensive double

count (mark-recapture) method. 

INTRODUCTION 

Aerial surveys of animal populations are likely to 

underestimate the population size because observers 

do not see all animals within the sampled area 

(Caughley 197 4; Pollock & Kendall 1987) . Factors 

which affect the probability of animals being 

sighted include density of vegetation in the survey 

area, weather conditions, time of day, flying 
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height and speed of the aircraft, width of the 

transect being observed, response of animal to the 

aircraft and individual ability and experience of 

the observer. Short & Bayliss (1985) listed 11 

studies which examine these factors. 

Negative bias in aerial surveys has often been 

corrected in an attempt to produce an accurate 

estimate of animal population size. Correction 

factors, the inverse of the proportion of animals 

sighted, have been derived using double-count 

(mark-recapture) methods (e.g. Magnusson, Caughley 

& Grigg 1978; Bayliss & Yeomans 1989a; Graham & 

Bell 1989), multiple regression techniques (e.g. 

caughley, Sinclair & Scott-Kemmis 1976; Hone 1986), 

enclosed populations of a known size (e.g. Le 

Resche & Rausch 1974) and by comparison with 

estimates of population size derived using a more 

accurate method (e.g. Packard, Summers & Barnes 

1985; Short & Bayliss 1985). 

In northern Australia, correction factors have been 

applied to several aerial surveys for feral 

animals. Graham et al. (1982) attempted to 

estimate the size of the buffalo population in the 

Northern Territory by aerial survey and used a 

correction factor of 1.6. This correction factor 
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was derived 

cattle Bos 

by comparing three aerial counts of 

taurus ( L.) and buffalo with 

corresponding ground counts that were believed to 

be closer approximations. Ridpath et al. ( 1983) 

counted feral buffalo from the ground and from 

fixed wing aircraft and cone 1 uded that, in areas 

'with canopy' (i.e. woodland), the aerial survey 

underestimated the population size by a factor of 

two. Bayliss & Yeomans (1989b) also estimated the 

Northern Territory buffalo population size, using 

habitat specific correction factors derived from 

double-counts of animal groups (Bayliss & Yeomans 

1989a). Correction factors in the major experiment 

reported by Bayliss & Yeomans (1989a} were 1.27 and 

2.56 for vegetation cover of o - 10% and 10 - 100% 

respectively, but they presented data suggesting a 

correction factor of up to 10 in dense canopy cover 

is appropriate. They also reported a removal 

experiment that indirectly supported a correction 

factor of 3.45 in 'medium woodland'. 

Early estimates of buffalo population sizes derived 

without habit.at specific correction factors (e.g. 

Graham et al. 1982) have proven to be gross 

underestimates in the light of recent data on stock 

turn off (Skeat unpublished manuscript d). More 

recent estimates which use correction factors 
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derived using the double-count method are 

presumably more accurate. However, there are 

potentially major problems with this method 

including: inability to correct for animals which 

remain completely hidden during a survey; possible 

violation of the rnodel 1 s assumptions regarding 

equal catchability and independence of marking and 

recapturing; and the fact that the method only 

corrects for bias in the sighting of groups of 

animals (if the mean group size is not accurately 

estimated, bias will remain). Both Ridpath et al. 

(1983) and Bayliss & Yeomans (1989a) suggested that 

correction factors need to be improved and 

validated using population reduction experiments, 

with the latter noting that their results should be 

treated with caution until this is done. 

This paper reports two experiments in which 

correction factors were derived for aerial surveys 

of buffalo in areas with different percentages of 

obstructive vegetation cover. The experiments 

involved aerial surveys of buffalo populations 

before and after they were reduced by shooting from 

helicopters. 
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METHODS 

Study areas 

The experiments were conducted in Kakadu National 

Park, Northern Territory, Australia. The site for 

the first experiment was a flat valley of 68.2 km2 

(130os 1 S, 1320ss'E), generally enclosed by cliffs 

ranging in height from 60 m to 200 m. The valley 

had openings to the east and west of some 2 km and 

0.5 km wide respectively. Vegetation comprised an 

overstorey dominated by Eucalyptus spp. trees with 

some Melaleuca spp. along a watercourse. In 

accordance with the classification of canopy cover 

used for aerial surveys of Kakadu National Park 

(Skeat unpublished manuscript c), the area is 

described as medium (30-60% cover). 

The second site (12030 1 S, 1320os'E) comprised a 

dense Melaleuca spp. 

mixed Eucalyptus spp. 

forest swamp surrounded by 

forest with other tropical 

trees such as 

watercourses. 

(>60% cover) . 

and west by a 

Syzigium spp. occurring along 

canopy cover is described as dense 

The site was bounded to the north 

stock-proof fence but movement of 

animals was not controlled to the south and east. 

44 



Paper 2: Correcti11g bias in buffalo surveys 

Aerial surveys 

In the medium cover experiment, buffalo were 

counted from a helicopter by an observer with more 

than 150 hours experience (the author) at a height 

Of 76 m (250') above ground, a speed of 149 kmh-1 

(80 kn) within a strip 150 m wide. A helicopter 

was used because it was impossible to survey within 

the cliffs using a fixed-wing aircraft. The survey 

variables were chosen to coincide as far as 

possible with previous fixed-wing surveys carried 

out within the Park (normal survey speed is 186 

kmh-1 (100 kn) but this could not be achieved in 

the helicopter) . In the dense cover experiment, 

surveys were conducted from a fixed wing aircraft 

using the same observer and survey variables except 

that the survey speed was 186 kmh- 1 . 

In both experiments the area was surveyed the day 

before shooting commenced and the day after it 

ceased. Surveys were conducted at the same time of 

day (morning) and transects were flown in the same 

order before and after to ensure that potential 

time of day effects were minimised. Survey 

transects were placed systematically over the 
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experimental areas after randomly selecting a 

starting point and counts were converted to 

estimates with a calculated standard error using 

the ratio method of Jolly (1969a, b). 

Shooting 

After the initial surveys, buffalo in the 

experimental areas were shot from helicopters by 

experienced marksmen. Extreme care was taken to 

ensure that animals were shot humanely and that no 

wounded animals remained. The number and location 

of animals shot were recorded. Shooters were 

instructed to search the entire experimental area 

within each shooting session (1 hour duration 

medium cover experiment, 2 hours duration dense 

cover experiment) and to commence each shoot 

session on the unsecured boundaries to minimise the 

possibility of emigration or immigration. The 

animals were shot in the course of a government 

controlled program to eradicate tuberculosis from 

stock (Anon. 1983). 
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Analysis 

Estimates of the true population size within the 

experimental areas were made by the index-removal 

method (Eberhardt 1982) and by regression of 

buffalo shot per session on previous cumulative 

total, i.e. Leslie's method (Leslie & Davis 1939). 

The regressions were estimated by least squares 

(Snedecor & Cochran 1980) and the regression co-

efficients tested by Student's 't' test. 

Correction factors for the two categories of canopy 

cover were calculated from the ratio of the 

estimated true population size, 

index-removal method, over 

population estimate resulting 

survey. 

RESULTS 

derived using the 

the uncorrected 

from the aerial 

Uncorrected aerial survey estimates of the buffalo 

population size in the medium cover experiment were 

262 (±50 S.E.) before the shoot and 47 (±20 S.E.) 

after the shoot. A total of 692 animals were shot 

giving an estimated initial true population size of 

843 and a calculated correction factor of 3.2 
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(Table 1). A regression of number shot in each one 

hour session (y) on previous cumulative number shot 

(x) (Fig. 1) was highly significant (P < 0.001, 

R = 0.92) and yielded an estimated initial 

population size of 877. The regression equation 

was y = -0.096x + 84.196. 

In the dense cover experiment the uncorrected 

aerial survey estimate of the population size was 

428 (±126 S.E.) before the shoot and 221 (±50 S.E.) 

after the shoot. One thousand and twenty three 

animals were removed, giving an estimated initial 

true population size of 2115 and a correction 

factor of 4.9 (Table 1). The linear regression of 

numbers shot on previous cumulative total was not 

significant (P = O.JJ, R = 0.32). 

DISCUSSION 

The extent of bias in aerial surveys arising from 

unseen animals can be readily determined by 

removing a large portion of the population and 

resurveying. Assuming there is no major movement 

of animals in the time between the surveys, there 

can be little argument that the original population 
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contained at least the number removed, thus 

providing an unequivocal minimum correction factor. 

This minimum correction factor can be refined by a 

survey following removal, to take into account 

remaining animals. 

The potential problems with this method include 

uncontrolled movement into or out of the study 

area, and a change in the extent of bias from one 

survey to the next. In these experiments 

considerable care was taken to ensure that the 

possibility of immigration or emigration of animals 

from the study areas was small. Movement was 

restricted by natural barriers in the medium cover 

experiment and to a lesser extent by fencing in the 

dense cover e~periment. Time periods between 

surveys and shooting were minimized and both 

shooting and surveys were commenced on the least 

secure boundaries to discourage emigration. 

The possibility that the post-shoot survey was more 

biased than the pre-shoot 

are more likely to hide 

cannot be discounted. 

survey, because animals 

following the shooting, 

This was reported for 

surveys of pigs following shooting in northern 

Australia (Hone 1988). However, in these 

experiments, any difference in bias is not likely 
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to have been large because the animals had been 

previously subjected to shooting pressure (as have 

a large proportion of buffalo in northern 

Australia) and because the high survey speed (149-

186 kmh- 1 c. f. Hone 93 kmh-1 ) meant animals had 

little time to hide. In neither the pre-shoot nor 

the post-shoot surveys was significant movement of 

animals observed. A check on the effect of 

shooting on bias is provided by the estimate of the 

initial true population size generated by the 

Leslie's method, since this estimate is independent 

of the aerial surveys. The Leslie's method 

estimate of 877 animals for the medium cover 

experiment is within 5% of the index-removal method 

estimate, suggesting that there is little change in 

bias between surveys. (Leslie's method did not 

provide a significant regression in the dense cover 

experiment, most probably because shooting effort 

was not spread uniformly within each shooting 

session). 

It should be noted that either emigration following 

shooting (more likely than immigration), or a more 

negatively biased second survey, would lead to 

underestimation of the correction factor. 
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The results of the study show that uncorrected 

aerial surveys of buffalo in medium or dense 

vegetation cover grossly underestimate population 

size. The estimate of the Northern Territory 

buffalo population size (282,870) by Graham et al. 

( 1982), using an overall correction factor of 1. 6 

appears likely to have been low. Given the result 

of these experiments, for the estimate to be 

accurate, it would require the vast majority of 

animals to have been located in open (sparse canopy 

cover) habitat. While this is not discussed in the 

publication, experience suggests this is highly 

unlikely. 

Similarly the correction factor of 2 for areas 

'with canopy' reported by Ridpath et al. (1983) 

appears too low given that, although they provide 

no quantitative estimate of canopy cover, their 

study site was in similar habitat within 30 km of 

the experiment in dense cover reported here. 

Possible explanations for the lower correction 

factor include the movement of animals into their 

woodland study area between the ground survey, 

which was used to estimate the true population 

size, and the subsequent aerial survey (there was 

no barrier to movement between the wood land and 
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open areas in the study). Alternatively, the 

ground surveys may have been negatively biased. 

The experiments reported in this paper generally 

reflect the correction factors for groups of 

buffalo based on double-counts derived by Bayliss & 

Yeomans (1989a), and the results are similar to 

those from an index-removal experiments reported in 

that paper (viz. a correction factor of 3. 45 for 

buffalo groups in 62. 5% cover) . The estimate of 

Northern Territory buffalo population size by 

Bayliss & Yeomans (1989b), which used these 

correction factors, is thus likely to be the most 

accurate of the reported studies. 

There are, 

difficulties 

however, 

with the 

a number 

double-count 

of potential 

method. The 

most obvious is that the method cannot correct for 

animals which remain completely hidden during a 

survey. Correction for these animals must be made 

separately, for example, by surveying in an area 

where all animals are visible (Marsh & Sinclair 

1989) or by the method reported here. For this 

reason Graham & Bell (1989), who tested 

simultaneous double counts on horses and donkeys in 

northern Australia, recommend that the method 

should be used with caution in woodlands. Other 
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difficulties, relating to the visible population, 

include: possible non-independence of observations 

between observers resulting in bias particularly 

when visibility is low; unequal 'catchabili ty' of 

groups due to a higher probability of detecting 

large groups; differences in perception (i.e. 

definition) of groups by observers; underestimation 

of mean group size because not all animals in large 

groups are counted; and violation of the model ' s 

assumption that both observers see the same 

animals. In the case of buffalo in northern 

Australia, the two potentially most important of 

these difficulties are the higher probability of 

detecting large groups and the underestimation of 

mean group size. 

Bayliss & Yeomans (1989a) found that the 

probability of detecting small and large groups of 

buffalo were similar but qualified the result 

noting that it may reflect the small size of groups 

encountered (clustered between one and three). 

Graham & Bell (1989) found that sighting 

probability increased with group size in surveys of 

horses, donkeys and cattle. In a survey of some 

6,000 km2 of Kakadu National Park, Skeat 

(unpublished data) observed a mean group size of 

4. 3 with more than 10% of groups containing more 
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than 10 animals. The mean group size within this 

10% of observations was 16 and they accounted for 

41% of all animals sighted. Under such 

circumstances it seems highly likely that the 

assumption of equal catchability (visibility) of 

groups will be violated. 

Underestimation of mean group size is a potentially 

serious problem given that the double-count 

technique corrects only for groups of animals that 

are not seen (as opposed to unseen individuals 

within the group). An accurate estimate of mean 

group size is required to convert the corrected 

estimate of groups into an estimated population 

size. During the experiments described here, 

shooters frequently reported sighting small groups 

of animals only to find further animals were 

flushed when shooting commenced. The mean group 

size observed during the aerial survey of the dense 

cover area was 3.12 (±3.11 S.E.) while the mean 

group size recorded during shooting was 5.70 (±5.15 

S.E.) suggesting that group size can be seriously 

underestimated during surveys . The only obvious 

solution is to estimate group size independently of 

the normal aerial survey by a method which involves 

complete flushing of animals. 
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Because the extent of negative bias in counting 

buffalo in wooded areas is large and dependant on 

canopy cover, and because such habitat types make 

up the majority of the range of buffalo in 

Australia, habitat specific correction factors are 

essential if an accurate estimate of population 

size is required. They are also necessary if 

changes in buffalo populations are to be monitored. 

Without habitat specific correction factors 

comparisons between even statistically precise 

surveys will be meaningless if the proportion of 

animals seen in each category of canopy cover does 

not remain constant. 

The experiments reported here provide correction 

factors for two categories of canopy cover for 

aerial surveys of buffalo populations in northern 

Australia. The results lend support to the use of 

correction factors derived by the double-count 

method reported by Bayliss & Yeomans (1989a), 

despite potential difficulties with this approach. 
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Table 1: Uncorrcclcd population estimalcs before and after shool, number of animals 

removed and calculated correction factors. 

Vegetation Area Sampling Uncorrected Uncorrected No. Calculated 
Category (km 2) intensity estimale estimate animals correction 

(%) before after removed faclor 
shoot shool 
(±SE) (±SE) 

Medium 68.2 30 262(±50) 47(±20) 692 3.2 

Dense 338.0 15 428(±126) 221(±50) 1023 4.9 
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Caption for Figure 

Figure 1. Number of buffalo shot in each 1 hr 
session vs previous cumulative number of 
buffalo shot; medium cover experiment. 
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Figure 1 
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PAPER3 

POPULATION DYNAMICS OF FERAL WATER 

BUFFALO, CATfLE AND HORSE POPULATIONS IN 

NORTHERN AUSTRALIA 
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POPULATION DYNM(ICS OF FERAL WATER 

BUFFALO, CATTLB AND HORSE 

POPULATIONS IN NORTHBRH AUSTRALIA 

A. J. Skeat 

Australian National Parks and Wildlife Service, 

PO Box 71, Jabiru, NT, Australia, 0886 

SUMMARY 

(1) Feral buffalo, cattle and horses in Kakadu 

National Park, Northern Territory were censused 

annually by fixed wing aerial surveys at the end of 

each dry season between 1983 and 1988 inclusive. 

Annual rates of increase for three regions of the 

Park were estimated, taking into account known 

removals from the population. The effects of dry 

season rainfall and population density in the 

preceding year on rate of increase were examined 

for each species. 

(2) During the study period, the population of 

buffalo in Kakadu National Park declined 

significantly {P < 0.05) with intensive harvesting. 
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There was no significant change in the size of 

cattle and horse populations. 

(3) The mean exponential rate of increase for each 

species (as measured by the mean of the annual 

exponential rate of increase in each area after 

taking into account removals) was 0.10 yr-1 for 

buffalo, o. 23 yr- 1 for cattle and -0.14 yr-1 for 

horses. 

( 4) The annual rates of increase varied greatly 

between years within all species and were highly 

correlated with dry season rainfall in the year of 

survey for buffalo and cattle but not for horses. 

( 5) No significant effect of preceding density on 

rate of increase was found for any species. The 

large reduction in buffalo populations did not 

correspond with an 

populations of horses, 

increase in unharvested 

suggesting the two species 

do not compete for food or other resources. 
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INTRODUCTION 

Feral buffalo (Bubalus bubalis Linnaeus), cattle 

(Bos taurus L.), and horses (Equus caballus L.) are 

widespread and common in the Top End {the northern 

third) of the Northern Territory (Bayliss & Yeomans 

1989a). Because buffalo have caused extensive 

environmental damage (Fogarty 1982, Anon. 1986) and 

because buffalo and cattle are hosts for the 

diseases brucellosis and tuberculosis, feral 

populations of both species have been subject to 

eradication campaigns within Kakadu National Park 

and elsewhere in the Top End. 

Despite the concern over feral animals in the Top 

End, and the very large cost of the Brucellosis and 

Tuberculosis Eradication Campaign (BTEC), which 

amounted to $A18. 6 million in the Northern 

Territory in 1989 (Anon. 1990), the population 

dynamics of these species in the Top End 

environment are not well documented (Freeland & 

Boulton 1990). In the absence of such data, 

Bayliss & Yeomans (1989a) have attempted to project 

future costs of buffalo control based on a logistic 

model of buffalo population growth. The model 

requires an estimate of the intrinsic rate of 

increase of the population, rm, i.e. the 

67 



Paper 3: Population dynamics 

exponential rate at which a population with a 

stable age distribution grows when no resource is 

in short supply (Caughley 1980). They used an 

estimate of rm obtained from a formula proposed by 

Caughley & Krebs (1983) which predicts this measure 

of increase on the basis of body weight. The 

validity of this prediction for buffalo is untested 

and there is some evidence that this body weight 

formula does not work well in a fluctuating 

environment, for example kangaroos (Macropus spp.} 

in arid New South Wales (Bayliss 1985). Freeland & 

Boulton (1990) used demographic data which D. G. 

Tulloch (unpublished) gathered on nine small social 

groups between 1959 and 1962, to estimate the 

actual exponential rate of increase, r, of buffalo 

populations in the Top End. They found that rates 

of increase were highly variable ranging between 

0.25 and -0.93 yr-1 and were dependent on the 

amount of rain that fell in the dry season. 

However, buffalo populations are possibly much 

smaller as a result of the BTEC Program than at 

that time, and it would be reasonable to suggest 

that the mortality during low rainfall periods may 

be density dependent. The applicability of their 

results to the present harvested population thus 

requires testing. 
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While both buffalo and cattle were harvested over 

the entire study area, horses were not, largely 

because traditional Aboriginal owners of the land 

have developed a strong affinity with the species. 

This has led to a concern by Park managers that the 

species will increase in numbers and cause 

environmental damage, as occurs in southern areas 

of the Northern Territory (Letts, Bassingthwaite 

and de Vos 1979). Interspecif ic competition for 

food between wild ungulates and equids has been 

hypothesized and tested for Burchell's zebra (Equus 

burchelli Gray) and African buffalo (Syncerus 

caffer Sparrman) (de Boer & Prins 1990) and no 

evidence for such competition was found. De Boer 

and Prins did find evidence for interspecific 

competition between buffalo and elephant (Loxodonta 

africana Blumenbach) . More generally, Sinclair & 

Norton-Griffiths (1982) proposed that several 

ungulate populations on the Serengeti Plains were 

largely regulated by interspecific competition for 

food although more recent evidence (Sinclair 1985, 

Dublin et al. 1990) does not fit this hypothesis. 

This study reports results of annual aerial surveys 

carried out to monitor the effectiveness of efforts 

to eradicate buffalo and cattle in Kakadu National 

Park. The survey results and information on 
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removal of animals are used to determine mean 

annual exponential rates of increase for each 

species over the study period. The relationship 

between annual rates of increase, rainfall and 

preceding density is examined; and the hypothesis 

that removal of buffalo and cattle will lead to an 

increase in the number of horses in the Park is 

tested. 

METHODS 

study area 

Aerial surveys were conducted in Kakadu National 

Park ( 12°-140s, 131 °-1JJOE) , east of Darwin, 

Northern Territory. The Park comprises 19 709 km2 

with several dominant landscapes ranging from 

sandstone plateau through woodland to open flood 

plain. Rainfall is highly seasonal. The wet 

season (November-April) is associated with a north

western monsoon, and the dry season (May-October) 

is a period of infrequent and low rainfall. The 

annual average rainfall of Darwin (longest records 

in the region) is 1633 mm with a standard error of 

20% (Bureau of Meteorology records). 
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Vegetation in the surveyed area is dominated by 

woodland and forest ranging in canopy cover from 5% 

to 100% and height from 10 m to 30 m. With the 

exception of dense rainforest 

found infrequently throughout 

canopy cover and tree height 

pockets, which are 

the survey area, 

generally decrease 

towards the south. Eucalyptus mini a ta Cunn. ex 

Schauer and E. tetrodonta F. Muell. dominate the 

canopy with annual sorghum Sorghum intrans F. 

Muell. ex Benth. as the main ground cover. 

Rainforest pockets, floodplain margins and creek or 

river lines are generally densely vegetated. The 

canopy often includes Terminalia, Syzigium, and 

Melaleuca spp. There are extensive areas of 

seasonally flooded sedge and grasslands with little 

or no canopy cover, particularly in the north. 

Dominant genera include Eleocharis, Fimbristylis, 

Pseudoraphis, and Hymenachne. 

Aerial surveys 

Buffalo, cattle and horses were counted from a 

light aircraft in lowland areas of Kakadu National 

Park (Fig. 1). Surveys were conducted annually by 

the author at the end of each dry season 

(November/December) in the years 1984-1988 

inclusive, except for 1987 in Stage 3. Results of 
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a survey in December 1983 (M.A. Forbes unpublished) 

are included in analyses. 

Transects were flown east - west across the major 

drainage systems in the survey area (Fig. 1) and 

flying was generally carried out between 0700 hrs 

and 1100 hrs to minimise potential time of day 

effects. Flying height was set at 76 m and was 

determined by radar altimeter (1986 - 1988) or by 

barometric altimeter (1983 - 1985). The barometric 

altimeter was checked approximately hourly by 

landing and resetting it. During surveys with the 

radar altimeter, height was noted by an observer 

every 97 seconds. Flying speed was 185 kmh-1. Two 

observers counted animals in a 150 m wide strip on 

either side of the aircraft. The strip was 

delineated by fibreglass rods attached to the wing 

struts and rods were positioned using the known 

distance between airstrip cone markers. Where the 

radar altimeter was used, strip width was adjusted 

in accordance with mean flying height. 

Observations were made during 97 second periods and 

were recorded onto tally sheets during 7 second 

breaks 

sounded. 

throughout which an electronic buzzer 
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The author was an observer in all surveys and had 

50 hours aerial survey experience prior to 

commencement of the study. Other observers were 

either experienced (> 100 hours) or were required 

to complete a survey (20 hours) before their 

observations were used. Observers' counts of 

animals were compared using one way analysis of 

variance (Snedecor & Cochran 1980) and were not 

significantly different (P > 0.10). 

Correction factors were used to convert indices of 

abundance for each species to absolute estimates. 

A. J. Skeat (unpublished manuscript b) has shown 

that aerial counts of buffalo in Kakadu National 

Park are negatively biased and that the extent of 

bias depends on vegetation cover. Bayliss & 

Yeomans (1989b) report a similar result for counts 

of groups of buffalo, cattle and horses. Habitat 

classifications and habitat specific correction 

factors used for aerial surveys reported here are 

given in Table 1. Correction factors for buffalo 

in dense and medium cover habitats are those 

derived by index-remova 1 experiments reported by 

A.J. Skeat (unpublished manuscript b). It is 

assumed that all animals are counted in open 

habitat since there is no obstructive canopy, the 

animals are large and group sizes are generally 
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small (for example, the highest mean group size for 

any year or area was 4.3). The relationship 

between median % canopy cover (H) in each of the 

three categories used and correction factor (CF) 

appears linear and is described by 

CF= 1.0018 + 0.0488H (R = 1.00, n = 3, P < 0.01). 

This relationship is used to estimate correction 

factors for buffalo in sparse cover habitat and the 

habitat classifications used in 1984. 

A.J. Skeat (unpublished manuscript b) did not 

estimate correction factors for cattle and horses 

as population densities were too low to conduct an 

index-removal experiment. Bayliss & Yeomans 

(1989b) found that in light canopy cover cattle and 

horses were less detectable than buffalo and in 

woodland habitat were more detectable. Correction 

factors for cattle and horses are those for buffalo 

adjusted in accordance with the results of Bayliss 

& Yeomans (their correction factors cannot be 

applied directly since 

probability of detecting 

individuals). 

they refer to 

groups rather 

the 

than 

Population size was estimated for each species in 

each survey area, and the standard error calculated 

using the ratio method of Jolly (1969a, b). 
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In addition to the surveys described, results of an 

aerial survey conducted in 1983 by M.A. Forbes 

(unpublished), which surveyed the same area of the 

Park, have been included in subsequent analyses. 

Survey variables were the same and the author 

observed in tandem with Forbes in 1985 to check for 

differences 

analysis of 

(P>0.10). 

in observer 

variance, no 

bias. Using 

difference was 

one way 

detected 

No habitat data was available with 

sighting records thus raw counts were adjusted for 

negative visibility bias by multiplying raw counts 

by the ratio of corrected estimate to uncorrected 

estimate in 1985. This year (rather than 1984) was 

chosen because it was considered that environmental 

conditions during the surveys were more similar. 

Removal data 

During the period of this study, stock were removed 

from the Park in four ways: ground shooting by 

staff, 

shooting 

animals 

Aboriginal 

by staff 

residents and contractors; 

from 

by contractors; 

helicopters; capture of 

and illegal poaching. 

Records of removal by Park staff were provided in 

the form of a monthly report (ground shooting) or 

daily record sheets completed by an observer 

(helicopter shooting) . All contractors operating 
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in the Park were required to provide weekly records 

of removal. Records of commercial operations in 

Stage 3 which occurred before proclamation of this 

section of the Park were provided by the 

responsible 

Department 

government agency (Northern Territory 

of Primary Industry and Fisheries). 

of removal by Aboriginal residents was Estimates 

provided by D. 

from personal 

Lindner 

records. 

(personal 

Illegal 

communication) 

poaching is 

considered to be negligible and was ignored. 

Analysis 

Changes in the size of feral animal populations (Y) 

over time (t) were examined by a linear regression 

analysis of Y vs t(in years). 

Annual exponential rates of increase (r) were 

calculated from: 

where Nt = corrected estimate of population size at 

time t; Nt+l = corrected estimate one year later; 

and K = number of animals removed between surveys. 

The number of animals removed is added to the 

second survey estimate (Nt+i> because most removals 

occurred in a short period immediately prior to the 
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surveys (late dry season) . A mean annual 

exponential rate of increase for each species over 

the study period, taking into account removals, was 

calculated by obtaining the mean of the annual 

observations of r. Eberhardt (1987) suggests this 

approach as one of three 'ratio' methods which 

might be used to project rates of growth in heavily 

harvested populations which might otherwise undergo 

logistic growth. Rates of increase were calculated 

using data from all survey areas except Stage 2 

West (Fig. 1). Reliable removal data for this area 

were not available. Estimates for cattle and 

horses in some years in the Stage 3 area could not 

be made for the same reason. 

The relationship between rainfall and rate of 

increase in the populations was examined using 

regression analysis. 

rainfall was used as 

Dry season 

there is 

(May 

good 

- October) 

reason to 

suspect that this can be a period of high stress 

with shortages of water and food. Extensive 

mortalities of buffalo have been described during 

this period (Tulloch 1978). Freeland & Boulton 

(1990) found that there was a significant positive 

relationship between rates of increase for buffalo 

and rain in this season, based on observation of 

nine social groups between 1959 and 1962. 
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Three models describing a relationship between 

rainfall and rate of increase were fitted, starting 

with a simple linear regression. Because graphical 

analysis of the relationship suggested growth rates 

increased with increasing rainfall up to a point 

but then no further increase occurred, two further 

models which more appropriately describe such a 

relationship were tested. 

The first was a simple ramp model (Noy-Meir 1978) 

which assumes a linear increase in r with 

increasing rainfall up to a point where additional 

rain produces no further response. The point of 

inflection for the model (x, y) was arbitrarily 

chosen: (X) is the lowest rainfall at which the 

observed r equalled or exceeded an estimate of 

maximum growth rate for each species obtained by a 

formula based on body weight (Caughley & Krebs 

1983) i and (y) is the mean of all estimates of r 

occurring at rainfalls above this. All data points 

occurring at rainfalls below (x), and the 

inflection point itself, were included in a 

regression of r on rainfall. 
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The second of these models was the Michaelis-Menten 

asymptotic function (Noy-Meir 1978). 

takes the form: 

The model 

r = -a+c(V/(V+D)) 

where here V = dry season rainfall; a= the maximum 

annual rate of decrease; c = the rate at which the 

ma~imum annual rate of decrease, a, is 

progressively ameliorated by increasing rainfall 

(Le. c = a + r ) · m ' and 0 is a measure of 

demographic efficiency, the higher its value the 

lower the efficiency. Regressions were fitted by 

non-linear least squares using the derivative free 

SAS procedure NLIN (Anon. 1987). Bayliss (1985) 

fitted both models to data on rates of increase and 

rainfall for kangaroos. 

The effect of preceding density on r was examined 

by linear regression of r on density at the end of 

the previous year and by multiple linear regression 

of r on rainfall and density. Density of buffalo 

and cattle combined was used in analyses for these 

two species and the density of all stock combined 

was used for analyses of horses. It is possible 

that any effect of density may only be apparent 

when rainfall is low. The effects of density on r 

were therefore also tested for buffalo and cattle 

79 



Paper 3: Population dynamics 

by regression using all points occurring at 

rainfall less than or equal to the inflection point 

chosen for the ramp model. 

RESULTS 

Buffalo populations declined significantly 

(P < 0.05) in each of the three areas (Fig. 2 and 

Table 2). There was no significant trend in any of 

the cattle or horse populations although an 

apparent decline in horse populations in Stage 3 

(Fig. 2) just failed to reach significance 

(P = 0.05) (Table 2). 

The mean exponential rates of increase per year for 

each species ( r) ' taking into account known 

removals, was 0.10 ± 0.22 for buffalo, 0.23 ± 0.22 

for cattle and -0.14 ± 0.28 for horses. 

Rates of increase were highly variable (Fig. 3). A 

linear regression of rate of increase on dry season 

rainfall was not significant for any species 

(buffalo: R 0.46, p = 0.16, d.f. = 9. 
' 

cattle: 

R = 0.70, p = 0.05, d. f. = 6. 
I horses: R = 0.46, 

P = 0.44, d.f. = 3) The 'ramp' component of the 
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simple ramp model (Fig.3) was described by the 

regression equations: 

Buffalo: r = 0,017 Rain - 0.256 

(R = 0.92; P < 0.01; d.f. = 4; inflection point: 

r = 0.27, Rain= 29 mm) 

Cattle: r = 0.011 Rain - 0.102 

(R = 0.99; P < 0.01; d.f = 2; inflection point: 

r = 0.38, Rain= 43 mm) 

The regression slopes for the two species are not 

significantly different (P > 0.10). The mean 

annual rate of increase when dry season rainfall 

was greater than the inflection points was 0.27 for 

buffalo and 0.38 for cattle. 

The Michaelis-Menten function provides a 

significant fit to the data for both species: 

buffalo: r = -0.450 + 0.778(Rain/(Rain + 8.471)) 

(R2 = 0.70; n = 11; P < 0.05) 

cattle: r = -0.162 + 0.705(Rain/(Rain + 25.629) 

(R2 = o.95; n = a; P < 0.005) 
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The model predicts an annual rate of increase for 

buffalo and cattle at the mean dry season rainfall 

for the region (60 mm, 79 year record) of 0.23 and 

0.33 respectively. At extremely high rainfall the 

function approaches an asymptote of r = o. 33 for 

buffalo and r = 0.54 for cattle. Positive rates of 

increase are predicted to occur in 72% of years for 

buffalo and 80% of years for cattle. 

From the graph of r versus dry season rainfall 

(Fig. 3) it is apparent that there is no 

relationship between these two variables within the 

data for horses. 

Preceding density did not affect rates of increase. 

A linear regression of r on preceding density was 

not significant for any species ( P > 0. 10) and a 

density term added to a regression of r on dry 

season rainfall for each species was also not 

significant (P > 0.50). 

When data points with rainfall higher than the 

point of inflection of the ramp model were 

excluded, the regression of r on density remained 

non-significant (buffalo: R = 0.28; P = 0.58; 

d.f. = 4; cattle: R = 0,16; P = 0,83; d.f. = 2). 

Using this restricted data set, the addition of a 
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density term to the regression of r on rain was 

again not significant {P = o .15 and P = o. 87 for 

buffalo and cattle respectively). 

DISCUSSION 

This study provides further evidence for the strong 

influence of rainfall on the population dynamics of 

a wide range of animals in tropical and arid 

Australia. Similar results have been reported for 

buffalo {Freeland & Boulton 1990), magpie geese 

(Bayliss 1989) and kangaroos (Bayliss 1985, 1987). 

Freeland & Boulton ( 1990), on the basis of data 

from nine social groups, calculated a linear 

regression of r on dry season rainfall for buffalo: 

r = 0.03Rain - 1.48 

The slope of the regression is not significantly 

different (P > 0.5) from the ramp component of the 

Ramp model calculated here. The elevation of their 

regression is, however, significantly different 

(P < 0.01). Extrapolating to zero dry season 

rainfall, Freeland & Boulton's regression predicts 

a maximum rate of decrease of r = -1. 48 compared 
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with r = -0.26 from this study. This difference 

may be a result of the small sample size in each 

study and the different methodologies used (a study 

of groups at two billabong sites compared with a 

wide scale aerial survey) . Alternatively it may 

reflect a difference in environmental conditions 

between the studies. While no effect of density on 

rates of increase was found within the range of 

buffalo population densities encountered in this 

study, most density dependent change occurs at high 

population levels (Fowler 1981). It is thus 

reasonable to assume that at very high densities 

populations will be more susceptible to extreme dry 

conditions. Buffalo densities were presumably high 

during the period of observation for Freeland & 

Boulton' s study and environmental conditions were 

poor as a result of over grazing (Letts, 

Bassingthwaite & de Vos 1979) whereas, in Kakadu, 

populations had been previously reduced over large 

areas (A.J. Skeat unpublished manuscript d). 

Despite the difference in the predicted maximum 

rate of decrease, this study provides strong 

support for the approach to modelling buffalo 

populations taken by Freeland & Boulton where rates 

of increase have been made dependent on dry season 

rainfall. 
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Bayliss Yeomans (1989a) carried out a 

comprehensive aerial survey of livestock within the 

range of buffalo in the Northern Territory during 

1985 and 1986 and reported a significant decline 

between years in buffalo and cattle populations but 

not horses. They attribute the decline to the 

eradication campaign operating in the Northern 

Territory but postulate that low rainfall might 

have contributed. The population trends they 

reported are in accord with those reported here 

(Kakadu National Park is in their wider survey 

area), suggesting that the factors affecting 

population dynamics of these species in Kakadu are 

similar to those operating in their wider range. 

Bayliss & Yeoman's suggestion that rainfall may 

influence rates of increase has been supported by 

this study, and their concerns that harvest or cost 

of control models should incorporate estimates of 

rates of increase which have been measured directly 

have been further justified. Models based on 

logistic growth which incorporate crude estimates 

of rm (e.g., by deriving them from the body weight 

formula of Caughley & Krebs (1983)) will not be 

robust in the fluctuating environment of the 

Australian wet-dry tropics where rainfall 

variability is high (Taylor & Tulloch 1985). 
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cattle populations exhibited a response to dry 

season rainfall similar to that of buffalo. The 

reason for the absence of any such relationship in 

the case of horses is not obvious - the lack of 

harvesting records in a number of years and in some 

areas severely restricted the data set. 

Rates of increase beyond those that could 

reasonably be expected in buffalo and cattle 

populations were observed (W. J. Boulton and W. J. 

Freeland (unpublished), for example, predict a 

maximum annual r for buffalo of 0.24 based on life 

table simulations). Unusually high annual rates of 

increase for ungulate populations are occasionally 

reported in certain circumstances, for example r = 

o. 39 for elk (Cervus canadensis (L.) McCullough) 

(McCorquodale, Eberhardt & Eberhardt 1988) and r = 

0.763 for white-tailed deer (Odocoileus virginianus 

Zimmerman) (Eberhardt 1985). Possible explanations 

for the results reported here are: inaccuracy in 

the survey technique (e.g. variation between years 

in the proportion of animals sighted), immigration 

of animals into the area, inaccuracies in the 

removal data or a large female bias in the sex 

ratio of populations. Variation between years in 

surveys was controlled as far as possible by 

undertaking surveys at the same time of year, by 
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the use of habitat specific correction factors and 

by having one of the observers (the author) 

involved in every survey. Immigration of animals 

cannot be discounted, al though the large size of 

the survey area reduces the possibility of a 

significant effect. Records of animals removed are 

believed to be generally accurate. Some bias 

towards females in the population of both buffalo 

and cattle is possible as a result of harvesting 

practices. Commercial removal of buffalo tends to 

concentrate on males (the larger animals) because 

payment is made on the basis of weight, and 

shooting of cattle from helicopter removed males 

only in initial shoots as result of a personal 

preference of the shooters. It is not possible to 

determine the extent to which each of these 

possible explanations contributed to the high 

observed rate. The mean maximum rates of increase 

determined from the ramp model (r = 0.27 for 

buffalo and r 0.38 for cattle) or rates of 

increase for high dry season rainfall predicted 

from the Michaelis-Menten model should therefore be 

treated with considerable caution. 

Rates of increase of horse populations were very 

low, with three of the five data points being 

negative (mean= -0.14 yr- 1) The maximum observed 
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rate for any area or year was 0.22 yr-1 , slightly 

higher than rates of r = o, 18 to o. 2 O which were 

observed in feral horse populations in North 

America by Eberhardt (1985). 

In an extensive study of feral horses in central 

Australia, D. Berman (personal communication) found 

pregnancy rates in females 

around 50% but suggested 

increase of above 0.20 

conditions. 

over two years old of 

that maximum rates of 

are likely under some 

A low mean rate of increase for horses is 

consistent with anecdotal evidence (M. Alderson 

personal communication) that the species may have 

been present in reasonable numbers in Stage 1 of 

the Park (the only area for which r could be 

calculated) for around 30 years or more yet 

remained at low density without being harvested. 

The maximum population density of horses in Stage 1 

of the Park during this study was 0.43 km-2 

compared with densities of buffalo up to 2.72 km-2. 

This is in contrast to areas of the Northern 

Territory further from the coast , including Stage 

3 of the Park, where the population density of 

horses can be> 10 km- 2 (Bayliss & Yeomans 1989a). 
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The study provides no support for the hypothesis 

that horse populations are limited by interspecific 

competition with buffalo and cattle. A significant 

decline in the totaY population of the latter two 

species did not result in an increase in horse 

populations. This result is in accordance with 

recent examinations (using ungulates and equids) of 

the interspecific competition hypothesis elsewhere. 

Sinclair & Norton-Griffiths (1982) found zebra 

numbers stayed stationary as wildebeest 

(Connochaetes taurinus Burchell) numbers increased 

four-fold on the Serengeti Plains; de Boer & Prins 

( 1990) found no evidence for competition between 

African buffalo and zebra at Lake Manyara, 

Tanzania, despite arguing convincingly that 

conditions for competition (habitat overlap, common 

diet and limited food supply) had been met. 

Other factors which may limit horse populations 

include predation by the wild canid (Canis 

familiaris dingo Meyer}. Dingoes are commonly 

sighted in Stages 1 and 2 of the Park and would be 

capable of killing foals. There is, however, no 

supporting evidence for this hypothesis, anecdotal 

or otherwise. Elsewhere, Sinclair (1989) points to 

a number of North American and African studies 

where it can be concluded that predators are 
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limiting (as opposed to regulating) populations of 

large mammalian herbivores. Sinclair & Norton

Griffiths (1982) and Sinclair (1985) offered some 

evidence that predation may be the mechanism for 

regulating zebra populations. 
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Table I. Correction factors used in converting counts lo an estimate of absolute 

abundance (based on A.J. Skeal (unpublished manuscript b) and Bayliss & Yeomans 

(1989b)), See LeJCt for description of correction factors used for 1983 data. 

97 

Year Habitat %Canopy 
Cover 

Buffalo Cattle Horses 

1985-88 Dense 60-100 4.9 3.6 3.4 

Medium 30-60 3.2 2.4 2.2 

Sparse 0-30 1.7 1.9 2.0 

Open 0 1.0 LO 1.0 

1984 Woodland 40-100 4.7 3,4 3.3 

Open W'land 0-40 2.0 2.2 2.3 

Floodplain 0 1.0 1.0 LO 
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Table 2. Regressions of estima1es of population size of buffalo, caltle and horses on 

time. No cattle and horses in Stage 2. b = regression slope, t = Student's 't'. 

Area Species b p 

STAGE 1 Buffalo -128.3.4 -5.87 0.004 

STAGE2 Buffalo -3649.6 -5.25 O.lni 

STAGE3 Buffalo -6678.1 -4.95 0.016 

STAGE 1 Canle 55.6 1.38 0.240 

STAGE3 Cattle -304.9 -1.10 0.352 

STAGE 1 Horse -118.2 -1.85 0.JJS 

STAGE3 Horse -13()8.5 -3.08 0.054 
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Captions for Figures 

Figure 1. 

Figure 2. 

Figure 3. 

Survey areas and location of aerial 

survey transects, Kakadu National 

Park. 

Estimated size of feral buffalo, 

cattle and horse populations between 

1983 and 1988 in Stage 1 ( -- ) , 

Stage 2 (-----) and Stage 3 ( - - - ) 

of Kakadu National Park. 

Relationship between dry season 

rainfall and annual exponential rate 

of increase (r). Ramp (---) and 

Michaelis-Menten (--) models are 

fitted to the data for buffalo and 

cattle. 
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Figure 1 
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Figure 2 
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Appendh l. Test of Obsener Differences. One way analysis of variance Lests for 
differences bclween the aulhor (1) and other observers used. Transect counts (all 
species combined) were combined in groups of 5 or 10 to obtain an approximalely 
normal distribution of counts. Results show no difference between author and other 
observers (N.S.: not significant, P >0.10). 

Observer 
tested 

lvMAF 

lvAJP 

lvMDA 

lvPJA 

Source 

Betwet.:n 

Within 

Total 

Between 

Within 

Tola! 

Between 

Within 

Tola\ 

Between 

Within 

Total 

d.f. 

1 

15 

16 

105 

106 

1 

91 

92 

1 

14 

15 

s.s M.S. F p 

5.3 5.3 0.02 N.S. 

4584.0 352.6 

4589.3 

142.7 142.7 0.36 N.S. 

41920.0 399.2 

42062.7 

5.5 5.5 0.01 N.S. 

33960.0 373.2 

33965.5 

16.0 16.0 0.08 N.S. 

2713.0 193.8 

2729.0 
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Appendix 2. Siu and sampling Intensity (SI) or aerial survey areas in Kabdu 
National Park. 

Area name 

Stage 1 3582 17.3 

Stage 2 East 3152 8.8 

Stage 2 West 3702 6.0 

Stage 2 (East+ West) 6S54 7.3 

Stage 3 5500 5.3 
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Appendix 3. Population utimates of feral bufrulo, cattle and horses in suneyed Bn:a!i 
of Kakadu Nal.ioual Park. Population size (± standard error ) was estimated at the 
end of each year. No surveys were flown in Slage 3 in 1987. Caltle and horses were 
rarely sighted in Scage 2. 

Species Year Area 

STAGE 1 STAGE2 STAGE 3 

Buffalo 1983 9737±1548 27632±6357 51771±3980 

1984 7415±1816 20908±4658 36056±7643 

1985 5316± 761 15353±1815 32339±3550 

1986 6234± 618 18438±3234 33961±2944 

1987 4438± 889 78<J7±1228 

1988 2356± 385 3497± 948 12731±2590 

Cattle 1983 721± 80 3981±1970 

1984 861± 248 5378±1386 

1985 741± 223 4972± 952 

1986 1170± 303 5256±1038 

1987 llm± 287 

1988 886± 434 2753± 411 

Horse 1983 1558± 145 6172±2464 

1984 1161± 211 8553±2598 

1985 1268± 276 5270± 999 

1986 1576± 315 2789± 817 

1987 1113± 243 

1988 698± 148 1178± 401 



PAPER4 

CONTROL OF FERAL WATER BUFF ALO IN KAKADU 

NATIONAL PARK 

106 



CONTROL OF FERAL WATER BUFPALO IN KAKADU NATIONAL 

PARK 

A.J. Skeat 

Australian National Parks and Wildlife Service, 

P.O. Box 71, Jabiru, N.T. 0886 

SUKMARY 

(1) A campaign to control populations of feral 

water buffalo in Kakadu National Park is assessed. 

Between 1979 and 1988, approximately 79,000 animals 

were removed, 54% by commercial live-capture, 35% 

by shooting from helicopters and 10% by shooting 

fro111 the ground. 

(2) In the period 1983-1988 when population 

estimates from aerial survey are available, buffalo 

population density was reduced from 5. 60 km- 2 to 

1.17 krn-2 over the surveyed area of the Park. 

(3) The costs of removal by shooting animals from 

helicopters, capturing animals alive, and shooting 

animals from the ground are compared. The mean 

costs per animal in 1988 were $24 .13, $74. 53 and 

$86.02 respectively. 
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(4) The effects of initial density and time spent 

shooting on number of animals removed by shooting 

from helicopters are examined. One linear and two 

curvilinear models were fitted to data from four 

different removal exercises. The relationship 

between time spent shooting and number removed was 

best described by a curvilinear (Ivlev) function. 

(5) Model regression coefficients differed between 

removal exercises, suggesting that the number 

removed may be affected by variables other than 

time spent shooting and in it i a 1 density. These 

might include habitat and helicopter type. 

Predictions of removal costs on the basis of models 

fitted to data from a single exercise should be 

treated with caution. 

(6) The cost of reducing the remaining buffalo 

population in Kakadu National Park by 99%, based on 

the Ivlev function and using a regression computed 

from the combined data from the four removal 

exercises, is estimated to be $ 3 • 4 9 mi 11 ion . The 

estimate is indicative only as 

extrapolation of the model beyond 

available data. 

it 

the 

required 

range of 
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INTRODUCTION 

Water buffalo (Bubalus bubalis) were introduced to 

the north Australian coast between 1826 and 1866 

(Letts et al. 1979) and rapidly became feral. By 

1845 they were found on the boundary of the present 

day Kakadu National Park (Leichhardt 1847). 

High densities of feral buffalo have caused 

substantial environmental change in the Top End of 

the Northern Territory. Letts et al. (1979) 

concluded that buffalo had contributed 

substantially to detrimental change to the 

environment over the previous 100 years although 

quantitative measurements were not available. 

Fogarty (1982) surveyed environmental damage 

associated with buffalo across a large portion of 

the Top End. Hill and Webb (1982) and Williams and 

Ridpath (1982) reported changes in vegetation 

resulting from buffalo, including loss of crocodile 

nesting habitat. O'Neill and Matthews (1983) 

documented recent morphological changes on sections 

of the South Alligator River flood plain in Kakadu 

National Park which resulted in loss of freshwater 

swamps and billabongs. 

found the abundance 

Friend and Taylor ( 1984) 

of 14 fauna species was 
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correlated either positively or negatively with 

buffalo activity. Braithwaite et al. (1984) in an 

extensive study in monsoon forests of Kakadu 

National Park described changes associated with 

buffalo activity in vegetation, vertebrate fauna 

abundance and distribution, hydrology, soil 

nutrients and litter. Werner (1986) reported that 

buffalo substantially reduced tree seedling 

recruitment in a range of areas including drier 

eucalypt sites. Graetz (1989) in a study of 

landscape degradation in Stage 3 of Kakadu National 

Park concluded that high densities of buffalo were 

responsible for severe landscape degradation. 

Feral buffalo are hosts of the disease bovine 

tuberculosis Mycobacterium bovis, (Letts 1964; Hein 

and Tomasovic 1981). Bovine tuberculosis is being 

eradicated from Australia in a national campaign, 

and buffalo and cattle in northern Australia are 

now the major remaining reservoir hosts (Davis 

1986). In addition, feral buffalo pose a serious 

threat if an exotic disease outbreak should occur 

in their range (O'Brien 1989), Early detection and 

control of the disease in this species is likely to 

be difficult. 
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These factors were 

formulating a policy 

Kakadu National Park. 

taken into account in 

on buffalo management in 

The first Plan of Management 

1980) stated that "Since the for the Park (Anon. 

standards for TB inoculation and subsequent 

monitoring required by the Bureau of Animal Health 

by 1984 cannot be instituted for buffalo in the 

Park and since the scale of environmental 

destruction caused by buffalo is reasonably 

established, a program of buffalo eradication 

(except possibly for a small controlled population) 

is required 11 • The subsequent plan (Anon. 1986) 

states that II control measures will continue 

with the aim of eradication by 1992. 11 

Efforts to control feral buffalo in northern 

Australia have been documented for several areas. 

Bayliss (1986) described a simulated exotic disease 

outbreak where eradication of a buffalo population 

was attempted in an area of 832 km2 in western 

Arnhem Land. Skeat (1987) described buffalo 

removal from the Northern Territory in the period 

1983-1986 and compared control costs from four 

removal exercises. A logistic model of population 

growth was used to predict population size under 

various control regimes. Ridpath and Waithman 

( 1988) analyzed results of an attempt to remove 
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buffalo from 389 km2 within Kakadu National Park 

between 1982 and 1984. The effect of more recent 

and wide scale control efforts within Kakadu 

National Park have been monitored using annual 

aerial surveys (Skeat, unpublished manuscript c). 

This paper describes the control program that was 

undertaken in Kakadu National Park between 1979 and 

1988 and compares the cost and efficiency of the 

control methods used. The paper also examines the 

application of predator-prey theory to shooting of 

buffalo from helicopters. A predicted cost for the 

removal of 99% of remaining buffalo in Kakadu 

National Park is given. 

METHODS 

Study area 

Kakadu National Park is an area of 19,709 km2 with 

its western boundary approximately 150 km east of 

Darwin, Northern Territory. 

and 14° S and is located 

present distribution of 

It lies between 120 

in the centre of the 

buffalo in 

Australia (Bayliss and Yeomans 

are generally flat except for 

1989). 

northern 

Landforms 

an escarpment and 
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plateau which rise to approximately 300 m in the 

east and south. Vegetation is dominated by a 

savannah woodland with Eucalyptus spp. overstorey 

and annual Sorghum spp. grass layer. Some coastal 

and riverine plains have no canopy cover while 

small pockets of dense vegetation are found along 

watercourses and on the margins of the escarpment 

and coastal plains. 

Data for predator-prey modelling were collected 

from four separate areas. Three of these (referred 

to as Deaf Adder, Benbunga, and Stage 1 West) are 

within Kakadu National Park. The fourth (Howship) 

is in Arnhem Land, Northern Territory, some 10 km 

from the eastern boundary of the Park. The size of 

areas over which shooting was conducted was 68.2, 

338, 1178, and 832 km2 respectively. The amount of 

canopy cover varied, being most dense in the 

Howship and Benbunga areas and least dense in Stage 

1 West. Vegetation is described for Howship by 

Bayliss (1986) and for Deaf Adder and Benbunga by 

Skeat (unpublished manuscript b) . Stage 1 West 

comprises 

Eucalyptus 

mainly 

species 

open woodland 

in the canopy. 

dominated by 

Infrequent 

patches of dense vegetation occur along water 

courses and in pockets of monsoon vine forest. 
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Population estimates 

Estimates of population 

Surveys were 

size were made by aerial 

conducted annually by the survey. 

author over lowland areas of Kakadu National Park 

at the end of each dry season (November/December) 

in the years 1984-1988 inclusive, except for 1987 

in Stage 3. In addition, surveys were conducted 

before and after shooting in the Benbunga and Deaf 

Adder areas. Details of survey methodology are 

given elsewhere ( Skeat unpublished manuscripts b, 

c). Estimates of population size for the Park in 

1983 and for the Howship area were obtained from 

Forbes (unpublished data) and Bayliss ( 1986) 

respectively. 

Where prevailing population density is given for 

buffalo removal during helicopter shooting, it has 

been obtained by adding the estimated population 

size in the year of shooting to the number removed. 

This is done because helicopter shooting generally 

occurred at the end of each year immediately prior 

to the survey. Where prevailing population density 

is given for ground shooting or commercial removal, 

the density at the beginning of the calender year 
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(i.e. the aerial survey at the end of the 

preceeding year) is used. 

Control methods and costs 

Buffalo control in the Park has been carried out 

using four removal methods. Initially, tenders 

were called for the commercial removal of buffalo 

for sale to abattoirs or as breeding stock. 

Generally animals were mustered by helicopter into 

portable yards and were then trucked out of the 

Park. Subsequently, commercial contractors shot 

animals from the ground for pet meat. Where 

commercial removal was not viable, or there were 

other reasons why commercial operators were not 

appropriate (for example it would require the 

construction of roads in environmentally sensitive 

areas), animals were shot by Park staff either from 

the ground or from helicopters. In addition to the 

above, small numbers of animals were removed by 

poaching and for human consumption by Aboriginal 

residents of the Park. The former is considered 

negligible and has been ignored and records of the 

latter were obtained from D. G. Lindner (personal 

communication). 
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Contractors (both live capture and pet meat 

operators) were required to submit weekly returns 

of the numbers and location of animals removed. 

Costs of removal incurred by contractors 

(helicopter charter, wages, vehicle operations and 

animal transport costs) were obtained subsequently, 

by interview (J. Swart and s. Stiles personal 

communication). Figures for contractor costs were 

available for 1988 and for Stages 1 and 2 only, and 

pertained to the removal of 2015 buffalo. 

During shooting by Park staff, considerable 

importance was placed on ensuring animals were 

killed humanely and thus all staff involved were 

required to complete training courses. Shooting 

from the ground was generally conducted from four 

wheel drive vehicles. staff completed a written 

record of each hunting trip detailing number and 

location of animals shot, time of trip, and number 

of rounds used. The cost of ground shooting was 

calculated by incorporating wages at $15 per hour, 

vehicle costs at $0.52 km-1 (assuming vehicles 

travelled at an average speed of 20 kmh-1 

throughout a trip and using the Australian 

Government milage allowance rate) and ammunition at 

$0.50 per round. Helicopter shooting was conducted 

from a Hughes 300 or, in most cases, a Bell Jet 
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Ranger helicopter. A record of the location and 

number of animals shot was made while flying and 

total helicopter time was recorded at the end of 

each day: Costs of shooting from helicopters was 

calculated using helicopter hire costs of $600 per 

hour for a Bell Jet Ranger and ammunition at $0.50 

per round unless otherwise stated. Predictions of 

shooting costs have also been calculated for a Bell 

47 helicopter ($300 per hour) as this aircraft is 

commonly in use elsewhere. Other costs, including 

staff wages, were not included since they were 

small in comparison to the high cost of helicopter 

hire. 

Predator-prey relationships 

The process of shooting feral animals has been 

considered analogous to predators chasing prey 

(Hone 1990) and models fitted to shooting data have 

been used to predict costs of control to specified 

levels (e.g. Bayliss 1986; Choquenot 1988; Saunders 

and Bryant 1988). The relationship between rate of 

shooting (the rate at which the predator consumes 

prey) and density of target animal (the prey) can 

be modelled as a monotonic function where rate of 

predation approaches an asymptotic limit as density 
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increases (Holling type II functional response or 

disc equation (Holling 1959)). The Michaelis-

Menten saturation function, which is mathematically 

equivalent, has been used to predict costs of 

removal of feral donkeys (Choquenot 1988). These 

equations are appropriately fitted to experiments 

where the number of prey is held constant despite 

predation. Their use in prediction of feral animal 

control requires that costs be calculated at 

arbitrary density steps as the population size is 

reduced, and then summed. Alternatively, the 

functional response of the predator can be 

described in terms of the total number of prey 

eaten (rather than the instantaneous rate at which 

they are eaten). Total number eaten can be 

considered a function of the initial density of the 

population and the time spent searching for, and 

dealing with, prey. Hone (1990) fitted three such 

models to the control of feral pigs (Sus scrofa) by 

helicopter shooting and the models are fitted here 

to data from four removal exercises. The models 

are: 

Ne = aN0 T (1) 

Ne = aN Tb (2) 0 

Ne = N
0

(1-a.exp(-bT)) (3) 
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where Ne = the number of animals shot, N0 = the 

initial population size, T = time spent shooting 

and a and b are coefficients estimated by 

regression. 

Model 1 proposes a linear relationship between time 

spent shooting and number killed (i.e. a linear 

functional response (Nicholson 19 33)) • The co-

efficient a is equal to the proportion of animals 

killed per unit time. Model 2 is an empirical 

power relationship proposed by Tome (1988). When b 

< 1. o the killing rate declines with increasing 

duration of shooting (and thus density) suggesting 

that prey become harder to find. When b = 1.0 the 

model is the same as model 1. Model 3 is an 

inverted exponential curve (Ivlev 1961) and has 

been widely used to describe predator-prey 

interactions (e.g. Noy-Meir 1975, Saunders and 

Bryant 1988, Watkinson et al. 1989) . The model 

predicts that the rate at which animals are killed 

declines with increasing duration of shooting. 

Models were fitted to the cumulative number of 

buffalo shot km-2 (Ne) and cumulative time spent 

shooting km- 2 (T) recorded during four separate 

removal exercises. Three of these (referred to as 

Deaf Adder, Benbunga, and stage 1 West) were 
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conducted in Kakadu National Park during 1985, 1987 

and 19 8 8 respectively. The four th ( Howsh ip) was 

conducted in Arnhem Land, Northern Territory in 

1986 and is reported by Bayliss (1986). 

Linear regressions were fitted by least squares 

(Snedecor and Cochran 1980). Curvilinear 

regressions were fitted by iterative non-linear 

least squares using the derivative free procedure 

in SAS (Anon. 1987). 

The cost of removing 99% of the remaining buffalo 

in Kakadu National Park was estimated using the 

Ivlev model fitted to the pooled data from the four 

exercises. For the purposes of the analysis, the 

population density was assumed to be 1 km-2, which 

was that estimated for areas of the Park surveyed 

in 1988 (Skeat unpublished manuscript c). 

RESULTS 

Between the proclamation of Kakadu National Park in 

1979, and the end of 1988, 78,733 buffalo were 

recorded as being removed from the Park. The 

majority of animals (54%) were captured and removed 

alive for slaughter or breeding. Approximately 35% 
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were shot to waste from helicopters and 10% were 

shot from the ground (Figure 1). 

The mean cost of removing each animal shot from 

helicopters was $19.62. costs rose from a mean of 

$13.05 per animal in 1983, when helicopter shooting 

cornroenced, to $24 .13 in 1988. The mean cost of 

removing each animal by shooting from the ground 

was $34.92 rising from $18.11 per head in 1983 to 

$86,02 per head in 1988. 

The mean cost of removing animals by capturing them 

alive was $74. 53 in 1988. None of this cost was 

borne by the Park administration. This method 

removed animals at a rate of 5.59 hr-1 of 

helicopter mustering time compared with 27. 5 hr- 1 

when shooting from helicopters in 1988. costs and 

removal rates are summarised for each method in 

Table 1. 

Between 1983 and 1988, the population of buffalo 

declined significantly in surveyed areas of the 

Park from 5.60 km-2 to 1.17 km-2, In surveyed 

areas of Stages 1 and 2 of the Park, where removal 

data is available, it declined from 2 . 7 2 km-2 to 

0.66 km-2 and from 4.03 km-2 to 0.51 km-2 

respectively (Skeat, unpublished manuscript c). 
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This decline was reflected in a reduced rate of 

removal by both ground and helicopter based 

shooting over the period (Figure 2). 

The three models applied to the data on shooting 

from helicopters provided a significant fit (Table 

2, Figure 3}. Model 3 had the highest coefficient 

of determination (R2) of 1. 000 for data from the 

Deaf Adder exercise. The coefficients of 

determination range from O. 957 to O. 997 for model 

1, 0.988 to 0.999 for model 2 and 0.996 to 1.000 

for model 3. 

There were considerable differences between 

estimates of the model coefficients for each 

removal exercise (Table 2). The coefficient bin 

the Ivlev function (Model 3) ranged from -6.56 to 

-23.96 and 95% confidence intervals overlap for 

only two of the estimates. 

Fitting the Ivlev model to data pooled from the 

four removal exercises gave the estimates of the 

coefficients a and b of 0.97 and -7.52 respectively 

(R2 = 0.967). Using this result and assuming the 

current density of buffalo in Kakadu National Park 

is 1 buffalo km-2, the estimated helicopter flying 
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time required to reduce the density by 99% in a 

single year is 0.608 hours km-2. The total cost of 

helicopter hire, using Bell Jet Ranger helicopters, 

would be $6. 98 million or $369 per animal. The 

cost of helicopter hire using Bell 47 helicopters 

would be approximately half this, $3.49 million. 

Costs of a 99% reduction of the Park population, 

estimated from the Ivlev model fitted to the 

individual control exercises (rather than the 

pooled data), range from $2.25 million (Stage 1 

West data) to $8.03 million (Deaf Adder data), 

using a Bell Jet Ranger. 

DISC0SSIOH 

The majority of animals removed from Kakadu 

National Park have been captured alive. This 

technique is clearly capable of removing large 

numbers of animals but is slower than shooting from 

helicopters, removing animals at 20% of the rate at 

which they were shot to waste. 

at the population densities 

on the other hand, 

encountered in this 

study, live capture involves no cost to the 

managing authority. A serious drawback of the 

technique is that contractors will not operate at 

low densities. The density at which operations 
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cease was not examined here but is presumably 

dependent on a number of factors including the 

price that can be obtained for captured stock, 

difficulty of terrain and distance to market. The 

density of buffalo which prevailed when contracts 

were last let in Stages 1 and 2 was approximately 

1. 1 km-2. Little interest has been expressed by 

operators since, however aggregations of animals 

still occur and consideration could be given to 

subsidising operating costs by up to current 

average cost of shooting from helicopters ($24. 13 

per head in 1988). 

shooting to waste from the ground by Park staff is 

currently a relatively inefficient control method. 

Numbers removed are low and costs in 1988 were of 

the order of $86.0D per animal. At buffalo 

population densities of< 1 krn-2, the shooting rate 

for each shooter had fallen to D.09 and 0.04 hr-1 

in Stages 1 and 2 of the Park respectively. 

Bayliss (1986) reported an extensive ground shoot 

where the initial population density was 0.28 

buffalo krn-2 and where 252 animals were shot. Each 

shooter removed animals at a mean rate of o. 3 4 

animals hr-1 (assuming 8 hours of searching per man 

per day.) A large part of this greater efficiency 

can be explained by the fact that shooters were 
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based close to the control area and had logistical 

support from helicopters. Further investigation of 

the costs of ground shooting under different 

conditions (e.g. differing levels of helicopter 

support) is required to determine whether there is 

a buffalo density and shooting support regime where 

ground shooting becomes more effective than the 

alternatives. 

The cost of shooting animals from helicopters rose 

during the period of the study as density declined. 

Costs of removal using helicopters were 

considerably greater than those reported by Ridpath 

and Waithman (1988) over a small area (339 krn2 ) in 

Kakadu National Park. They found costs averaged 

$17.50 per buffalo to reduce the density by 97% to 

0.1 km-2. This lower cost can be explained in part 

by the use of a cheaper helicopter but the small 

area involved and good knowledge of buffalo 

location based on ecological research probably 

contributed to this result. Wheeler ( 1987) 

reported a similar control exercise in 400 krn2 

involving 

western 

donkeys 

Australia. 

(Equus asinus) 

Control, using 

in northern 

helicopter 

shooting with some additional aircraft support, was 

particularly successful, reducing densities from 

around 1.2 km-2 to between 0.03 and 0.18 krn-2 using 
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21.4 hours of helicopter time. Vegetation in the 

area is described as low savannah (10-30% projected 

cover) and animals were presumably more visible 

than in forested areas of Kakadu National Park 

where cover can be 100%. 

All models describing the relationship between time 

spent shooting and the number shot provide a 

significant fit to the data. A similar result was 

reported by Hone (1990) when the same models were 

fitted to data on shooting feral pigs. On the 

basis of higher values of R2, the relationship is 

best described by the Ivlev model. A curvilinear 

relationship is intuitively reasonable - given that 

a shooter in a helicopter can only search a finite 

area in a specified time it is inevitable that the 

rate at which a shooter locates and shoots buffalo 

will fall as density approaches zero. For each 

model, there were large differences among removal 

exercises in the estimated coefficients a and b, 

suggesting that shooting efficiency is affected by 

factors not taken into account in the models. 

These might include: amount of canopy cover in the 

shooting area, helicopter type, other equipment 

type, experience of shooters and pilots, and animal 

behaviour. caution should therefore be used when 

applying the results of a single control exercise 
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to predict control costs elsewhere. The range of 

predicted control costs derived using the Ivlev 

model fitted to the four data sets illustrates the 

point. 

Much caution is also required if the models are 

used to predict costs of control to densities below 

those at which data were gathered. The lowest 

population density in the data used here was about 

O. 3 buffalo km- 2 and hence the predicted cost of 

removing 99% of remaining buffalo in Kakadu ($3.49 

million) is indicative only. Nevertheless, such 

predictions may usefully serve as a warning to 

managers of the difficulty and cost of achieving 

control objectives and may help to ensure a 

thorough appraisal of control programs. 

The models examined here assume a control exercise 

carried to completion over a short period of time. 

such a situation is unrealistic and prediction of 

total costs must take account of recruitment to the 

population during the harvesting period. This in 

turn requires an understanding of the population 

dynamics of the species in the face of harvesting. 

Caughley (1976; 1980) argues that a logistic model, 

where exponential rate of increase in a population 

is inversely proportional to density and is reduced 
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to zero at a notional carrying capacity, can serve 

as a useful first approximation of the behaviour of 

a harvested population. This model is used by 

Caughley (1980) to illustrate the very large effort 

and lengthy period required to eliminate a 

hypothetical mammal population if sufficient 

resources are not devoted to the task in the short 

term. The model is used by Skeat (1987) and 

Bayliss and Yeomans (1989) to illustrate a similar 

point for control of buffalo in the Northern 

Territory. Recent studies of buffalo population 

dynamics (Freeland and Boulton 1990; Skeat 

unpublished manuscript c) suggest that a logistic 

model may not be appropriate for buffalo in 

northern Australia as rates of increase appear to 

be dependent on rainfall, which overrides any 

density dependent effects. These results suggest 

that somewhat lower mean rates of increase will 

occur during a harvesting period than predicted by 

a logistic model , resulting in over estimation a f 

costs by that model. 

Boulton and Freeland (unpublished manuscript) 

propose a model for control costs of buffalo based 

on a linear relationship between instantaneous rate 

of removal and density (as observed by Bayliss 

1986). This relationship is coupled with estimates 

128 



Paper 4: Comrol offeral buffalo 

of population increase (r) randomly selected from a 

predicted frequency distribution to simulate 

variation in rainfall. Costs of control and 

population changes under various control 

are thus predicted. Over long periods 

regimes 

such an 

approach is almost certainly more realistic than 

prediction based on logistic growth. Despite the 

lower mean rates of increase used in this model, 

Boulton and Freeland (unpublished manuscript) 

continue to point out that it is ultimately more 

costly to conduct an eradication program over a 

long period of time. Their model must still be 

applied cautiously given that it is based on data 

from a single control exercise. 

Control of feral stock to 'near zero' population 

size over large areas of the Northern Territory is 

still proposed under the BTEC program and 

eradication remains an objective in the Kakadu 

National park Plan of Management. Some $18.6 

million has been allocated to the BTEC program in 

the Northern Territory for 1990/91 and a 

considerable portion will be expended on the 

shooting of feral animals (Anon. 1990). In 

addition, extensive shooting of feral animals in 

northern Australia is proposed in the event of an 

outbreak of exotic disease (Wilson 1987). The 
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results reported here provide no evidence that 

eradication is a feasible objective over large 

areas using current technology and conceivable 

inputs of resources. 

appropriate control 

The need for realistic and 

objectives is thus again 

highlighted. For conservation agencies, these 

objectives require consideration of the ef feet of 

the target animal at different densities and the 

relative cost of holding the population at each 

density. In the case of disease control programs, 

the possibility of establishing a density at which 

the disease is no longer transmitted has 

considerable attraction and has been proposed for 

the transmission of tuberculosis by feral buffalo 

(Boulton and Freeland unpublished manuscript). 

That such a threshold exists, however, is not 

readily established. Anderson and Trewhella (1985) 

found that tuberculosis in badger (Meles meles) 

populations persisted at low density and Green and 

Coleman (1988) note that tuberculosis still 

persists in feral possums 

despite the expenditure 

control in the 1970s. 

(Trichosurus vulpecula) 

of $NZ2.5 million on 

The buffalo control program in Kakadu National Park 

has significantly reduced the population density of 

the species between 1984 and 1988 and has resulted 
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in a marked recovery of vegetation in certain 

areas, particularly f load plains. Eradication of 

buffalo has not been achieved 

Park. Realistic assessment 

in any area of the 

of the cost and 

feasibility of buffalo control 

hampered by lack of reliable 

remains 

data from 

severely 

control 

exercises where densities have been reduced to low 

levels within a range of habitat types. 
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Table I. Summary of cosls for three methods of removing feral buffalo. Mean cosls 

were calculated for Lhe period 1983-1988 inclusive for Stages 1 and 2 of Ka.kadu 

National Park. All cost are in 1990 dollars. Mean population density ranged from 3.58 

km-2 in December 1983 lo 0.56 1un-2 in December 1988. Removal rale 1s per hour of 

helicopter flying time for live capture and helicopter shooling, and per hour per shooter 

for ground shooting. n.a. data not available. 

Removal method 

Capture alive 

Helicopter shooting 

Ground shooting 

Removal cost / animal 

mean 

n.a. 

19.62 

34.92 

1983 

n.a. 

13.05 

18.11 

1988 

74.53 

24.13 

86.02 

Removal rate 

1988 

5.59 

27.5 

0.30 

141 



Paper 4: Control off era/ buff olo 

Table 2. Comparison of fit of three models describing number of buffalo killed as a 

function of time spent shooting from helicoplers. Data from four control exercises are 

used. Ne == cumulative number shot (km-2), T == time spent shooting (hr 1un-2), No = 

initial density (km-2). Coefficients a and bare described in the lext. 

Model Data set Equation No 95% Confidence [nterval 
a b 

1 Deaf Adder Ne=4.I5NoT 12.87 0.985 3.83-4.46 
Howship Ne=8.47NoT 3.11 0.957 8.35-8.59 
Stage 1 W Ne=l2.IINoT 2.61 0.988 10.89-13.33 
Benbunga Ne==6.62NoT 6.26 0.997 6.60-6.64 

2 Deaf Adder Ne= 2.26Noi-0·68 12.87 0.999 2.06-2.47 0.64-0.73 
Howship Ne= 3.lONoi-0-57 3.11 0.988 1.79-4.41 0.41-0.74 
Stage l W Ne= 5.51Noi-0•72 2.61 0.997 3.10-7.92 0.57-0.87 
Benbunga Ne== 5.07No -r(l.88 6.26 0.999 4.60-5.55 0.84-0.92 

3 Deaf Adder Ne= No(l-0.99e·6.56T+ 12.87 1.000 0.97-1.01 6.35-6.77 
Howsb.ip Ne== No(l-1.13e-20.62 ) 3.11 0.988 1.04-1.22 18.43-22.80 
Stage l W Ne= No(l-1.lle-23.96T) 2.61 0.999 1.04-1.19 21.94-25.99 
Benbunga Ne=No(l-1.10e-ll.87T) 6.26 0.996 1.05-1.14 11.04-12.71 
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Poper 4: Control off erol buffalo 

Captions for Figures 

Figure 1. Number of buffalo removed from Kakadu 

National Park 1979-1988. Commercial 

removals (no cost to the government) are 

shown by hatching. 

Figure 2. Buffalo population density ( -•- ) and 

rates of shooting from 

( ··-■·-· , buffalo O. lhr-1) 

helicopters 

and from the 

hr-1) in two ground ( --a-- , buffalo 

areas of Kakadu National Park. 

Figure 3. Cumulative number of buffalo shot over 

time in four control areas: 

Deaf Adder (a) , Howship (b) , stage 1 

West (c), and Benbunga (d). An Ivlev 

function is fitted to the data, as 

described in the text. 
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Figure I 
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Popt.r 4: Conrrol of /t.rol buffalo 

Figure 3 
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SYNOPSIS AND GENERAL DISCUSSION 

The broad objectives of this study were: 

(1) to find a suitable method for correcting bias 

in aerial survey of large feral mammals in Kakadu 

National Park; 

(2) to estimate rates of increase in these species 

and to e~amine the factors which affect these 

rates; and 

(3) to assess the effectiveness of a control 

program for feral buffalo in Kakadu National Park 

and the relative costs and efficiencies of the 

methods used. 

Aerial surveys of buffalo in Kakadu National Park 

were found to be negatively biased. Line transect 

methods, which potentially take account of animals 

not seen, did not provide accurate estimates in the 

woodland habitat within which they were tested. 

This result contrasts with some recent e~aminations 

in Australia and of the method using feral pigs 

deer in North America where the method gave 

The results of this generally accurate estimates. 
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Synopsis and general discussion 

study support concerns that line transect methods 

require thorough testing before they can be 

confidently used in a particular aerial survey. 

The extent of negative bias in aerial surveys using 

standard strip transects was estimated by surveying 

before and after animals were shot from helicopters 

(index-removal method). Correction factors of up 

to 4.9 were required to take account of animals not 

seen. The results of this work were used to 

correct for negative visibility bias in subsequent 

surveys in the Park. The results have a wider 

significance because they were similar to those 

reported elsewhere for mark-recapture models and 

hence lend support to the latter approach. Despite 

theoretical and practical difficulties with mark

recapture models they are attractive because they 

are cheap and easy to apply, requiring only a 

second observer in the aircraft. 

Mean annual 

for 

exponential rates 

buffalo, 0.23 yr-1 

of 

for 0.10 yr-1 

-0.14 yr-1 for horses were estimated. 

increase 

cattle 

Rates 

of 

and 

of 

increase were highly variable between years. Most 

significantly, for buffalo and cattle, they were 

highly correlated with dry season rainfall in the 

year of survey. This result provides further 
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Synopsis and general discussion 

evidence of the strong influence of rainfall on the 

population dynamics of a wide range of animals in 

tropical and arid Australia. The results are in 

accord with a similar study in the Northern 

Territory which used data gathered on small social 

groups in the 1960s. 

Mean rates of increase for horses were negative 

during the study period and a large reduction in 

buffalo populations did not lead to an increase in 

unharvested populations of horses, suggesting the 

two species do not compete for food or other 

resources. This result is in accordance with 

recent examinations of the inter specific 

competition hypothesis in Africa where zebra 

numbers remained stationary as the population size 

of sympatric ungulates varied. Concerns of 

managers within Kakadu National Park that horse 

numbers may increase dramatically as other feral 

animals are removed do not appear justified in the 

short term. 

The campaign to control feral buffalo in Kakadu 

National Park significantly reduced the population 

density but did not approach the objective of 

eradication. The most efficient removal method in 

terms of both rate of removal and cost per animal 
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Synopsis and general discussio11 

was shooting from helicopters. The mean cost per 

animal at the end of the study (1988) was $24.13, 

compared with $74.53 for capturing animals alive 

and $86. 02 for shooting animals from the ground. 

It is apparent that continuing use of Park staff 

for ground shooting is not appropriate in the short 

term. 

Cost of control per animal increased as density was 

reduced. For shooting from helicopters, the 

relationship between time spent shooting and number 

removed was best described by a curvilinear 

function. The model predicts that the rate at 

which animals are killed declines with increasing 

duration of shooting ( and hence costs increase) . 

Prediction of removal costs involved in achieving a 

very low density involve extrapolation to densities 

below those at which the data were gathered and 

must be considered indicative only. 

a curvilinear asymptotic function 

Nevertheless, 

is intuitively 

reasonable and it is hard to envisage a different 

relationship between shooting rate and density. 

Predictions from such models may thus serve as a 

warning to managers of the difficulty of achieving 

ambitious control objectives, even if they cannot 

be used to accurately cost such a program. 
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Synopsis and general diswJsion 

More generally, the assessment of the control 

program within Kakadu National Park provided no 

evidence that the objective of eradicating feral 

mammals over a large area in Australia is feasible 

with currently available technology and conceivable 

inputs of resources. This objective is current 

within the Park and the Brucellosis and 

Tuberculosis Eradication campaign aims to reduce 

populations to very low densities. The need for 

realistic and appropriate control objectives is 

thus highlighted. In the case of disease control 

programs, 

determined 

animals at 

appropriate objectives 

by the threshold density 

which the disease is 

might be 

of feral 

no longer 

transmitted, despite difficulties in establishing 

such a threshold elsewhere. For conservation 

agencies, it requires consideration of the effects 

of feral animals at different densities and the 

relative cost of holding the population at each 

density. In both cases considerable and expensive 

research may be required but the alternative of 

pursuing the elusive goal of eradication may be 

more costly in the long term. 
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