
Chapter 3

The Attraction of Free Ranging Feral Boars to Caged Oestrous and

Non-oestrous Feral Sows.

3.1 Introduction

The rather loose social organisation of wild pigs in relation to other ungulates has

been described in Chapter 1. To recapitulate boars are generally solitary and occupy

a substantially larger home range than sows. The mooted reason for the larger home

ranges in many mammals is for males to cover the home ranges of as many females

as possible (Cameron & Spencer 1985), raising the question, can boars detect the

presence of sows at a substantial distance and can they also detect the sow's sexual

status or do they rely on random encounter?

There are obvious selective advantages to a male in being able to detect a female's

sexual status at a distance. The evidence from domestic pigs is equivocal. In

domestic pigs Signoret (1970) concluded boars were unable to detect a sows sexual

status without mounting but McGlone and Morrow (1987) showed some boars

consistently preferred sows in oestrous in T-maze trials.

It is possible given the variation in the responses of domestic boars to domestic sows

in oestrus that during domestication boars have lost their acuity in detecting a sow's

sexual status. Barrett (1978) observed up to 10 feral boars gathered around oestrous

sows in the wild. As one boar dominated mating before less dominant boars

participated, most of the boars would not have had the opportunity to mount the

female and elicit the "standing response", diagnostic of oestrus. This implies they

must be responding to some other cue such as, the scent of feral sows, a pheromone

released by the oestrous sows, a pheromone released by the boars during their
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frequent urination during sexual excitement or simply the commotion raised by the

other boars.

Choquenot et al. (1993) could not improve trapping success for feral boars by

placing oestrous sows in traps. However the population they studied had been

extensively trapped and 80% of pigs removed and so only extremely trap shy

individuals remained.

If boars can detect the presence of sows and their sexual status it has important

implications for the spread of exotic livestock diseases. This is because movement

rates of individuals and contact rates between individuals are important parameters

governing the likelihood of persistence and rate of spread of an exotic livestock

disease (Pech & Hone 1988, Pech & Mcllroy 1990). The aim of this study was to

determine whether free ranging feral boars were attracted to caged sows in oestrous,

non-oestrous caged sows or empty cages. If there was a strong attraction between

boars and caged sows it offers a useful technique for manipulating the movements

of feral boars and hence constraining the spread of an exotic disease and enhancing

the efficacy of control measures.

3.2 Methods

In the 9 months prior to this experiment 12 adult boars ( > 1 year old) were trapped

and fitted with radio collars using the method described in chapter 2. Data from

these boars was also used in the analysis of habitat selection described in Chapter 2.

The eight sows used in this experiment were wild caught in the Macquarie Marshes

500 k east of the study site and housed in individual pens at the Agricultural

Research Centre, Trangie, New South Wales. All sows were morphologically

indistinguishable from Nocoleche sows. Sows were allocated at random to one of

two groups non-oestrous or oestrous. Oestrus was induced in the oestrous group by
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including 20 mg day- 1 of the progesten altrenogest (Regumate ®) in their ration for a

period of 14 days. altrenogest was withdrawn from the ration nine days prior to the

desired date of oestrus, as Kilgour and Choquenot (1994) have shown that oestrus

appears in feral sows commences eight to 11 days after the cessation of altrenogest

feeding. Ovarian activity was also suppressed in the non-oestrous group by 20 mg

day- 1 of altrenogest in their ration which was maintained throughout the duration of

the study. Oestrus was determined by inspecting the vulva and assigning it a rank.

The ranks were 1; dry with no swelling, 2; thick creamy mucus and some swelling,

3; thin copious mucus with pronounced swelling. Sows are considered to be in

oestrus only if their vulvae are ranked at 3. Of the four sows in which an attempt

was made to induce oestrous only two had vulvae ranked 3. Only two sows are

therefore deemed to have come into oestrus.

In July 1992 sixteen 3m x 3m weldmesh steel cages were built within the home

ranges of most of the 12 boars. The position of each boar was recorded at hourly

intervals for five days according to the protocol described in chapter 2. The hourly

position of each boar was calculated using the program LOCATE II and from this

his distance to each cage was measured. From these, data was calculated a mean

distance for each boar for the entire five days. Mean distances rather than individual

distances were used in subsequent analyses because as the hypothesis being tested is

about the population of boars rather than individual boars, using individual distances

pooled for all boars will inflate the number of degrees of freedom and therefore

increase the probability of making a Type-I Error (Aebischer et al. 1992).

One day after cessation of this tracking session a single sow was installed in each of

eight cages. Two of the sows were oestrous and six were non-oestrous. Each sow

was provided with food (wheat) and water ad libitum. Branches were placed over

and around one corner of the cage to provide shelter. The vulvae of sows were

examined daily by an experienced observer. Four of the 12 cages remained empty
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as controls but were provisioned identically to the cages containing sows. The cages

were widely dispersed and spaced at least 500m apart. Treatments were allocated so

as to be interspersed (Hurlbert 1984), this was qualified by the failure of all treated

sows to come into oestrus.

Radio tracking recommenced 48 hours after the end of the first tracking session and

24 hours after the sows were installed. This tracking session followed an identical

procedure to the first tracking session and continued for four days until all sows

showed no signs of oestrus. Again the mean distance between each boar and each

cage was calculated.

This procedure produced two data sets, the first being the mean distance between

each boar and each cage before exposure to the sows, the second being the mean

distance between each boar and each cage after exposure to the sows. From the after

exposure mean distances the shortest mean distance between a boar and a cage for

each treatment was selected. This gives three shortest mean distances for each boar,

one to each treatment. The shortest mean distance was chosen because it was

assumed that if boars are attracted to a particular treatment they will move close to

one particular cage in that treatment. From these three shortest mean distances were

subtracted the mean distance to the same cage for the tracking session prior to the

installation of the sows. The difference if positive indicated that the boar had moved

on average closer to a cage between tracking sessions. If negative the boar had on

average moved further away. The differences in mean distance for all 12 boars were

then compared for significant difference from zero in three t-tests, for oestrous,

non-oestrous, and control treatments. If the t-ratio is significant and positive it

indicates attraction by the boars to a treatment, if negative and significant a

repulsion by the boars to a treatment.
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3.3 Results

The mean minimum distance between boars and treatments is shown in Figure 3.2.

None of the three t-tests had significant outcomes (Table 3.1). This indicates there

was neither attraction or repulsion to any of the three treatments. When three of the

mean change in distances for boars were eliminated whose home ranges were on the

periphery of the study area the t-ratio remained non-significant (Table 3.2).

However, the tracks of a juvenile pig were detected in the sand next to an oestrous

sow cage and the tracks of a juvenile and adult pig were detected in the sand next to

the cage of a non-oestrous sow.

3.4 Discussion

This experiment was designed to test whether oestrous sows could be used to alter

the dispersion of boars. It was not designed to test the interaction between sexes of

free ranging feral pigs. These results show it is not possible to influence the

dispersion of feral boars by the placement of oestrous or anoestrous sows. If it is

assumed an oestrous sow is innately attractive to a boar then several factors could

have militated against a significant result:

1) The metal cages may have repelled boars. This is possible but most of the boars

had been caught several times in metal traps similar to the cages and continued to be

caught after this experiment. Radio collared sows could have been released and their

positions monitored and compared to the position of boars. However given the

uncertainty in inducing oestrus and the impossibility of determining the status of

free ranging radio-collared sows this technique may not have yielded reliable

results.

2) The sows were not local and the boars may have been wary of unknown pigs. An

alternative approach to this would be to use sows caught at Nocoleche for the
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experiment but the lack of facilities for holding pigs at Nocoleche (2-3 weeks to

acclimatise, and then induce oestrus) precluded this.

3) There were abundant free ranging feral sows, and boars may have been

responding to the movements of these rather than the caged oestrous sows. Sows

were seen in the company of boars at Nocoleche.

4) Encounter between sows and boars is entirely opportunistic and the length of time

the oestrous sows were exposed was insufficient for boars to encounter the caged

sow, remain by the cage and be detected by radio telemetry. By analogy Choquenot

and Kilgour (1993) demonstrated that percentage of bait taken by feral pigs in the

New South Wales highlands did not peak until the fourth day of baiting.

Reasons 1 to 3 presuppose that boars can detect the presence of sows or metal cages

at a distance. This remains unknown but pheromones do play a role in the

reproductive behaviour of both male and female pigs (Booth 1980, Dorries et al.

1991). Pigs have a keen sense of smell although the effective range of the

pheromones is unknown and likely to be strongly influenced by intensity of odour,

wind direction and ambient temperature.

While the attraction of boars to oestrous sows is problematic, the attraction of

oestrous sows to boars is established (Signoret 1970). A more appropriate

experiment may have been to place boars in traps and monitor the locations of sows.
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Table 3.1 t-test of change in mean distance between cages and boars following

addition of treatments. M.C.D.: Mean change in distance in metres. S.E. of

M.C.D.: Standard error of mean change in distance in metres. N = 12.

Oestrous	 Non-oestrous Empty
sows	 sows	 cages

M.C.D. -95.87 -8.83 69.98

S.E. of M.C.D. 139.79 118.1 127.99

t-ratio -0.686 -0.075 0.547

Significance <0.5 <0.9 <0.5

Table 3.2 t-test of change in mean distance between cages and boars following

addition of treatments. Three boars on periphery of study area excluded. M.C.D.:

Mean change in distance in metres. S.E. of M.C.D.: Standard error of mean change

in distance in metres. N = 9.

Oestrous	 Non-oestrous Empty
sows	 sows	 cages

M.C.D. -62.52 53.21 164.32

S.E. of M.C.D. 162.10 143.59 135.43

t-ratio -0.386 0.371 1.213

Significance <0.5 <0.5 <0.2
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Chapter 4

Models of Foot and Mouth Disease in Feral Pigs in the Semi-arid
Rangelands.

4.1 Introduction

The danger to Australia's livestock industry posed by feral pigs as potential vectors

of exotic diseases is well recognised (O'Brien, 1989, Wilson and O'Brien 1989).

FMD, because of its potential to severely damage Australia's livestock export

industry, has received particular attention. Feral pigs share the semi-arid rangelands

with large numbers of domestic cattle and sheep with which they are often in close

contact (O'Brien 1989).

In the event of an outbreak of FMD, current policy is to slaughter all host animals

within a core area and test all animals within a surrounding buffer zone (Hone &

Pech 1990). However, because feral pigs occupy large areas of Australia remote

from human settlement receiving only sporadic veterinary surveillance, Hone and

Pech (1990) estimated that the probability of detecting FMD in feral pigs is very low

and that up to 3000 cases may occur before detection. Further problems occur

because feral pigs are shy, nocturnal, and cryptic so that even in the best case

scenarios only 80% could be killed by helicopter shooting (Saunders & Bryant 1987).

This means that the goal of slaughtering all animals within a core will be difficult to

achieve. An alternative may be to force the abundance of feral pigs below the

threshold abundance NT, below which the disease can not persist.

A complimentary approach has been to develop models which predict the level of

feral pig control required to eliminate FMD in feral pig populations (Pech and Hone

1988) and the rate at which an FMD outbreak would spread through such populations

(Pech and Mcllroy 1990). Demographic and behavioural parameters for these models

were derived from studies of feral pigs, while disease parameters were inferred from

veterinary literature on epizootics of FMD in domestic pigs. Both models were
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derived from deterministic fox rabies models (Anderson et al. 1981) which assume

that populations of hosts grow logistically, demographic rates being a direct function

of prevailing population density.

As host population density is a critical parameter in any non-sexually transmitted

disease (Anderson & May 1991), the unpredictable nature of semi-arid grazing

systems implies that disease models with deterministic population parameters for the

herbivore (host) component of the system are unlikely to be realistic. Despite eating

some carrion and live animals, pigs are overwhelmingly herbivores in the semi-arid

rangelands (Giles 1980). Semi-arid grazing systems are characterised by low and

erratic rainfall, high summer temperatures and an evaporation rate that exceeds

rainfall (Robertson et al. 1987). In these environments rate of change in herbivore

abundance is heavily dependent upon prevailing vegetation biomass (Bayliss 1985),

which in turn is largely dependent on rainfall which fluctuates unpredictably

(Noy-Meir 1973). Resultant stochastic variation in herbivore density must be taken

into account if disease models are to be accurate. Feral pig populations in semi-arid

environments do not grow logistically (Giles 1980, Choquenot 1994). Variation in

demographic rates and consequent direction and rate of change in population

abundance are more related to prevailing environmental conditions (primarily food

supply), than to population density.

Another critical parameter in disease models is 13. This parameter describes the rate

at which disease is transmitted between individuals which is partially determined by

the contact rate between individuals and the infectiousness of the disease. Pech and

Hone's (1988) model used data from Giles (1980) to infer contact rate between pigs.

Pech and Mcllroy (1990) measured contact rate from radio collared pigs in Namadgi

National Park, Australian Capital Territory. As contact rate is in part a behavioural

parameter it is likely to be influenced by a complex of environmental and social

forces and vary according to prevailing conditions. Although Pech and Hone (1988)
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suggest a range of contact rates and hence f3 neither they nor Pech and Mcllroy

(1990) allow for stochastic or systematic variation in 13. In this chapter contact rate in

each of the 7 tracking sessions discussed earlier is measured and the variance in

contact rate correlated with some environmental parameters.

In the spatial model of Pech and Mcllroy (1990) the velocity of advance of an FMD

epidemic is partially influenced by the diffusivity parameter D. The parameter D is

equivalent to a diffusion constant (Okubo 1980) and assumes the movement of pigs

approximates a random walk. While this is an unrealistic assumption about the

movements of most animals it has successfully described the movement of bubonic

plague through human populations in Europe in the 14th Century (Noble 1974) and

the spread of rabies in foxes (Murray et al. 1986). In this study D is estimated from

hourly distances moved in each of the 7 tracking sessions.

The models described in this chapter differ from the models of Pech and Hone

(1988) and Pech and Mcllroy (1990) in that first the assumption of logistic

population growth in feral pigs is removed and replaced with a series of functions

which link variable rainfall to demographic rates through food supply. This

stochastic model of feral pig population dynamics is linked to the compartmental

disease model of Pech and Mcllroy (1990). The next assumption removed is that of

constant (3 and D within the disease model. This model is then run to examine (1)

the behaviour of an FMD epizootic in a feral pig population inhabiting an

unpredictable environment, (2) the probability of disease persistence in such an

environment, (3) the influence of variable demographic and disease parameters on

NT, (4) the influence of variable demographic and disease parameters on the velocity

of advance, and (5) the likely control effort required to contain an epizootic in such

an environment.
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4.2 Methods

FERAL PIG DENSITY AT NOCOLECHE

Feral pig density is a parameter necessary for calculating both the population and

epidemiological components of this model. Density in the trapping session prior to

each tracking session was estimated using the Jolly-Seber mark recapture technique

for open populations (Caughley 1977). This technique was used for the first five

trapping sessions but recaptures were too few for the tracking sessions April 93 and

July 93, therefore the sum of all pigs caught, seen, and known to be in the study area

by radio telemetry are used as a minimum estimate of density. As the Jolly-Seber

method makes daily estimates of abundance the average daily estimate of abundance

for the whole trapping session was calculated. To estimate density the area of the

minimum convex polygon described by all radio telemetry locations for each tracking

session was divided by the mean abundance estimated for the preceding trapping

session. Results are contained in Table 4.1. The estimates of density are lower than

those estimated by Choquenot (1994) for the whole of Nocoleche (3.36 pigs km-2

with a standard deviation of 1.5 pigs km-2), although Choquenot's figures also

covered very good environmental conditions when pig abundance was high preceding

the drought. The decline in density with improving conditions in 1993 may be related

to pigs spreading out to occupy the shrubland habitat rather than an actual decrease in

density.
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Table 4.1 Density of Feral pigs at Nocoleche Nature Reserve by Jolly-Seber

technique. *Minimum number of pigs known to be in the area.

Trapping session Jolly-Seber
estimate ± 1SE

Area of minimum
convex polygon in km2

Density km-2

November 91 39.9 + 7.9 46 0.85

February 92 39.4 + 16.0 39 1.18

April 92 25.0 + 10.3 58 0.41

July 92 26.7 + 5.2 103 0.26

November 92 29.8 + 5.3 73 0.41

April 93 16* 57 0.28

July 93 17* 78 0.21

STOCHASTIC POPULATION MODEL

The model of pig population dynamics used in this study was an extension of a

stochastic herbivore model derived empirically by Caughley (1987) to describe the

interactive grazing system comprising red kangaroos M. rufus and the chenopod

shrubland pastures of Kinchega National Park in south-western New South Wales.

To this is added the population dynamics of feral pigs through their numerical

response to pasture biomass.

The three components of this system are change in vegetation biomass, change in

kangaroo abundance, and change in pig abundance .These changes can be described

by

dVIdt = F(V,R) - C(K,P,V)
	

(4.1)

dK/dt = rk(V)K
	

(4.2)
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dPldt = rp(li)P	 (4.3)

In these equations R is rainfall that fluctuates stochastically, V is vegetation biomass,

F is a function describing vegetation biomass in the absence of grazing, and C is a

function describing the removal of vegetation by kangaroos K and pigs P. In

equations 4.2 and 4.3 rk and rp are the rates of increase for kangaroos and pigs

respectively. The function F takes the form

F = -55.12 - 0.01535V - 0.00056W + 4.9R	 (4.4)

This function was derived empirically by Caughley (1987) for pastures similar to

those at Nocoleche and describes the influence of rainfall and existing vegetation

biomass on change in vegetation biomass. Biomass increases with increasing rainfall

but the rate of increase decreases with increasing biomass as there is density

dependent limitation on plant growth. The function C takes the form

C = K[86(1 - e- 1134)] + P[58(1 -	 92)1302)]
	

(4.5)

This function describes the amount of vegetation biomass eaten as the sum of the

functional responses of pigs and kangaroos. The kangaroos functional response was

estimated by Short (1987) for kangaroos of a uniform 35 kg in graze down trials at

Kinchega National Park, while the functional response of pigs was estimated by

Choquenot (1994) for pigs of a uniform 40 kg in graze down trials at Trangie

Agricultural Research Station. The numerical response equations describing the

change in herbivore abundance were

rk = -1.6 +2(1 - e4"42/71)
	

(4.6)

r = -2.045 +2.78(1 - 64.°°551)
	

(4.7)
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In both equations r increases asymptotically with increasing vegetation abundance.

Equation 4.6 was estimated by Bayliss (1987) for kangaroos at Kinchega National

Park while 4.7 was estimated by Choquenot (1994) for pigs over the entire Paroo-

Cuttaburra System.

The model devised by Caughley (1987) was interactive (Caughley & Lawton 1981)

with vegetation biomass strongly affecting kangaroo abundance and also kangaroo

abundance lowering the long term vegetation biomass by deepening the troughs in

vegetation biomass during drought, and cropping off the peaks in vegetation biomass

during flushes in vegetation growth following abundant rains. The chief characteristic

of this system was that it was centripetal. That is there is a negative feedback loop

such that the system tends to return towards some equilibrium which is never

achieved because of the perturbing effects of erratic rainfall. While this two species

model may seem to violate the competitive exclusion principle (Barlow 1987)

kangaroos and feral pigs do coexist in the rangelands. It is likely that this model

mirrors reality because although red kangaroos are more efficient grazers than pigs,

and in a completely stable environment kangaroos would eliminate pigs, the pigs

much higher rate of increase would allow pigs to out compete kangaroos when

pasture biomass is extremely high. The validity of adding feral pigs to the model was

tested by converting each of 4.1, 4.2 and 4.3 into difference equations at a quarterly

time step. The driving variable for this model R was drawn from the relevant

quarterly rainfall distribution with mean and variance equal to the 100 year seasonal

average for Wanaaring. For each quarter for a 100 year simulation R was a random

draw from this distribution. Initial vegetation biomass estimates were 295 kg ha-1,

initial kangaroo abundance was 45 km- 2 , both from Caughley (1987) while pig

abundance was 0.47 km-2 from the average density of pigs from the seven estimates

of density in Table 4.1. The criteria for validity were whether the biomass of

vegetation, and abundance of both herbivores remained within levels reported in the
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literature and did not decline or decrease exponentially. This can be seen in a sample

run of 100 years in Fig. 4.1.

CALCULATING 13

Before developing the disease model and adding it to the model of pig population

dynamics the transmission coefficient (3 must be calculated from the radio telemetry

data gathered by the radio-telemetry methods described in Chapter 2. 13 is critical in

the probability of establishment and velocity of spread of epidemic diseases such as

rabies (Anderson & May 1979), classical swine fever (Hone et al. 1992), and FMD

(Pech & Hone 1988).

Ideally f3 should be gathered from data from a real epidemic of FMD in feral pigs

however this is not practical. 13 in this study was estimated using the method

described by Pech & Mcllroy (1990) and modified by Cayley (1993). Parameters

used in these calculations are contained in Table 4.2.

For each tracking session the hourly locations of all k radio collared pigs were

recorded using the methods described in Chapter 2. Many locations were not

recorded because signals were not received. From this the total number of possible

distances s between pairs of pigs were calculated by k!/(k - 2)!2!. Using the same

criterion as Pech and Mcllroy (1990) a contact was recorded when the distance

between a pair of pigs was < 200 m. Thus c/s contacts as a proportion of pair wise

distances occurred. To estimate contact rate C and from this 13 the following

equations are taken from Cayley (1993). If all pigs in the study area had been fitted

with radio collars then the total number of pairwise distances would be

S = t1V!(N - 2)!2!	 (4.12)

Assuming k pigs are randomly mixing and representative of the total population then
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C = cd(N -1)12sA	 (4.13)

Hence contact rate pig- 1 for a given area is proportional to N (Cayley 1993). From

this 13 can be calculated as

p = cdA/sN	 (4.14)

Cayley (1993) noted an error in Pech & Mcllroy' s (1990) calculation of 13 in that

they calculated 13 in units of km2 day- 1 while 13 must be in units of km2 day- 1 pig-1

for the f3XY term to have the correct units of pigs km- 2 day- 1 . This error increases 13

by a factor equal to the population size. Estimates of 13 calculated for each tracking

session are contained in Table 4.3.

Table 4.2 Parameters used in the estimation of the transmission coefficient 13.

k = number of collared pigs

c = number of individual contacts (pairwise distances < 200m)

s = number of pairwise distances

t = number of recording intervals day-1

N = number of pigs

d = number of days in tracking session

A = study area in km2 (minimum convex polygon of all locations for that tracking

session)

C = contact rate
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Table 4.3 Estimates of the transmission coefficient 13 for each tracking session.

Tracking session
	

13

November 91	 0.27 km2 day- 1 pig-1

February 92	 0.36 km2 day- 1 pig-1

April/May 92	 0.32 km2 day- 1 pig-1

July 92	 1.26 km2 day- 1 pig-1

November 92	 0.54 km2 day- 1 pig-1

April 93	 1.64 km2 day- 1 pig-1

July 93	 0.25 km2 day- 1 pig-1

DETERMINISTIC DISEASE MODEL

To describe the progress of an outbreak of foot and mouth disease in a feral pig

population, Pech and Hone (1988) adapted a fox-rabies model of Anderson et al.

(1981). This model assumed logistic population growth with an equilibrium pig

density, K. Per capita birth rate, a, was fixed and death rate in the absence of FMD,

b, assumed to be density-dependent and linearly related to population density, N.

Hence, death rate when density-dependent resources are not limiting, b, is modified

by (b + gN), where g summarises the constraints on survival with increasing

density. The logistic model of animal population growth assumes that food supply is

constant, and not modified by the animals utilising it (Caughley 1976).

Pech and Hone (1988) constructed a compartmental model in which individual pigs

move through four categories according to their disease status; susceptibles (X),

latents (1), infectives (Y) and immunes (Z). Susceptibles have never been exposed to
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FMD or have lost their immunity, latents have acquired the disease but are not

excreting the virus, infectives are excreting the virus and immunes have recovered

from the disease and have temporary immunity. Pech and Hone (1988) estimated the

rate animals move between these categories by:

dX/dt = (a - b - gIV)X - f3XY + coZ

dI/dt = J3XY - (b + gN + cy)I

dY/dt = a I - (b + a. + gN + u)Y

dZ/dt = u Y + (a - b - gN - co)Z

dN/dt = a(X + Z) - (b + glV)N - ccY

(4.6)

(4.7)

(4 . 8)

(4.9)

(4.10)

The parameter estimates used to derive rates of movement between compartments for

the deterministic model (taken from Pech and Hone (1988)) are described in Table

4.4. Pech and Hone (1988) showed that at a density of 15 pigs km-2 and a 13 of 0.026

model the disease became endemic after initial oscillations in abundance of pigs

within disease classes. This model of Pech and Hone (1988) was tested with data

obtained in this study. K was set at the mean density of pigs recorded at Nocoleche

0.47 pigs km-2 , and 13 was set at 0.73 km 2 day pig-1.
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Table 4.4 Parameters used in FMD-feral pig model

X = density of susceptibles

I = density of latents

Y = density of infectives

Z = density of immunes

N = density of pig population

a = birth rate in absence of FMD = 0.0025 day-1

b = death rate in absence of FMD = 0.00089 day-1

r = rate of increase in absence of FMD (= a-b) = 0.0016

day-1

K = carrying capacity 0.47 pigs km-2

g = density dependent death rate in the absence of FMD =

0.00011 day-1

a = death rate due to FMD alone = 0.0064 day-1

f3 = FMD transmission coefficient = 0.73 pigs- 1 1=-2 day-1

a = rate of change from latent to infective = 0.5 day-1

u = rate of recovery = 0.17 day-1

co = rate of loss of immunity = 0.011 day-1

STOCHASTIC DISEASE MODEL I

To remove the assumption of logistic growth in the host population and the

requirement for an equilibrium pig density from the model of Pech and Hone (1988),

day-to-day variation in demographic rates are estimated from the numerical response

of pigs in the grazing system described earlier in this chapter rather than from the

ratio of N to K. This involved first converting equations (4.1) to (4.3) to discrete
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equations at a daily time step more appropriate to the rapid dynamics of a disease

like FMD than the quarterly time step appropriate for pig population dynamics. The

second step required eliminating the density-related component of death rate, gN, in

equations (4.6) to (4.10) and replacing constant death rate, b, with variable death

rate, b', which fluctuates according to available pasture biomass. Values of b' are

estimated daily as the difference between the prevailing rate of population increase,

r, estimated by the numerical response of pigs and the instantaneous daily birth rate,

a. In this way, while instantaneous birth rate remains constant, mortality rate varies

stochastically with prevailing pasture biomass; increasing when food availability is

low and decreasing asymptotically when it is high. Thus the equations describing the

progression of the FMD epizootic become:

dX/dt = (a - b')X - 13 XY + coZ

dI/dt = I3XY - (b' + a)/

dY/dt = a I - (b' + a + u)Y

dZ/dt = uY + (a - b' - co)Z

dN/dt = a(X + Z) - b'N - aY

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)

where b', like the density of pigs in various compartments, is recalculated daily. In

this stochastic model I (SMI), 13 is deliberately kept constant at 0.73 km-2 pig- 1 day-1,

the mean value of the seven estimates of 13 from Table 4.3. This is to determine the

effect of stochastic variation in pasture biomass and hence death rate b' on the

likelihood of establishment and persistence of an FMD epizootic.

To assess the influence of b' on the behaviour of FMD in pig populations the

stochastic FMD model was run 300 times with initial density of pigs No a random

draw from a normal distribution of densities taken from Tab. 4.1 ( truncated at 0.1

so as to avoid random draws of 0 density), initial density of infectives Y o set at 0.1

pigs kin-2 (the same value as the Pech and Hone (1988) model), and initial density of
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susceptibles X0 set at X0 = No - Yo . The model was run until the epizootic was

deemed extinct when the density of latents fell below 0.0005 km-2 . (the same

criterion used as Pech and Hone (1988)). For each iteration the duration of the

epizootic in days and X0 were recorded. Xo was recorded because if X0 is below NT

then the epizootic will not become established.

CALCULATING THRESHOLD DENSITY

As has been mentioned in the discussion of epidemiology in Chapter 1, Ro and hence

NT is a parameter critical to the establishment of an epizootic. NT is an abundance of

susceptibles below which an epizootic will not persist if an infected individual is

introduced to a susceptible population. To derive NT for this model consider that the

epizootic will not persist when the rate of change in latents and infectives = 0. So

that dI/dt = 0, and dY/dt = 0, (Hone pers. comm.) therefore:

13XY - (b' + o)I = 0
	

(4.20)

a I - (b' + cc + u)Y = 0
	

(4.21)

When 4.21 is rearranged it gives:

Y = ail(b' + a + u)	 (4.22)

and when 4.22 is substituted into 4.20 and 4.20 rearranged:

X = [(b' + a)( b' + a + u)V6l3	 (4.23)

So that X = NT. Therefore NT will be sensitive to variation in death rate b' as well

as f3. This means NT will be variable over the course of the epizootic unlike other

disease models.
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STOCHASTIC FMD MODEL II

The disease component of the model described in 4.15 to 4.19 is unrealistic in that 13

remained a constant despite the measurement of considerable variation in 13 over the

seven tracking sessions. The purpose of of the constant 13 was to describe the

behaviour of an FMD epizootic where the demographic component alone varied. The

next step is to include a variable 13 in the disease component of SMI to create a

second disease model SMII. Before constructing this model it must be determined

whether 13 varies according to some environmental parameter or whether it varies at

random. To test this f3 was entered as the dependent variable into a stepwise multiple

regression with pig density, temperature, and In total available pasture biomass in

each tracking session as the dependent variables. Total available pasture biomass is

the kg ha- 1 of pasture available in each of the four habitat types multiplied by the

area of that habitat in the minimum convex polygon enclosed by all pig locations.

These four quantities are then summed and converted to natural logarithms to give an

index of the total amount of pasture available. Total pasture availability is used

because an explicit model for overall pasture growth is available (equation 4.5) but

not one for each habitat. There was no significant effect of either density (despite

density being incorporated in the calculation of 13), temperature, or total pasture

biomass on 13 (F33 =0.27, R2 = 0.2, P <0.84). Therefore 13 in this model becomes a

random variable 13' . To incorporate 13' into the stochastic disease model all other

parameters remain the same but 13' is a weekly draw from a normal distribution of f3

described by the seven values of 13 estimated from the seven tracking sessions. As it

is assumed 13' > 0, because there will always be some contact between pigs, to

prevent 13' equalling zero the distribution of 13 was truncated at 0.25 the lowest

value of 13 which occurred in July 93. 13' was redrawn at weekly intervals because

that approximates the length of a tracking session, the interval 13' was measured over

in this study. I have no knowledge of how f3' changes between tracking sessions.
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As with SMI, this model was run for 300 simulations with the persistence time

(measured as the time in days till density of latents fell bellow 0.0005 km- 2) recorded

for each iteration as well as the initial density of susceptibles Xo.

SPATIAL STOCHASTIC MODEL

The purpose of the spatial stochastic model SSM is to predict how fast the disease

will travel. The SSM of FMD described here is an adaptation of the model of Pech

and Mcllroy (1990) who modified the compartmental model of Pech and Hone

(1988) to accommodate movement in one dimension by incorporating a diffusivity

constant D.

Diffusivity is calculated using the same formula used by Pech and Mcllroy (1990)

derived originally by Wilkinson (1952).

D = 1/4m(C22)	 (4.24)

In this equation m is the number of daily straight line distances moved which as

locations were estimated hourly gives m = 24. S/ 2 is the mean square length of

straight line movements. The straight line movements were estimated in Chapter 2

under the heading movements. The values of D for each tracking session are

contained in Table 4.5. As with 13 it is important to establish whether D should vary

in accordance with some environmental parameter or whether it should fluctuate at

random. To do this D for each tracking session was entered as the dependent variable

in a stepwise regression with pig density, total pasture biomass available, and

temperature as independent variables. None of the independent variables were

significant (F33 =0.45, R2 = 0.31, P < 0.73), therefore D' is a random draw from the

normal distribution of possible D described by the estimates of D for each tracking

session. As pigs are assumed to always be doing some moving the distribution of D

was truncated at 0.22 the lowest value of D to prevent D' equalling 0.
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Table 4.5 Estimates of diffusivity D for each tracking session.

Tracking session	 D

November 91	 2.01 km2

February 92	 2.76 km2

April/May 92	 4.28 km2

July 92	 1.57 km2

November 92	 1.40 km2

April 93	 1.89 km2

July 93	 1.34 km2

The model of Pech and Mcllroy (1990) was used to calculate the minimum velocity

Vmin in km day- 1 of an FMD epizootic in feral pigs for data collected from Namadgi

National Park. The model I use takes the form

aX/at = (a - b')Y - f3 'XY + os)Z + D'a2x/ax2
	

(4.25)

arat = 13 'XY - (b' + a + u)Y + D.a2vax2
	

(4.26)

az/at = u Y + (a - b' - a) + D'a2z/ax2
	

(4.27)

In this model 4.25 corresponds to 4.15, 4.26 to 4.17, 4.27 to 4.18, and 4.28 to

4.19, while x is distance moved in one dimension. The equation describing the latent

period has been combined with the equation describing the infective period in 4.26.

This is because for a full model with a separate latent category V • can only be

calculated numerically rather than analytically (Pech pers. comm.). To calculate

numerically with simultaneously varying 13' and D 'would be mathematically
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intractable. Pech and Mcllroy (1990) presented some biological justification for this

amalgamation citing Sellers et al. (1977) who showed that domestic pigs can

redistribute FMD virus as soon as 30 minutes after exposure. The only difference

this alteration makes to parameter values is to combine the latent and infectious

period to give a value of u = 0.125 day-1.

The equation describing the minimum velocity of advance of an FMD epizootic in

Pech and Mcllroy's (1990) model is

V • = .N163'1V/30 )vmin 	(4.30)

where vmin is the scaled velocity. In the equation used by Pech and Mcllroy (1990) K

carrying capacity is used instead of N but K has been discarded for pigs in the semi-

arid rangelands so that K is replaced by N for this equation. To derive vmin using a

derivation of the formula contained in the appendix of Pech and Mcllroy (1990)

gives,

vmin = 2\1[1-a - b e )/13'N-V/f3'N-co/13'N-a113'N-u113'/V]
	

(4.31)

To estimate how Vmin changes during the course of an epizootic 100 simulations of

the spatial model were run and the mean V • , maximum Vmin , and minimum Vmin for

each iteration were recorded.

CONTROL EFFORT

To estimate the effort required to eliminate an FMD epizootic 100 simulations of the

spatial model were run with the addition of a term calculating NT according to

equation 4.23 and subtracting this from N to give a density of pigs km-2 to be

removed to place N below NT and thus eliminate the epizootic. To give an estimate

of the total effort required to eliminate the epizootic the effort km-2 was multiplied by
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the total area covered by the epizootic. The total area covered by the epizootic was

calculated by assuming the sum of the daily distances covered estimated from the

Kith was the radius (r) of a circle describing the area covered by the epizootic. This

meant that the total area covered by the epizootic equalled nr2 with r equal to the

sum of the daily advances made by the epizootic. The area covered and the total

number of pigs required to be removed was calculated at weekly intervals for a

simulation of an epizootic lasting six weeks.

4.3 Results

DETERMINISTIC DISEASE MODEL

Despite a much higher 0 (0.73 km-2 compared to 0.026 km-2) and a much lower

overall density of feral pigs (0.47 km2 compared to 15 km2) the dynamics of the

FMD epizootic were similar to Pech and Hone's (1988) model with the disease

parameters rapidly approaching stable equilibrium values after initial fluctuations in

the abundance of the four disease classes (Figure 4.2).

STOCHASTIC DISEASE MODEL I

In contrast to the deterministic disease model the stochastic disease model described

here predicted that FMD would never approach a stable equilibrium. The epizootic

failed to persist longer than 4860 days in 300 simulations. The results of a typical

simulation are presented in Figure 4.3 and Figure 4.4. These figures demonstrate

that although FMD mortality in this model is low (5%) it can still lower density of

feral pigs especially during periods when conditions are good and population growth

high.

In this model NT varies over the course of the epizootic as asserted in the methods.

This can be seen in Figure 4.5 which is the variation in NT over the course of an

epizootic for the simulation shown in Figure 4.3. The influence that the

stochastically varying parameter b' has over NT can be seen in Figure 4.6 showing
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that increasing b' increases NT linearly and hence increases the probability of disease

extinction.

The mean persistence time for the epizootic was 1045 days with a standard deviation

of 1131 days. However in 38% of simulations the disease did not persist longer than

100 days. This is evident in the distribution of persistence times (Figure 4.7). For

these brief outbreaks of the disease with a persistence times arbitrarily selected at

less than 100 days, the mean was 50 days with a standard deviation of 20 days. The

distribution of persistence times less than 100 days can be seen in Figure 4.8.

Persistence time for epizootics that lasted less than 100 days was highly dependent on

the initial density of susceptibles with a regression of persistence time on X o being

highly significant (F 1,112 =1495, R2 =0.93, P <0.0001) (Figure 4.9). This is because

the initial density of susceptibles will frequently be below NT and so the higher the

density of susceptibles the longer it takes the density of latents to fall below 0.0005

pigs km-2 . This relationship between initial density of susceptibles and mean

persistence time is not apparent when persistence times longer than 100 days are

considered with a regression of persistence times greater than 100 days on X0 , being

non-significant (F 1,181 =2.51, R2 =0.01, P <0.1152) (Figure 4.10). This is because

Xo will be above NT and so persistence time will be dependent on the supply of

susceptibles which will increase or decrease according to prevailing pasture biomass.

STOCHASTIC DISEASE MODEL II

An example of how the addition of 13' influenced the behaviour of the epizootic can

be seen in Figure 4.11 and 4.12. The density of pigs in all disease classes fluctuates

enormously. This high amplitude oscillation is also apparent in NT with the

amplitude of oscillation in NT being very much greater (Figure 4.13) than for SMI.

This indicates 13' has a much greater influence over NT than b' which is confirmed by

examining Figure (4.14).
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The major difference the addition of 13' had to the results of this model compared to

SMI was that mean persistence time was reduced. The mean persistence time for

SMII is 679 days with a standard deviation of 875 days. The longest persistence

time was also shorter at 3960 days. The differences can be seen by comparing the

frequency distribution of persistence times for SMII (Figure 4.15) with SMI (Figure

4.7). All this indicates that the addition of a stochastically varying 13' lowered the

probability of an FMD epizootic persisting.

The proportion of persistence times less than 100 days was also greater for SMII at

45% of all simulations, than for SMI with 38% of all simulations (Figure 4.16).

When the dependence of persistence time on initial density of susceptibles is

examined the trend of tight dependence of persistence time on initial density for

persistence times less than 100 days seen in SMI is weakened in SMII with a

regression of persistence time on X0, still highly significant at (F 1,134 , =66.99,

R2 =0.33, P <0.0001) Figure (4.17). However when persistence times greater than

100 days are considered the trend is paradoxically stronger for SMII than SMI, with

the regression of persistence time on X0 being significant (F 1,161 =50, R2=0.24,

P <0.0001) (Figure 4.18).

SPATIAL STOCHASTIC MODEL

The change in Vmin over the course of a simulation is shown in Figure 4.19. The

mean V • for the 100 simulations of the spatial model was 2.51 km day- 1 with a

standard deviation of 0.53 km day- 1 but the maximum Vmin recorded was 8.75 km

day- 1 while the minimum Vmin recorded was 0.17 km day- 1 . The distributions of mean

Vmin , maximum Vmin , minimum Vmin are shown in Figure 4.20.
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CONTROL EFFORT

With increasing time since the inception of the epizootic control effort and total area

of the epizootic rose exponentially (Figure 4.21 and Figure 4.22). This is principally

due to the area of the epizootic being a power function of distance covered since the

inception of the epizootic.

4.4 Discussion

Heterogeneity in behaviour, distribution and abundance of hosts is cited as strongly

influencing the likely prevalence and persistence of diseases (Anderson 1991,

Anderson & May 1991). This study extends the concept of heterogeneity to include

temporal heterogeneity in the population dynamics and behaviour of pigs. Several

important results flow from the small alterations made to the compartmental models

of Pech and Hone (1988) and Pech and Mcllroy (1990) to accommodate temporal

heterogeneity.

An important observation made clear in Figure 4.3 is that FMD can lower the

density of an infected population of feral pigs substantially more than the 5%

mortality entered into the model. Anderson et al. (1981) noted that for high density

fox populations (10 km-2) despite rabies only infecting 5% of the fox population it

could reduce long term abundance of foxes below 50% of K.

The estimates of p are higher than those of Cayley (1993) at 0.091 to 0.307 for

tropical woodland, and 0.119 for Pech and Mcllroy (1990) (see Cayley's 1993

corrected estimate) in temperate montane forest. This is quite surprising since both

areas had higher densities of pigs 2.5 to 3.5 km- 2 for Cayley's site and 1.4 km- 2 for

Pech and McIlroy's site which should lead to higher contact rates. There is no reason

why there should be an upper limit to contact rate and hence J3, set by spacing

behaviour. Pigs are non-territorial and frequently exhibit close physical contact with

one another (Fradrich 1974). The high 13 observed in this study may be due to the
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concentration of pigs for much of the time in the relatively small area of riverine

woodland. This would elevate contact rate because while overall density was low

density in riverine woodland would have been quite high. It is also possible that the

different vegetation types in the different habitats may have influenced the likelihood

of pigs coming in contact with each other, with the less dense vegetation at

Nocoleche making contact easier between individuals. Alternatively food, water and

shelter may have been more uniformly distributed in the more mesic habitats and

thus pigs were less likely to congregate in a small area and come into contact.

The lack of a significant effect of either total pasture biomass, temperature, or

density on 13 suggests that 13 is very much dependent on the idiosyncrasies of

individual pig behaviour and their influence on contact rate. It may be that the lack

of these parameter's influence is due to the relatively small number of pigs collared

and tracked (7-22), and that on the scale of the whole feral pig population of western

New South Wales these parameters do have an influence. Even if this is the case it

emphasises the importance of small scale spatial heterogeneity in contact rate in

potentially maintaining the epizootic.

The eventual extinction of the FMD epizootic due to environmental variability is a

novel finding. Anderson & May (1991) discussed the possibility of such a

phenomenon and called it "endemic fadeout", suggesting the possibility of diseases

going extinct due to fluctuations in host density without elucidating a mechanism.

Unlike the dynamics of the kangaroo and pig populations the disease dynamics was

less stable with weaker centripetality than the herbivore populations. There are

probably three main reasons for this. The first is that when density of herbivores

decreases during drought the death of each herbivore relieves a little of the pressure

on the surviving herbivores because the food it has forgone by dying is now available

to the survivors. This is implicit in the population growth equation 4.1. No such

compensatory negative feed-back is available for the virus in this model. The FMD
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virus is entirely dependent on its host, once the host dies the virus dies and the host

is obviously not free for reinfection. The second reason is that at low pasture

densities herbivores have a behavioural flexibility captured in the functional response

equation, that viruses do not. As pasture declines pigs can search harder for food, or

switch to less preferred more abundant foods, viruses cannot increase their

infectiousness or increase their persistence time in the environment (other than

through selection) to increase its probability of encountering one of the sparsely

distributed pigs. A third reason that the virus is at a disadvantage at low host density

compared to herbivores at low pasture density, is that the resource pigs depend on

(pasture) responds much more rapidly to improvements in conditions than the

resource the virus is dependent on; pigs. Thus, there will be a time lag in an increase

in new susceptibles after a drought breaks during which an FMD epizootic may run

out of susceptibles. The purported advantages for herbivores could be argued to be

advantages for the virus given it is an obligate parasite of one of the herbivores and

these are mechanisms for maintaining host abundance. If the dynamics of directly

transmitted microparasites were completely linearly dependent on host density this

argument would be valid. However, because NT so clearly represents a threshold

below which extinction is inevitable the low densities the pigs maintain themselves

during drought are below NT and the epizootic cannot be maintained.

The reason the distribution of persistence is so skewed to short persistence times in

simulations of both SMI and SMII is twofold. First for SMI and SMII, in many

instances the X0 drawn in the simulation will be below NT and hence the disease will

rapidly decline to extinction. Second for SMII, due the phenomenon of "epidemic

fadeout" (Anderson & May 1991) the disease will disappear because when the

disease is initiated the entire population is susceptible and hence almost the entire

population rapidly enters the latent, infectious and immune classes leaving very few

susceptibles. This phenomenon can be seen in Figure 4.2. When this happens density
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of susceptibles will be very low and the possibility of some random factor such as a

decrease in 13. forcing NT above X will be much higher.

The strong relationship between X0 and persistence times less than 100 days is a

reflection of the phenomenon discussed above. What seems anomalous is that the

relationship between persistence time and X0 is strongest for SMI but the

relationship persists for longer in SMII (Figures 4.9, 4.10, 4.17 & 4.18). This can

be resolved when the relative effects of low X0 and endemic fadeout are considered

in isolation. The tight relationship between persistence time and X 0 in SMI is due to

X0 being below NT by chance and the entirely deterministic process of the disease

dying out due to an insufficient supply of susceptibles at the inception of the

epizootic, which will take longer the higher X0 . If X0 is above NT then the epizootic

can persist for longer and it is only going to be extirpated by "endemic fadeout"

because it is only the environmental parameters influencing b' that change relatively

slowly, that will force . X below NT. In comparison the relationship between X0 and

persistence times less than 100 days, is less tight for SMII because even if X0 is

below NT, within a week NT could be below X because 13' will be a new draw from

the distribution of f3. Equally if Xo is above NT then within a week a new iv could

place NT above X and the epizootic may fade out. This is also the reason the

relationship between persistence time and X0 continued for longer in SMII than SMI.

In SMI persistence time is only dependent on the probability of X0 being below NT

and the associated rapid deterministic decline to extinction if X 0 is below NT, as well

as endemic fadeout. In SMII the probability of epidemic fadeout will be in part

dependent on the size of X0 the higher X0 the more likely it is to be above NT, so the

epizootic will be more buffered against sudden extinction. This effect will last longer

than the simple deterministic relationship of persistence time to X0 when NT is higher

than Xo in SMI.
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The imposition of 13' in SMII imparts several differences on the course of the FMD

epizootic. f3' varies randomly, and with much higher frequency and amplitude than

b' . This means that the course of the epizootic for SMII will approximate a random

walk by comparison with SMI. The high amplitude and frequency of fluctuation in

13' in SMII means that NT will fluctuate much more in relation to X than for SMI so

that NT will be above X further and more often in SMII and hence more prone to

extinction than SMI.

The contrast between 13' and b' has some similarity to the concepts of demographic

stochasticity and environmental stochasticity used in models of population extinction

(Lande 1993). Demographic stochasticity is "...caused by the chance realisations of

individual probabilities of death and reproduction in a finite population." (Lande

1993). Environmental stochasticity "....arises from a nearly continuous series of

small or moderate perturbations that similarly affect the birth and death rates of all

individuals (within each age or stage class) in a population." (Lande 1993).

Demographic stochasticity has parallels with f3' in that in this model 13' is a function

of chance and probably deliberate encounters amongst a relatively small group of

pigs and can be strongly influenced by the behaviour of an individual pig. 13 does

have an explicit density component to its calculation but as was seen by the failure to

find a significant relationship between density and 13 there was an overriding effect of

contact rate between individual pigs. Environmental stochasticity is encapsulated in

b' a parameter describing the ups and downs inflicted on the pig population as a

whole by the unpredictable environment. Lande (1993) argued that with increasing

population size demographic stochasticity will decrease in importance and

environmental stochasticity will increase in importance in defining the probability of

population extinction because individual events tend to average out in large

populations. This is not entirely true for the models of FMD in pigs, because the

influence of 13' remains strong at all densities of pigs. This highlights a potential

problem with SMII discussed earlier, in that the high degree of variability in iv
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may be an artefact of sample size and that as sample size increased the temporal

variability in 13' may decline. However, looked at another way it highlights potential

problems for models such as Lande (1993) in that small aggregations where the

demography (analogous to 13') is particularly different may confound predictions

based on overall population parameters. For this reason Barlow (1991) proposed the

existence of small foci for bovine tuberculosis transmission within the brush-tailed

possum population in New Zealand to maintain the overall epizootic. He did not

however, identify whether this was due to the dynamics of the disease or the ecology

of the host.

This study showed V will slow and speed up in a non-systematic way according

to variation in 13' and D. The velocity of advance of the FMD epizootic in this study

is of a similar order to that calculated by Cayley (1993) at 2.8 km day- 1 to 3.5 km

day- 1 and 2.8 km day- 1 to 5.9 km day- 1 for Pech and Mcllroy (1990) depending on

which method was used to calculate vmm.

There are a number of caveats associated with interpreting the results of the spatial

stochastic model. The first is that feral pig movements can be approximated by

diffusion equations. In the literal sense this is obviously not true as movements may

be more limited because pigs occupy defined home-ranges and prefer some habitats

above others although the random walk assumption of the diffusion equation may be

accurate in describing the diseases dynamics. The strong dependence of V mm on IT

rather than D' (Pech and Mcllroy 1990) may mean that this is not such a concern. A

greater problem may be the occurrence of rare long distance movements by pigs in

the latent stage, that may speed the velocity of advance of the disease an order of

magnitude faster than estimated here (Mollison 1987). Having D' drawn at random

from a distribution of D goes some way to addressing this concern but important

very rare events will not be captured by considering the standard deviations of a

normal distribution. This is a more general problem in ecology and behaviour than is
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recognised (Gaines & Denny 1993) and a more realistic approach may be to model

the movements of individual animals as is being attempted in the AUSPLAGUE

model developed at CSIRO Division of Wildlife and Ecology (Pech pers. comm.).

Another consideration that could severely qualify the outcome of this model is that

FMD induces lameness in feral pigs during the infectious phase of the disease (Callis

1984). This could reduce both f3 and D though it would only affect the infectious

pigs. As there were no obviously lame pigs collared at Nocoleche how this might

affect disease transmission remains unknown. A final qualification of this model is

that in this analysis the latents were combined with infectives to make calculation of

vmin in this stochastic model mathematically tractable. This has the effect of elevating

Vmin in relation to V . calculated with latents and infectives kept as separate

categories. Three of the four caveats mentioned; non-random movement, lameness

of infectives, and combining latents and infectives suggest that estimates of Vmm may

be an overestimate while rare long distance movements suggest the estimates of Vmm

will be an underestimate. It is not known whether these factors are additive or

compensatory.

There are several important practical consequences of this study for controlling

FMD. Hone and Pech (1990) suggest ranking areas of Australia at risk from FMD in

feral pigs, according to criteria such as proximity to ports, feral pig density, and the

likelihood of detection. To this could be added seasonal conditions with good

conditions increasing an areas risk ranking and poor seasonal conditions lowering an

areas risk ranking. These results qualify Hone and Pech's (1990) suggestion that

areas with a feral pig population density below NT should attract a low risk ranking.

As demonstrated, NT can fluctuate depending on b' or on 13' .

While it is desirable to eradicate FMD as swiftly as possible and it is also likely that

enormous financial resources will be available for the control of an FMD epizootic

(Wilson & O'Brien 1989) total eradication of the feral pig population may not be
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practical on the local or even regional scale. This study reinforces the advice of Pech

and Hone (1990) and Hone and Pech (1990) in targeting NT as the goal for disease

eradication rather than total feral pig eradication. However NT has become a moving

target and because NT is so dependent on (3 which is very difficult to assess in the

field. The safest course would be to assume 13 is at its highest and aim to reduce pig

density to below NT for the combination of the highest possible 13 and a b' that can

be deduced from the pigs numerical response to prevailing pasture biomass.

The total effort and hence cost required to eliminate FMD by lowering density of

pigs below NT in the area covered by the epidemic increases geometrically with time

since the inception of the epizootic. This is partially offset by the increased

likelihood of the disease dying out with time since inception of the epizootic. The

area covered by the epizootic was assumed to be circular. This is unlikely to be

realistic as local variation in 13 and other parameters as well as the tendency of pigs

to live along rivers in the rangelands will deform the shape of the circle. Therefore,

the robustness of estimates of the area of the epizootic and level of control required

will tend to decline with increasing time since the inception of the epizootic.

As the cost of controlling pigs to a particular density increases exponentially with

decreasing density targeted (Hone 1987) the costs of controlling feral pigs to a level

substantially below NT will be disproportionately larger than controlling pigs to a

level just below NT. This means that it may be most appropriate to target a density of

pigs km-2 below NT then reduce the pig population to that level and intensively

monitor of the disease status of the pig population. If the epizootic is persisting then

control effort should be intensified but if it has disappeared then effort should be

switched to areas beyond the periphery of the epizootic front so that there is a buffer

of pig populations below NT that will halt the epizootic if undetected diseased pigs

remain in the core area.
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Chapter 5

Conclusion

This thesis has achieved two major contributions. The first is to describe how a range

of ecological variables are sensitive to variation in the spatial and temporal distribution

of food (pasture biomass) and also to a climatic parameter (high temperature). The

second contribution was to adapt an existing model of FMD in feral pigs to

accommodate the demographic variability inherent in herbivore populations living in

such an environment and then to incorporate the pig's natural behavioural variability

manifested through the parameter 13.

The patchiness of food resources at Nocoleche is apparent to the casual observer and

this patchiness is important to the pigs as was shown by the results of this study.

However, patchiness of food was only measured in one dimension; food abundance in

different habitats. Other studies of herbivores have shown habitat preference to be

strongly related to some nutritional quality such as potassium content (Braithewaite et

al. 1983) or protein content (Taylor 1984). However, pasture biomass in semi-arid

environments varies far more spatially and temporally than in more mesic environments

due to sharp gradients in soil moisture (Stafford-Smith & Morton 1990). Further the

importance of variation in pasture biomass to the ecology of the feral pig was

demonstrated by its significant effect on a number of ecological variables. To a

herbivore in more mesic environments environmental heterogeneity is more likely to be

manifest as patches of different quality, because food is generally more abundant and

the gradient in food abundance less steep between habitats. Of course in some more

mesic environments there are substantial seasonal changes in pasture biomass often

associated with wet and dry seasons and in these cases there may be major movements

of herbivores between habitats (Sinclair 1975). Pasture biomass is unlikely to be the

full story, as suggestive evidence that pigs may have been partially responding to two
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aspects food quality was speculated upon in the discussion of Chapter 2. The first is the

lack of preference for riverine woodland during winter 1992, despite its high pasture

biomass. That pasture biomass however, was dominated by the coarse tussock grass P.

jubiflorum, which may have been unpalatable to pigs. Similarly the aromatic chemicals

in the Centipedia cunninghamia that tended to dominate the ephemeral swamps may

have repelled the pigs. As covered in the introduction to this thesis pigs are relatively

inefficient herbivores so it is likely that small differences in quality may have been

more important to them than herbivores with more efficient digestive system. Some

high protein animal food resources may have been important in maintaining pigs during

drought even though the overall population dynamics of the pigs may have been driven

by vegetation.

This study confirmed the speculations of earlier studies that high temperature limited

how far and where pigs would forage. That pigs were heat sensitive was well

established by earlier studies, but this study showed how a heat sensitive animal like the

pig could survive by shifting between habitats and switching between nocturnal and

diurnal foraging. In this study the influence of temperature was inferred from increased

use of habitats with greater cover during hot seasons. The influence of temperature on

fine scale habitat selection in pigs could be further examined by monitoring the

microclimate characteristics of the shelters pigs use in different habitats and at different

times of year. The interaction between temperature and water supply could also be

profitably pursued by intensive observations of individual pigs. As feral pigs are rather

shy, solitary and nocturnal at Nocoleche and at many locations in inland Australia, the

most robust data may be provided by an experiment with captive feral pigs allowed

differing access to water and shelter over seasonally varying temperature.

In the first paragraph of Chapter 1 I stressed that the unifying theme to this thesis was

the influence of a variable environment. Spatio-temporal variation in food supply for a

large herbivorous mammal in semi-arid regions may be particularly acute but it is
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probably a more general phenomenon than realised for many taxa, even occurring in

such predictable environments as lowland tropical rainforest (Karr & Freemark 1983).

High variability would favour animals that are physiologically and behaviourally

flexible both of which are attributes of feral pigs. This flexibility would go part of the

way to explaining how an animal that is a newcomer to the semi-arid environment and

that so patently lacks the adaptations of so many arid zone large herbivores can persist.

Overlaying this flexibility is the constraint of high temperatures which will severely

compromise where and when a pig can forage. High temperature doesn't act like risk of

predation identified as a constraint on foraging in other studies, pigs probably rarely die

from heat stress, they just try to avoid the discomfort caused by high temperatures and

so compromise the amount of time they can spend on other self maintaining activities.

The characterisation of large herbivores as energy maximisers (Belovsky 1984) may be

inaccurate for feral pigs as they become time minimisers during times of severe heat

stress.

The influence of the sexual status of sows on the movements of feral boars was not

fully determined. The oestrous sow experiment could be extended by monitoring the

movements of free ranging radio collared oestrous sows and boars. However, the

results would be problematic as only 50% of the treated sows showed positive signs of

oestrus and determining the success rate of the treatment in free ranging sows would be

impossible.

The disease models presented in this thesis are developments of relatively simple

deterministic compartmental models expanded to include the natural demographic and

behavioural variability of pigs. These additions changed the interpretation of the models

from the calculation of single values of NT and Vmh, in the deterministic models of Pech

and Hone (1988) and Pech and Mcllroy (1990) to the interpretation of persistence time

probabilities, and variable NT and Vmm. This makes the models more sophisticated and
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hopefully more realistic but without knowledge of the real dynamics of FMD in wild

pigs the interpretations of these results remain qualified.

There are two important omissions in the FMD models presented in this thesis. The

first is the lack of consideration of how the dynamics of the disease would be altered if

the large population of feral goats on Nocoleche were also included. Feral goats occur

in higher density and occupy different habitats to feral pigs being widely distributed

through the shrubland. It is quite possible that left uncontrolled the disease could

become endemic in feral goats while dying out in pigs. In Africa where there is a

diverse community of ungulates of varying susceptibility to FMD there are four

possible inter-species transmission scenarios (Halpin 1975). The first is two self

contained epizootics with little transmission between the two species such as cattle and

buffalo. The second scenario is for maintenance of the epizootic in one species to be

dependent continual infection from the other such as the maintenance of FMD in

wildebeest Connochaetes taurinus by infection from cattle. The third scenario is

transmission from one species to another but no transmission within the species. This

occurs with elephants Loxodonta africana which can be infected by cattle and can

transmit the disease to cattle but cannot infect other elephants. The final scenario is

transmission to a dead end host in which cattle may transmit the disease to a diverse

range of non-ungulate hosts but the disease cannot be transmitted any further by these

hosts. In much of Australia there are usually several sympatric feral hosts of FMD

besides feral pigs such as goats, water buffalo, camels Camelus dromedarius, and deer

Cervus spp. as well as many free ranging cattle and sheep (Wilson et al. 1991). A fuller

understanding of the potential dynamics of the disease should include multi-species

models with contact rates estimated for a community of feral ungulates. These models

should also include identification from the veterinary literature of which of the four

possible disease transmission scenarios each pair of host combinations would be.
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The second major omission is consideration of the wind borne route for dissemination

of FMD. This has been extensively studied in Britain with good concordance between

patterns of disease outbreak and wind direction (Smith & Hugh-Jones 1969). This may

not be as important an omission as neglecting the potential role of goats in maintaining

the epizootic as the FMD virus for long distance dispersal requires low temperatures

and high humidity which are rare at Nocoleche.

An approach for improving the estimation of 13 would be more accurate systems of

radio telemetry and possibly the use of collars that sensed the presence of other radio

tagged animals closer than a certain distance. These collars would be complex and

likely to be extremely costly requiring an integrated radio-transmitter, radio-receiver

and data-logger all in the one unit. However, several of these units could be used as

controls to test the accuracy of data collected by conventional radio-telemetry.

The major contribution of the disease models has been to identify how behavioural and

demographic stochasticity will inevitably drive the disease to extinction as it lacks any

centripetality at low host densities to buffer it against variation in f3' and b' . Many

diseases are characterised by outbreak and disappearance only persisting in areas of

high host density (Yorke et al. 1979). This suggests the disease dynamics described by

the models in this thesis approximate the real world.

131



References

Aebischer, N. J., Robertson, P. A., & Kenward, R. E. (1993) Compositional

analysis of habitat utilisation from animal radiotelemetry data. Ecology, 74,

1313-1325.

Aitchison, J. (1986) The Statistical Analysis of Compositional Data. Chapman &

Hall, London.

Anderson, R. M. and May, R. M. (1979) Population biology of infectious diseases:

Part I. Nature 280, 361-367.

Anderson, R. M., & May, R. M. (1982) Coevolution of hosts and parasites.

Parasitology 85, 411-426.

Anderson, R. M., & May, R. M. (1991) Infectious Diseases of Humans. Oxford

University Press, Oxford.

Anderson, R. M. & Trewhella, W. (1985) Population dynamics of the badger

(Meles meles) and the epidemiology of bovine tuberculosis (Mycobacterium

bovis). Philosophical Transactions of the Royal Society of London B310, 327-

381.

Anderson, R. M., Jackson, H. C., May, R. M. and Smith, A. D. M. (1981)

Population dynamics of fox rabies in Europe. Nature 289, 765-771.

Andrzejewski, R., & Jezierski, W. (1978) Management of a wild boar population

and its effects on commercial land. Acta Theriologica 23, 309-339.

132



Baber, D. W. & Coblentz, B. E. (1986) Density, home range, habitat use, and

reproduction in feral pigs on Santa Catalina Island. Journal of Mammalogy 67,

512-525.

Baber, D. W. & Coblentz, B. E. (1987) Diet, nutrition, and conception, in feral

pigs on Santa Catalina Island. Journal of Wildlife Management 51, 306-317.

Barlow, N. D. (1987) Pastures, pests and productivity: simple grazing models with

two herbivores. New Zealand Journal of Ecology 10, 43-55.

Barlow, N. D. (1991) A spatially aggregated disease/host model for bovine Tb in

New Zealand possum populations. Journal of Applied Ecology 28, 777-793

Barrett, R. H. (1978) The feral hog at Dye Creek Ranch. Hilgardia 46, 283-355.

Barrett, R. H. (1982) Habitat preferences of feral hogs, deer, cattle on a Sierra

foothill range. Journal of Range Management 35, 342-346.

Barrette, C. (1986) Fighting behaviour of wild Sus scrofa. Journal of Mammalogy

67, 177-179.

Bateman, A. J. (1948) Intrasexual selection in Drosophila. Heredity 2, 349-368.

Bayliss, P. (1978) Nocoleche: A Preliminary Investigation. Unpublished National

Parks and Wildlife Report.

Bayliss, P. (1985) The population dynamics of red and western grey kangaroos in

arid New South Wales, Australia. I. Population trends and rainfall. Journal of

Animal Ecology 54, 111-125.

133



Bayliss, P. (1987) Kangaroo dynamics. Kangaroos, their Ecology and Management

in the Sheep Rangelands of Australia.(eds Caughley, G., Shepherd, N. &

Short, J.), pp. 100-117. Cambridge University Press, Cambridge.

Belovsky, G. E. (1984) Herbivore optimal foraging: a comparative test of three

models. The American Naturalist 124, 97-115.

Booth, W. D. (1980) Endocrine and exocrine factors in the reproductive behaviour

of the pig. Symposia of the Zoological Society of London 45, 289-311.

Braithewaite, L. W., Dudzinski, M. L., & Turner, J. (1983) Studies on the

arboreal marsupial fauna of eucalypt forest being harvested for woodpulp at

Eden, N.S.W. II. Relationship between the fauna density, richness and

diversity, and measured variables of the habitat. Australian Wildlife Research

10, 231-247.

Bratton, S. P. (1975) The effect of the European wild boar, Sus scrofa, on gray

beech forest in the Great Smokey Mountains. Ecology 56, 1356-1366.

Butson, B. (1992) A Geographical Approach to the Ecology of Feral Pigs in North-

Western New South Wales. Honours thesis, University of New South Wales,

Australian Defence Force Academy, Canberra.

Callis, J. J. (1984) Foot-and-mouth disease. Foreign Animal Diseases Their

Prevention Diagnosis and Control. United States Animal Health Association,

Richmond, Virginia.

134



Cameron, G. N., & Spencer, S. R. (1985). Assessment of space-use patterns in the

hispid cotton rat (Sigmodon hispidus). Oecologia, 68, 133-139.

Carson, R. G., & Peek, J. M. (1987) Mule deer habitat selection patterns in

northcentral Washington, Journal of Wildlife Management 51, 46-51.

Caughley, G. (1976) Wildlife management and the dynamics of ungulate

populations, Applied Biology, (ed. Croaker, T. H.). pp. 183-246, Academic

Press, London.

Caughley, G. (1977) Analysis of Vertebrate Populations. John Wiley & Sons,

Chichester.

Caughley, G. (1987). Ecological relationships. Kangaroos, their Ecology and

Management in the Sheep Rangelands of Australia. (eds Caughley, G.,

Shepherd, N. & Short, J.), pp. 100-117. Cambridge University Press,

Cambridge.

Caughley, G. and Lawton, J. H. (1981) Plant-herbivore systems, Theoretical

Ecology, principles and applications, (ed. May, R. M.) pp. 132-166,

Blackwell Scientific Publications, Oxford.

Cayley, P. (1993) The Ecology and Management of Feral Pigs in the "Wet-dry"

Tropics of the Northern Territory. M.Appl.Sc Thesis, University of Canberra.

Challies, C. N. (1975) Feral pigs (Sus scrofa) on Auckland Island: status and

effects on vegetation and nesting sea birds. New Zealand Journal of Zoology 2,

479-490.

135



Choquenot, D., Kilgour, R. J., and Lukins, B. S. (1993) An evaluation of feral pig

trapping. Wildlife Research 20, 15-22.

Choquenot, D. P. (1994). The Dynamics of Feral Pig Populations in the Semi-arid

Rangelands of Eastern Australia. Ph.D. thesis, University of Sydney, Sydney.

Coblentz, B. E., & Baber, D. W. (1987) Biology and control of feral pigs on Isla

Santiago, Galapagos, Ecuador. Journal of Applied Ecology 24, 403-418.

Corner, L. A., Barrett, R. H., Lepper, A. W. D., Lewis, V. and Pearsons, C. W.

(1981) A survey of mycobacteriosis of feral pigs in the Northern Territory.

Australian Veterinary Journal 57, 537-542.

Cranwell, P. D. (1968) Microbial fermentation in the alimentary tract of the pig.

Nutritional Abstracts Review 38, 721-730.

Crome, F. H. J., & Moore, L. A. (1990) Cassowaries in north-eastern Queensland:

Report of a survey and a review and assessment of their status and conservation

and management needs. Australian Wildlife Research 17, 369-385.

Dardaillon, M. (1987) Seasonal feeding habits of the wild boar in a Mediterranean

wetland, the Camargue (southern France). Acta Theriologica 32, 389-401.

Daubenmire, R. F. (1959) Canopy coverage method of vegetation analysis.

Northwest Scientific 33, 43-64.

Dawson, T. J., & Denny, M. J. S. (1969) A bioclimatological comparison of the

summer day microenvironments of two species of arid zone kangaroo. Ecology

50, 323-332.

136



Dinerstein, E., & Price, L. (1991) Demography and habitat use by greater one-

horned rhinoceros in Nepal. Journal of Wildlife Management 55, 401-411.

Diong, C. H. (1973) Studies of the Malayan wild pig in Perak and Johore. Malayan

Nature Journal 26, 120-151.

Dorries, K. M., Adkins-Regan, E., & Halpern, B. P. (1991) Sex difference in

olfactory sensitivity to the boar chemosignal, androsterone, in the domestic pig.

Animal Behaviour 42, 403-411.

Dzieciolowski, R. M., Clarke, C. M. H., & Frederic, B. J. (1990). Growth of

feral pigs in New Zealand. Acta Theriologica 35, 77-88.

Eisenberg, J. F. (1981) The Mammalian Radiations. Athlone Press, London.

Ewer, R. F. (1958) Adaptive features of the skulls of African Suidae. Proceedings

of the Zoological Society of London 131, 135-155.

Fenner, F., & Ratcliffe, F. N. (1965) Myxomatosis. Cambridge University Press,

Cambridge.

Fischer, R. A., & Holler, (1991). Habitat use and relative abundance of gray

squirrels in southern Alabama. Journal of Wildlife Management 55, 52-59.

Forrester D. J. (1971) Bighorn sheep lungworm-pneumonia complex. Parasitic

Diseases of Wild Mammals. (eds Davis, J. W. & Anderson, R. C.) pp. 158-

173, Iowa State University Press, Iowa.

137



Fradrich H. (1974) A comparison of the behaviour in the Suidae. The Behaviour of

Ungulates and its Relation to Management. IUCN Publications, New Series

No. 24, 133-143.

Frank, G. R., Aherne, F. X., & Jensen, A. H. (1983) A study of the relationship

between performance and dietary component digestibilities by swine fed

different levels of dietary fiber. Journal of Animal Science 57, 645-654.

Fraser, D. (1984) The role of behaviour in swine production: a review of research.

Applied Animal Ethology 11, 317-339.

Freeland, W. T. (1979) Primate groups as social islands. Ecology 60, 719-728.

Gaines, S. D., & Denny, M. W. (1993) The largest, smallest, lowest, longest, and

shortest: extremes in ecology. Ecology 74, 1677-1692.

Genov, P. (1981) Food composition of wild boar in north-eastern and western

Poland. Acta Theriologica 26, 185-205.

Gerard, J-F., Cargnelutti, B., Spitz, F., Valet, G., & Sardin, T. (1991) Habitat use

of wild boar in a French agroecosystem from late winter to early summer. Acta

Theriologica 36, 119-129.

Giles, J. R. (1980) The Ecology of Feral Pigs in New South Wales. Ph.D. thesis,

University of Sydney, Sydney.

Graves, H. B. (1984) Behaviour and ecology of wild and feral swine (Sus scrofa).

Journal of Animal Science 58, 482-492.

138



Griffin, J. (1978) Ecology of the feral pig on the island of Hawaii. Hawaii

Department of Land and Natural Resources, Division of Fish and Game,

Federal Aid to Wildlife Restoration Final Report, Study II, Project W-15-3.

Gundlach, H. (1968) Care and rearing of young, behavioural ontogeny and daily

life cycle in the European wild boar (Sus scrofa L.) Zietschrift fur

Tierpsychology 25, 955-995. (trans. P. Aukland, CSIRO Central Library,

Canberra, Typescript No. 11430)

Hafez, E. S. E., & Signoret, J. P. (1969) The behaviour of swine. The Behaviour

of Domestic Animals, (ed Hafez, E. S. E.) pp 348-390.

Hagen, D. R. & Kephart, K. B. (1980) Reproduction in domestic and feral swine. I

Comparison of ovulatory rate and litter size. Biological Reproduction 22, 550-

552.

Halpin, B. (1975) Patterns of Animal Disease. Bailliere Tindall, London.

Hamilton, W. D. (1980) Sex versus non-sex versus parasite. Oikos 35, 282-290.

Hamilton, W. D., & Zuk, M. (1982) Heritable time fitness and bright birds a role

for parasites? Science 218, 384-387.

Haydock, K. P., & Shaw, N. H. (1975). The comparative yield method for

estimating dry matter yield of pasture. Australian Journal of Experimental

Agriculture and Animal Husbandry 15, 663-670.

139



Hedger, R. S. (1976) Foot-and-mouth disease in wildlife with particular reference

to the African buffalo (Syncerus caffer). Wildlife Diseases, (ed. Page, L. A.)

Plenum Press, New York.

Heitman, H., & Hughes, E. H. (1949) The effects of air temperature and relative

humidity on the physiological well being of swine. Journal of Animal Science

8, 171-181.

Herring, S. W. (1972) The role of canine morphology in the evolutionary

divergence of pigs and peccaries. Journal of Mammalogy 53, 500-512.

Hone, J. (1987) Feral Pig Control. Ph.D. Thesis, Australian National University,

Canberra.

Hone, J. (1990) Note on seasonal change in population density of feral pigs in three

tropical habitats. Australian Wildlife Research 17, 131-134.

Hone, J. & Pech, R. (1990) Disease surveillance in wildlife with emphasis on

detecting foot and mouth disease in feral pigs. Journal of Environmental

Management 31, 173-184.

Hone, J. , Pech, R. & Yip, P. (1992) Estimation of the dynamics and rate of

transmission of classical swine fever (hog cholera) in wild pigs. Epidemiology

and Infection 108, 377-386.

Hoogerwerf, A. (1970) Wild boar. Udjung Kulon, the land of the last Javan

Rhinoceros with local and general data on the most important faunal species

and their preservation in Indonesia. E. J. Brill, Leiden.

140



Hurlbert, S. H. (1984) Pseudoreplication and the design of ecological field

experiments. Ecological Monographs 54, 187-211.

James, J. W. (1960) Erosion survey of the Paroo-Upper Darling Region Part III -

Vegetation and Pastures. Journal of the Soil Conservation Service of New South

Wales 16, 185-206.

Janis, C. (1976) The evolutionary strategies of the Equidae and the origins of rumen

and cecal digestion. Evolution 30, 757-774.

Jarman, M. V., & Jarman P. J. (1973) Daily activity of impala. East African

Wildlife Journal 11, 75-92.

Jarman, P. J. (1972) Seasonal distribution of large mammal populations in the

unflooded Middle Zambezi Valley. Journal of Applied Ecology 9, 283-299.

Jenkins, S. H. (1981) Common patterns in home range body size relationships of

birds and mammals. American Naturalist 118, 126-128.

Jensen, P. (1986) Observations on the maternal behaviour of free ranging domestic

pigs. Applied Animal Behaviour Science 16, 131-142.

Jensen, P., Floren, K., & Hobroh, B. (1987) Peri-parturient changes in behaviour

in free ranging domestic pigs. Applied Animal Behaviour Science 17, 69-76.

Johnson, C. N., & Bayliss P. G. (1981) Habitat selection by sex, age, and

reproductive class in the red kangaroo, Macropus rufus, in western New

South Wales. Australian Wildlife Research, 8, 465-474.

141



Karr, J. R., & Freemark, K. E. (1983) Habitat selection and environmental

gradients: dynamics in the "stable" tropics. Ecology 64, 1481-1494.

Kilgour, R. J., & Choquenot, D. (1994) The estrous cycle and induction of estrous

in the Australian feral sow (Sus scrofa). Theriogenology 41, 1181-1192.

King, R. H., & Taverner, M. R. (1975) Prediction of the digestible energy in pig

diets from analyses of fibre contents. Animal Production 51, 275-284.

Korn, T, Choquenot, D., & Mcllroy, J. (1994) Managing Vertebrate Pests: Feral

Pigs. (Draft) Bureau of Resource Science.

Kruglikov, B. A., Melnik, R. I., Nalivaiko, V. G. (1985) The part played by wild

artiodactyls in carrying the foot-and-mouth disease virus under natural

conditions. Veterinarya 8, 37-38.

Kurz, J. C., & Marchinton, R. L. (1972) Radiotelemetry studies of feral hogs in

South Carolina. Journal of Wildlife Management 36, 1240-1248.

Lande, R. (1993) Risks of population extinction from demographic and

environmental stochasticity and random catastrophes. The American Naturalist

142, 911-927

Lever, C. (1985) Naturalised Mammals of the World. Longman, London.

Lima, S. L. (1985) Maximizing feeding efficiency and minimizing time exposed to

predators: a tradeoff in the black-capped chickadee. Oecologia 66, 60-67.

142



Lima, S. L., Valone, T. J., & Caraco, T. (1985) Foraging efficiency-predator risk

trade-off in the grey squirrel. Animal Behaviour 33, 155-165.

Linstedt, S., & Boyce M. S. (1985) Seasonality, fasting endurance, and body size

in mammals. American Naturalist 125, 873-878.

Littlejohn, G. F. (1991) Variations in the Diet of Feral Pigs (Sus scrofa) in Western

New South Wales. Bachelor of Natural Resources Thesis, University of New

England, Armidale.

Matschke, G. H. (1967) Aging European wild hogs by dentition. Journal of

Wildlife Management 31, 109-113.

Mauget, R. (1981) Behavioural and reproductive strategies in wild forms of Sus

scrofa (European wild boar and feral pigs). The Welfare of Pigs. (ed. W.

Sybesma). pp. 3-13. Martinus Nijhoff, The Hague.

Mauget, R. (1982) Seasonality of reproduction in the wild boar. Control of pig

reproduction, (eds Cole, D. J. A. & Foxcroft, G. R.) pp. 509-526. Butterworth

Scientific, London.

May, R. M. (1981) Models for two interacting populations. Theoretical Ecology,

principles and applications, (ed. May, R. M.) pp 79-104, Blackwell Scientific

Publications, Oxford.

May, R. M. (1983) Parasitic infections as regulators of Animal Populations.

American Scientist 71, 36-45.

143



McGlone, J. J. & Morrow, J. L. (1987). Individual differences among mature

boars in T-maze preference for estrous and non-estrous sows. Applied Animal

Behaviour Science 17, 77-82.

Mcilroy, J. C. (1989) Aspects of the ecology of feral pigs (Sus scrofa) in the

Murchison area, New Zealand. New Zealand Journal of Ecology 12, 11-22.

McIlroy, J. C. (1993) Feral pig management problems in the Wet Tropics of

Queensland World Heritage Area. Final Report on control of feral pigs (Sus

scrofa) associated with the Wet Tropics of Queensland World Heritage Area, to

Wet Tropics Management Agency, Cairns.

McNeil, W. H. (1976) Plagues and People. Doubleday, New York.

Meischke, H. R. C., & Geering, W. A., (1985) Exotic animal diseases. Pests and

Parasites as Migrants. (eds Gibbs, A. & Meischke, H. R. C.) pp. 23-27,

Cambridge University Press, Cambridge.

Miller, B., & Mullette, K. (1985) Rehabilitation of an endangered Australian bird:

the Lord Howe Island Woodhen Tricholimnus sylvestris. Biological

Conservation 34, 55-95.

Mollison, D. (1987) Population dynamics of mammalian diseases. Symposium of the

Zoological Society of London 58, 329-342.

Mollison, D., & Kuulasmaa, K. (1985) Spatial epidemic models: theory and

simulation. The population Dynamics of Rabies in Wildlife. pp 291-309,

Academic Press, London.

144



Morris, D. W. (1989) Density-dependent habitat selection: testing the theory with

fitness data. Evolutionary Ecology 3, 80-94.

Morrison, S. R., Bond, T. E. & Heitman, H. (1967) Skin and lung moisture loss

from swine. Transactions of the American Society of Agricultural Engineers 10,

691-696.

Mount, L. E. (1968) Adaptation of swine. Adaptations of Domestic Animals. (ed.

Hafez, E. S. L.) pp. 277-291. Lee and Febiger, Philadelphia.

Murray, J. D., Stanley, E. A., & Brown, D. L. (1986) On the spatial spread of

rabies among foxes. Proceedings of the Royal Society of London, B, 229, 111-

150.

Nams, V. 0. (1989) Effects of radio-telemetry error on sample size and bias when

testing for habitat selection. Canadian Journal of Zoology, 67, 1631-1636.

Nams, V. 0. (1990) LOCATE II User's Guide. Pacer Computer Software, Truro,

Nova Scotia.

Noble, J. V. (1974) Geographical and temporal development of plagues. Nature 2

50, 726-729.

Noy-Meir, I. (1973) Desert ecosystems : environments and producers. Annual

Review of Ecology and Systematics,	 4, 25-51.

O'Brien, P. H. (1987) Socio-economic and biological impact of the feral pig in

New South Wales: an overview and alternative management plan. Australian

Rangeland Journal 9, 96-101.

145



O'Brien, P. H. (1989) Introduced animals and exotic disease: assessing potential

risk and appropriate response. Australian Veterinary Journal 66, 382-385.

O'Brien, P. H., & Meek, P. (1992) Feral Pig Management, Final Report to the

Rural Industries Research and Development Corporation, Bureau of Rural

Resources.

Okubo, A. (1980) Diffusion and Ecological Problems: Mathematical Models.

Springer-Verlag, Berlin.

Oloff, H. B. (1951) The biology and ecology of the wild boar. Bertrage zur

Tierkunder and Tierzucht 2, 4-95, (Trans. P. Aukland CSIRO central Library,

Melbourne, typescript No. 11244)

Orians, G. H., & Pearson, N. E. (1979) On the theory of central place foraging.

Analysis of Ecological Systems. (eds Mitchell, D. J. & Stairs, G. R.) pp. 154-

177, Ohio State University Press, Columbus, Ohio.

Pavlov, P. M. (1980) The Diet and General Ecology of the Feral Pig. M.Sc. Thesis

Monash University, Melbourne.

Pavlov, P. M. (1991) Aspects of the Ecology of the Feral Pig (Sus scrofa) in Semi-

arid and Tropical Areas of Eastern Australia. Ph.D. Thesis, Monash

University, Melbourne.

Pavlov, P. M., Hone, J., Kilgour, R. J., & Pederson, H. (1981) Predation by

feral pigs on merino lambs at Nyngan New South Wales. Australian Journal of

Experimental Agriculture and Animal Husbandry 21, 570-574.

146



Pech, R. P., & Hone, J. (1988) A model of the dynamics and control of an

outbreak of foot and mouth disease in feral pigs in Australia. Journal of

Applied Ecology 25, 63-78.

Pech, R. P., & Mcllroy J. C. (1990) A model of the velocity of the advance of

foot and mouth disease in feral pigs. Journal of Applied Ecology 27, 635-650.

Pepin, D., Spitz, F., Janeau, G., & Valet, G. (1987) Dynamics of reproduction and

development of weight in the Wild boar (Sus scrofa) in South-west France.

Zietschrift fur Saugetierkunde 52, 21-30.

Pine, D. S., & Gerdes, G. L. (1973) Wild pigs in Monterey County, California.

California Fish and Game 59, 126-137.

Plant, J. W., Marchant, R., Mitchell, T. D., & Giles, J. R. (1978) Neonatal lamb

losses due to feral pig predation. Australian Veterinary Journal 54, 426-429.

Plowright, W. (1982) The effects of rinderpest and rinderpest control on wildlife in

Africa. Symposia of the Zoological Society of London 50, 1-28.

Plowright, W. (1988) Viruses transmissible between wild and domestic animals.

Symposia of the Zoological Society of London 60, 175-199.

Porter, W. F., & Church, E. E. (1987). Effects of environmental pattern on habitat

preference analysis. Journal of Wildlife Management, 51, 681-685.

Price, M. V. (1984). Microhabitat use in rodent communities: predator avoidance

or foraging economies? Netherlands Journal of Zoology, 34, 63-80.

147



Priddel, D. (1987). The mobility and habitat utilisation of kangaroos. Kangaroos,

their Ecology and Management in the Sheep Rangelands of Australia. (eds

Caughley, G., Shepherd, N. & Short, J.), pp. 100-117. Cambridge University

Press, Cambridge.

Pullar, E. M. (1950) The wild (feral) pigs of Australia and their role in the spread

of exotic diseases in Australia. Australian Veterinary Journal 26, 99-109.

Robertson, G. (1987). Plant dynamics. Kangaroos, their Ecology and Management

in the Sheep Rangelands of Australia. (eds Caughley, G., Shepherd, N. &

Short, J.), pp. 50-67. Cambridge University Press, Cambridge.

Robson, J., Harrison, M. W., Wood, R. N., Tiles, M. H., McKay, A. B., and

Brodribb, T. R. (1993) Brucellosis re-emergence and changing epidemiology in

Queensland. Medical Journal of Australia 159, 153-158.

SAS Institute (1988) SAS/STAT User's Guide 6.03 Edn, SAS Institute Inc., Cary,

North Carolina.

Saunders, G. (1993). The demography of feral pigs (Sus scrofa) in Kosciusko

National Park, New South Wales. Wildlife Research, 20, 559-569.

Saunders, G., & Kay, B. (1990) Movements of feral pigs at Sunny Corner, New

South Wales. Wildlife Research, 18, 49-61.

Schoener, T. W. (1987) A brief history of optimal foraging ecology. Foraging

Behavior (eds Kamil, A. C., Krebs, J. R., & Pulliam, H. R.), pp. 5-67.

Plenum Press, New York.

148



Sellers, R. F. (1971) Quantitative aspects of the spread of foot and mouth disease.

The Veterinary Bulletin 41, 431-439.

Sellers, R. F., & Forman A. J. (1973) The Hampshire epidemic of foot-and-mouth

disease, 1967. Journal of Hygiene 71, 15-34.

Sellers, R. F., Herniman, K. A. J., & Gumm, I. D. (1977) The airborne dispersal

of foot-and-mouth disease virus from vaccinated and recovered pigs, cattle

and sheep after exposure to infection. Research in Veterinary Science 23, 70-

75.

Short, J. (1987) Factors affecting food intake of rangelands herbivores. Kangaroos,

their Ecology and Management in the Sheep Rangelands of Australia. (eds

Caughley, G., Shepherd, N. & Short, J.), pp. 84-98. Cambridge University

Press, Cambridge.

Signoret, J. P. (1970) Reproductive behaviour of pigs. Journal of Reproduction and

Fertility, Supplement 11, 105-117.

Sinclair, A. R. E. (1975) The resource limitation of trophic levels in tropical

grassland ecosystems. Journal of Animal Ecology 44, 497-520.

Singer, F. J., Otto, D. K., Tipton, A. R., & Hable, C. P. (1981). Home ranges,

movements and habitat use of European wild boar in Tennessee. Journal of

Wildlife Management 45, 343-353.

149



Skinner, J. D., Breytenbach, G. L., & Maberly, C. T. A. (1976) Observations on

the ecology and biology of the bush pig Potamochoerus porcus Linn. in the

northern Transvaal. South African Wildlife Research 6, 123-128.

Sludskii, A. A. (1956). The Wild Boar; its Morphology, Ecology, Economies and

Epizootical Importance and its Commercial Value. Akademii Nauk Kazachskoi

SSR, Alma-Ata. (Translated by P. Aukland, CSIRO Central Library,

Translation No. 11383, Melbourne.)

Smith L. P., & Hugh-Jones, M. E. (1969) The weather factor in foot-and-mouth

disease epidemics. Nature 233, 712-715.

Stafford-Smith, D. M., & Morton, S. R. (1990) A framework for the ecology of

arid Australia. Journal of Arid Environments, 18, 255-278.

Stegeman, L. C. (1938) The European wild boar in the Cherokee National Forest,

Tennessee. Journal of Mammalogy 19, 279-290.

Stephens, D. W., & Krebs, J. R. (1986) Foraging Theory. Princeton University

Press, Princeton, New Jersey.

Sweeney, J. M., Sweeney, J. R., & Provost, E. E. (1979) Reproductive biology of

a feral hog population. Journal of Wildlife Management 43, 555-559

Taylor, R. J. (1984) Foraging in the eastern grey kangaroo and the wallaroo.

Journal of Animal Ecology 53, 65-74.

Tisdell, C. A. (1984) Wild Pigs: Environmental Pest or Economic Resource?

Pergamon Press, Sydney.

150



van Vuren, D. (1984) Diurnal activity and habitat use by feral pigs on Santa Cruz

Island, California. California Fish and Game 70, 140-144.

Wellard, G. (1987) The effect of weather on soil moisture and plant growth in the

arid zone. Kangaroos, their Ecology and Management in the Sheep Rangelands

of Australia. (eds Caughley, G., Shepherd, N. & Short, J.), pp. 35-49.

Cambridge University Press, Cambridge.

Wilkinson, D. H. (1952) The random element in bird 'navigation'. Journal of

Experimental Biology 29, 532-560.

Wilson, G. R. & O'Brien, P. H. (1989) Wildlife and exotic disease emergencies in

Australia: planning an effective response to an outbreak. Disaster Management

1, 30-35.

Wilson, G., Dexter, N., O'Brien, P. & Bomford, M. (1992) Pest Animals in

Australia. Kangaroo Press.

Wood, G. W., & Roark, D. N. (1980) Food habits of feral hogs in coastal South

Carolina. Journal of wildlife Management 44, 506-511

Yorke, J., Nathanson, N., Piangiani, G., & Martin, J. (1979) Seasonality and the

requirements for perpetuation and eradication of viruses in populations.

American Journal of Epidemiology 109, 103-123.

151


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79

