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An individual based model of bearded pig abundance
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Abstract

We develop an individual based model of bearded pig abundance which predicts population dynamics based on the processes
of energy accumulation and expenditure, reproduction and mortality of individual pigs. Because fatness is a key indicator of
condition and reproductive potential in bearded pigs, processes are represented in terms of a fatness index variable. Only a
small number of parameters are used in this simple model; these were chosen on the basis of fatness index data and qualitative
observations of bearded pig population dynamics. The model was found to be accurate in predicting the timing of observed pig
eruptions, and robust in that model results were unaffected by moderate variation in parameter values. There was insufficient
quantitative data to obtain precise predictions of fatness and abundance, but qualitative insights about the effects of the size
and timing of fruiting events on pig abundance were obtained. The results showed that a single fruiting peak will not produce
a bearded pig eruption, no matter how large the fruiting event is, because the duration of the fruiting is too short to allow
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xponential growth of the population. Consecutive masting events are necessary for an eruption, because if events a
y more than 1 year, the population will decline to its minimum fatness and abundance levels. It is also necessary f
ne of the fruiting events in a consecutive sequence to be a large event, as consecutive small fruiting events do not i

atness enough to cause an eruption. These insights help to explain and predict the effects of changes in mast fruiting
earded pig populations, such as the predicted increase in frequency and reduction in size of masting fruiting events
f climate change.
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1. Introduction

The bearded pig (Sus barbatus) has a long estab
lished ecological and socio-economic significance
Borneo and its people. It is by far the most prefe
and most consumed species of wild meat throug
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Sarawak and Sabah (Caldecott, 1988; Bennett et al.,
1999). Bearded pigs, as major seed predators, also play
a key role in the forest ecosystem. Pig populations are
adapted to exploit the regional scale fruiting regimes of
Borneo’s forests. During mast fruiting events popula-
tion numbers increase explosively and the pigs migrate
across large areas to feed on Dipterocarp seeds.Curran
and Webb (2000)presents evidence suggesting that a
single pig travelled a distance of over 50 km in a few
days. After the end of the masting season the population
declines dramatically (Caldecott, 1988).

The mast fruiting phenomenon in Borneo’s diptero-
carp forests is thought to be a reproductive strategy to
allow seeds in some areas to escape predation, by satiat-
ing nomadic predators at a landscape scale (Curran and
Webb, 2000). Curran and Webb (2000)found that a key
factor predicting the potential for seed escape was the
distribution and density of the bearded pig. They fur-
ther note that the duration between dipterocarp masting
events seems sufficient to depress populations of the
bearded pig, one of the longest living dipterocarp seed
predators. Thus,Curran and Leighton (2000)state that,
in order to predict the population dynamics of diptero-
carp seedling recruitment across large spatial scales, it
is necessary to understand the density dependent and
independent processes influencing bearded pig popu-
lations.

Despite its significance, very few studies focus on
bearded pig population ecology, and no estimates of
abundance have been published. Fundamental aspects
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pig predation of dipterocarp seeds, and seed escape dur-
ing masting events due to regional satiation of bearded
pig populations.Pfeffer (1959)also observed bearded
pigs, and noted some aspects of their migratory be-
haviour.

These studies give information about how pig popu-
lations respond to various fruiting scenarios in Bornean
forests.Caldecott (1991)outlines a number of differ-
ent fruiting patterns exploited by pigs in the interval
between masting seasons, at a variety of spatial scales.
During times when fruit availability is very low, the
pig population is small, static and dispersed, relying
on low-level food sources that are discontinuous and
unpredictable. Pigs are also thought to regularly ag-
gregate and move in large groups along set paths to
exploit predictable, regular fruiting events. Migrations
of masses of pigs, highly directional in nature, have
been observed but the drivers of this behaviour are un-
known. Fruiting during non-masting periods can also
be unpredictable and highly dispersed over a wide area,
as tends to be the case for dipterocarp species. Pig pop-
ulations are thought to aggregate to increase chances
of locating food in this situation.

Studies of bearded pigs often emphasise the close
relationship between food supply and reproduction.
Curran and Webb (2000)note that rutting behaviour
occurs at the onset of dipterocarp flowering, allowing
pigs to optimise their use of food resources to success-
fully produce offspring as fruiting occurs.Caldecott
(1988)presents graphs showing fluctuations in fatness
o t a
r n of
p e ob-
s gely
r y to
b

odel
f and
r por-
t g of
u un-
d er,
1 a
h pen-
d nce
o urce
fl s of
t tein
f bearded pig ecology remain poorly understood
luding their spatial distribution, aspects of their hab
nd food sources that are important for survival, m
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earded pig population dynamics are complex, regi

n scale, and highly variable in space and time.
The most detailed study was conducted in Sara

y Caldecott (1988 and 1991), in 1984–1986. In
iews with local people, records of meal content
oarding schools, trade records, and observation
igs and pig carcasses were analysed, providi

argely qualitative understanding of bearded pig e
gy in terms of their preferred habitat, reproduc
haracteristics, diet, social grouping and migrat
ther studies includeCurran and Webb (2000)and
urran and Leighton (2000), who investigated beard
ver a 1-year period (Fig. 1). Fat can be attained a
apid rate and lost quickly, and the size and conditio
iglets depends on the fatness of the mother. Thes
ervations imply that fluctuations in fatness are lar
elated to changes in the food supply, and are ke
earded pig population dynamics.

We extend these ideas to develop a population m
or bearded pigs relating fatness index, fruit supply
eproduction. Fatness, or condition, is often an im
ant component of energy/resource flow modellin
ngulate populations, as it is closely related to fec
ity and mortality (Illius and Gordon, 1997; Saeth
997). Illius and Gordon (1997)describe a model of
erbivore grazing system which predicts state de
ant fecundity and mortality with a simple depende
n fatness. Generally, the aim of these energy/reso
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Fig. 1. Mean monthly fatness index of bearded pigs killed at Pa Dalih and Long Lellang over 15 months, from April 1984 to July 1985. Adapted
from Caldecott (1988).

in maintenance, activity, reproduction, growth of fat-
free mass, depletion and repletion of fat reserves, and
heat loss to the environment. Observational data are
used to develop and parameterise these processes, and
to model the daily flux of material and energy through
compartments representing the vegetation and the un-
gulate population (Illius and Gordon, 1997).

Bearded pig ecology has not been observed suf-
ficiently to allow modelling of the flow of materials
and energy through the system. Instead we use the
data presented inCaldecott (1988), as well as quali-
tative observations gathered from past studies, to make
simple biologically intuitive assumptions, incorporate
them into a model and observe their effect on simulated
behaviour. This concept is similar to that used in indi-
vidual based models of wildlife populations byTurner
(1993)andSutherland (1996), and more recently by
Fielding (2004)andLewison (2004). The model pre-
sented here is a non-spatial, individual based stochastic
model considering only the relationship between food
supply, fatness and reproduction. This modelling aims

to explore general relationships between the size and
timing of mast fruiting events and bearded pig popu-
lation abundance. By identifying aspects of the model
and the data that are responsible for the large popula-
tion eruptions simulated by the model, we gain insight
into this largely unstudied phenomenon.

2. Vegetation dynamics in Bornean forests

The size, timing and spatial extent of fruiting events
in Borneo’s forests is highly variable and unpredictable
(Leighton and Leighton, 1983). Bearded pigs cope with
this complexity through long-range migrations, and by
exploiting a diverse range of food sources.

The forests of Borneo are well-known for their ir-
regular, regional scale general flowering events. Dur-
ing general flowering, which occurs at intervals of
3–10 years, nearly all dipterocarp species, together
with species of other families, come heavily into
flower (Sakai et al., 1999). Abundant fruiting follows
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several months later. In Borneo, interest is often fo-
cussed on Dipterocarpaceae, which represent the ma-
jor component among the canopy and emergent trees
(Sakai et al., 1999). In this case, the term ‘mast fruiting’
is used, which refers to episodic, synchronous fruit-
ing by populations of a single species, or closely re-
lated species (Caldecott and Caldecott, 1985; Sakai et
al., 1999). Wich and van Schaik (2000)present
evidence that the synchrony between nearby areas
in masting increases towards the eastern edge of
Malesia.Curran et al. (1999)reported masting syn-
chrony over Gunung Palung National Park in West
Kalimantan. However, according toCaldecott and
Caldecott (1985), Dove (1993)and Wich and van
Schaik (2000), there is some spatial variation in the
occurrence of dipterocarp masting in Borneo, which
suggests that masting is influenced by local factors. It is
suggested that minor imperfections in synchrony may
make it profitable for animals to move around and track
masting events (Dove, 1993; Wich and van Schaik,
2000).

Mast fruiting is not an all or nothing event (Wich
and van Schaik, 2000), and some events have greater
regional synchrony, spatial extent and fruit density than
others. Even a major mast does not involve fruiting of
all individual trees within a species. The data presented
in Sakai et al. (1999)show that, within a Sarawak study
site, approximately 60% of the individuals of the Dipte-
rocarpaceae speciesDryobalanops aromaticaflowered
during a general fruiting event in 1996. In contrast, less
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from global climate change, and logging and plan-
tation clearing. Increased severity of ENSO-induced
droughts, coupled with smoke and forest fires from
land clearing activities, is thought to be a major fac-
tor contributing to the increased failure rate of dipte-
rocarp fruiting events in recent years (Curran et al.,
1999).

During intervals between mass fruiting events,
bearded pig populations are supported by supra-annual,
annual and sub-annual fruiting species, although most
plant species flower only during general flowering pe-
riods (Sakai et al., 1999). Sakai et al. (1999)observed
that only a few trees of each species participate in flow-
ering events during a non-general flowering period. The
spatial distribution of fruit fall can therefore be sparse
and unpredictable.

Most studies of bearded pigs note their exploita-
tion of the oak family (Fagaceae). The Fagaceae are
widespread throughout most parts of Borneo, with the
largest number of species in the lower montane for-
est at elevations of 1200–1800 m (Kaul et al., 1986).
Most fagaceous trees in Borneo have regular, an-
nual fruiting episodes, and there is general reproduc-
tive synchrony amongst the species and individuals
(Kaul et al., 1986). Caldecott (1988)states that be-
tween roughly October and April, large elements of
the local bearded pig population reside in submon-
tane forests along the Sarawak–East Kalimantan bor-
der, an area found to be extremely rich in the trees of
Fagaceae.
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ion of pigs that is principally supported by cass
n the Kantu swiddens. However, the most imp
ant food sources for bearded pigs are the fat
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fruits of the Fagaceae and the Dipterocarpaceae, as
fat accumulation is important for successful repro-
duction.

3. Data sources

Data fromCaldecott (1988)on exports of seeds from
theShoreaspecies of dipterocarp, as well as data on
mean fatness index of bearded pigs culled at various
locations throughout Sarawak, were used in the de-
velopment of a model relating bearded pig abundance
to changes in fruit supply. These data sources are de-
scribed in the following.

3.1. Enkabang export data and bearded pig
eruptions

Fruit supply data was obtained from records of
the annual export of enkabang (Shoreaseeds) from
Sarawak from 1948 to 1987 as shown inTable 1
(Caldecott, 1988). Bearded pig eruptions were reported
in the years 1953–1954, 1958–1959, 1982–1983 and
1986–1987, according toCaldecott (1988). Caldecott
(1988)observed that these time periods have consec-
utive enkabang exports of over 1000 tonnes, implying
that major eruptions require consecutive years of heavy
fruiting. We have assumed that the eruptions began in
the later part of the time periods reported, to account
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3.2. Fatness index

Caldecott (1988)describes a fatness index, given
by the number of finger widths of the hand that can be
inserted in a slash at the shoulder before hitting mus-
cle. Results presented byCaldecott (1988)show large
changes in the fatness index over a period of 18 months.
The fatness trend differs between different locations in
the upper Baram region of Sarawak.Fig. 1shows fat-
ness trends for the longhouses Pa Dalih and Long Lel-
lang. These data were used to guide the calibration of
bearded pig fatness in the individual based model.

4. The simulated food supply

The records of enkabang exports allow comparison
of the relative amount of dipterocarp fruiting in differ-
ent years. These data were used as the basis for esti-
mating variation in fruit supply over the 40-year pe-
riod. The main aim of the simulated fruit supply was
to show the timing of masting events, and compare the
relative size of masting events. Given that masting is a
seasonal event, it was necessary to represent the fruit
supply in terms of the fruit amount in each 3-month sea-
son. These seasons are actually longer than the masting
season, which usually lasts for around 6 weeks (Curran
and Leighton, 2000; Curran and Webb, 2000). It was
assumed that all the fruit export for that year fell in
t n of
t level
w gh to
a low
or lags in pig response to mast fruiting. We have th
ore interpreted the observations to mean that bea
ig eruptions started in the years 1954, 1959, 1983
987 (Table 1).

able 1
xport of enkabang (Shoreaseeds) from Sarawak

ear Export (tonnes) Year Export (tonn

948 23 1959 22358a

949 765 1960 0
950 0 1961 0
951 22 1962 19883
952 31 1963 0
953 2852 1964 0
954 16305a 1965 205
955 1481 1966 6761
956 161 1967 0
957 0 1968 16032
958 6305 1969 0

a The time of bearded pig eruption. Data obtained from Cald
Year Export (tones) Year Export (to

1970 16554 1981 1619
1971 0 1982 22950
1972 0 1983 1476a

1973 28061 1984 0
1974 0 1985 144
1975 8 1986 8443

1976 50 1987 23444a

1977 4820
1978 94
1979 429
1980 11106

1988).

he fruiting season, set arbitrarily to the first seaso
he year. In all other seasons, a low constant food
as assumed. The value chosen was low enou
llow the mast to have a major effect, but not so



128 P.A. Hancock et al. / Ecological Modelling 181 (2005) 123–137

Table 2
Parameters of the individual based model

Symbol Explanation Value

Rmin Low constant fruit supply level (tonnes) 300
Ri Fruit supply (tonnes) Calculated
α Rate of fatness accumulation 600
β Rate of fatness expenditure 1.7
Pi Population size (individuals) Calculated
F

j

i Fatness index for pigj in seasoni Calculated
X

j

i Fatness increase of pigi in seasonj Calculated
ci Mean fatnesss increase Calculated
σF Standard deviation of fatness increase 1
FR Fatness level required for reproduction 3
	Fmax Maximum rate of increase in fatness 4
FM Fatness level at which mortality occurs 0.7
	FR Fatness lost due to reproduction 1.5
K Positive difference between modelled fatness index and true fatness index 2
σP Standard deviation of piglet fatness index 1
Pmin Threshold population size for density dependence (individuals) 1000

Number of piglets per litter (individuals) 2
Time between litters (months) 6
Age at first reproduction (months) 12
Season length (months) 3

Parameter values are estimated based on information inCaldecott (1988), as described in the text, or calculated in the model. Values are in
arbitrary units of fatness unless otherwise stated.

Fig. 2. The simulated fruit supply used for the individual based model.
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that the population became extinct during the interval
between mast periods (Table 2). The simulated fruit
supply based on the enkabang export records is shown
in Fig. 2.

5. The individual based model

An individual based model (IBM) was developed,
whereby changes in abundance were related to food
supply through the state variable fatness. Individual
based models have some key advantages over popula-
tion based models, which have been widely discussed
(Huise et al., 1999; Berec, 2002; Fielding, 2004). In the
case of this study, using an IBM avoids calibration of
a population growth rate, which is advantageous when
little quantitative data is available. Instead, births and
deaths are directly linked to the fatness of each indi-
vidual. Thus, the underlying mechanisms controlling
the system dynamics are more transparent. Secondly,
the IBM allows for greater within population variabil-
ity, because the impacts of reproduction and stochastic
variation in food supply affect the fatness of the in-
dividual rather than the mean population fatness as a
whole. This greater flexibility means that such impacts
can have a smaller effect on the population as a whole,
which gives greater stability to the individual based
model in comparison to a population based model.

The fatness of each individual pig was assumed to
depend stochastically on fruit supply and population
d
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a constant rateβ. A similar model of weight accumula-
tion and metabolic expenditure is used for grasshoppers
in Fielding (2004)

Once the population size goes below a certain
threshold,Pmin, it is assumed that the food supply ob-
tained per pig no longer increases as the population size
decreases. This gives

ci = αRi

Pmin
if Pi ≤ Pmin (3)

which mimics satiation. When population numbers are
low, the effect of population density is not a dominant
factor determining the amount of food found by each
individual pig. At low population sizes, each pig cannot
make use of all, or even a large proportion of, the fruit
available across the entire spatial region, so the density
dependence relationship is not appropriate.

Fecundity and mortality depend directly on the fat-
ness of the pig. A pig was assumed to die if its fat-
ness index was below a thresholdFM. The model con-
siders only female pigs, as ecological characteristics
particular to male pigs would not significantly affect
system dynamics. Pigs reproduce if their fatness index
gets to a valueFR or above. Documentation byPfeffer
(1959), Caldecott (1988)andCurran and Webb (2000)
was used to define the reproductive characteristics of
the population. Bearded pigs reach reproductive ma-
turity when they are between 8 and 18 months, so a
condition was emplaced allowing only pigs older than
12 months to reproduce. An individual pig produces
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ion of food, modelled by realisations of a normal r
om variableXj

i ∼ N (ci,σF), with meanci and stan
ard deviationσF, whereci is the per capita resourc

i = αRi

Pi

(2)

Ri is the fruit supply,Pi is the population abundan
n seasoni, andα is a constant. Negative realisations
he random variableXj

i were set to zero. Thus, the p
ave a greater chance of increasing their fatness

ood supply is higher, but less chance if the popula
s larger. In the absence of food the fatness declin
litter containing two female piglets every time it
roduces. Given that the median litter size of bea
igs is seven (male and female) piglets, though
ighly variable, the model assumes that approxima
alf the piglets in the litter survive. To our knowled

here are no published estimates of piglet mortalit
earded pigs, thoughPfeffer (1959)reported that th
umber of piglets accompanying a female was
his implies that a significant proportion of piglets

he litter do not survive beyond infancy. Bearded p
re able to produce up to two litters per year. Acc

ngly the model specifies a minimum separation t
f 6 months between litters.

Using the state variable fatness as a system d
llows the incorporation of energy expenditure
torage into the model. One primary mechanism i
roductive investment (Fielding, 2004). The process o
eproduction is assumed to cause fatness of the m
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to decline by an amount	FR. Fatness of the piglets de-
pends on the fatness of the mother, as has been observed
by Caldecott (1988). This dependence is assumed to
be stochastic, given that condition varies within a lit-
ter. Piglet fatness is therefore given by realisations of
a normal random variable with the fatness index of the
mother as the mean and a constant standard deviation
σP. Finally, a limit was placed on the rate of increase in
fatness,	Fmax. This reflects our assumption that there
is a limit to how quickly pigs can accumulate fat, and
hence how fat they can get (Illius and Gordon, 1997).
Incorporation of the above conditions into the model
allow it to better explain the ecology of the system.

The parameters of the model are summarised in
Table 2. To select values for these parameters, the two
data sources discussed in the previous section were
used. Firstly, the accuracy of predicted eruption times
was assessed using the records of observed pig erup-
tion years. Secondly, the data on the fatness index of
bearded pigs presented inCaldecott (1988)were used
to calibrate the scale of variation for the modelled fat-
ness index.Caldecott (1988)observed that the fatness
index can vary widely, and is likely to be an important
determinant of reproductive capacity. The minimum
mean fatness index inFig. 1 is zero. The model used
in this study does not allow negative fatness index, so
a mean of zero is not possible without total extinction.
We therefore shifted the modelled fatness so that it was
equal to the true fatness plus a positive constantK =
2. The maximum mean fatness recorded inFig. 1 is
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of the order of one million, within the Baram district
of Sarawak alone. Following the masting season, the
population quickly dies back to its original level. Pa-
rameters were adjusted to give patterns that best agreed
with these observations.

6. Results

Fig. 3 shows a sample run of the model using the
chosen parameter values (Table 2). The model predicts
marked population increases (eruptions) in response to
certain fruiting patterns. The times at which eruptions
are predicted are the same as the times of observed
eruptions. The relative size of the eruption predicted
by the model depends on both the size of the fruiting
peak and the population size prior to the fruiting sea-
son. The model supports the observation ofCaldecott
(1988)that two consecutive masting years are needed
for a major eruption, asFig. 3 shows that the largest
eruptions correspond to times when fruiting peaks are
close together. Generally speaking, a larger eruption
will be simulated if the population before the fruit-
ing peak is relatively high, having being boosted by a
mast in recent years. If population numbers are very
depressed, a single mast event can have little effect.
This is why the largest fruiting peak in the simulation,
peak 12, produces only a minimal population response.

It is clear that the linear relationship between fatness
and food supply is being modified by limiting the rate
o
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f 19,
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ndex as 2–7.Caldecott (1988)further notes that th
edian fatness index of pregnant females was 1.5.
uided choice of the value of the minimum fatness
uired for reproduction,FR. Clearly the data do n
llow accurate quantitative prediction of fatness

unction of time, however, the modelling in this stu
ims to identify qualitative patterns and relationsh

Qualitative observations of bearded pigs were
sed. According toCaldecott and Caldecott (1985)and
aldecott (1991), bearded pig populations erupt from
mall, sparsely distributed population to reach num
f fatness increase according to	Fmax. This is why,
n many cases, large fruiting peaks have a simila
ect on the population size as relatively small pe

ithout restricting the fatness increase, fatness va
ecome huge following the larger peaks, becaus
ariation in fruit supply is so extreme. The smal
eaks in the simulation, numbers 4, 8, 14 and 20, r

n much smaller fatness peaks than the other fru
eaks. However, when the small peaks follow a la

ruiting peak, as is the case for peaks 3, 16 and
he population abundance is greatly amplified, an
ruption usually occurs. This is because fatness is m

ained above the reproduction threshold long enou
llow a large number of pigs to reproduce.

The shape of the fatness index graph at the time
opulation eruption often features two sharp peaks
esponding to consecutive fruiting events. The widt
hese peaks indicates that the mean fatness takes
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Fig. 3. Simulated abundance and fatness index for the fruiting scenario in Fig. 2. Predicted eruptions correspond to the approximate times of
observed eruptions. The fruiting peaks have been numbered for convenient reference.

1 year to complete the peak and return to its minimum
level. Following the first fatness peak, the population
declines only slightly before the next fatness peak pre-
vents further population decline. The abundance graph
indicates that the population takes around 1 year to de-
cline from a peak, regardless of the height, because the
decline is steeper if the peaks are higher due to density
dependence. This implies that a pig eruption would not
occur for mast events separated by more that 1 year, be-
cause the population would have returned to its original
state between mast events.

To investigate the underlying relationships repre-
sented by the model, the seasonal values of abun-
dance and fatness was plotted, as shown inFig. 4a.
This demonstrates that high abundance and high fat-
ness cannot occur simultaneously, a result of density
dependence.Fig. 3also reflects this, showing a lag be-
tween peaks of fatness and abundance. Fatness reaches
its peak, and then takes time to decline to a level be-
low the reproduction threshold, although it declines at

the maximum possible rate because the population is
very large so per capita food supply is low. During this
time reproduction occurs and the abundance reaches
its peak, causing fatness to continue to decline at the
maximum rate. This time-dependent process of fatness
decline is facilitated by the use of the discretised time
derivative of fatness in the model. The effect of fatness
on abundance can be seen by lagging the fatness index
by three seasons, as shown inFig. 4b. The general lin-
ear trend is clear, although the relationship is noisy due
to the importance of the timing of fruiting events.

6.1. The effect of varying model parameters

Given that there are limited quantitative data with
which to calibrate the parameters of this model, it is im-
portant to determine the model’s robustness, in terms
of how the above results are affected by variation in
the parameters. This was tested by running the model
many times, with different parameter values. In each
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Fig. 4. (a) Relationship between fatness and pig abundance, (b) relationship between pig abundance and fatness index, where fatness index is
lagged by 3 seasons (9 months).
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simulation, parameters were allowed to vary according
to a uniform distribution within a range of 20% lower to
20% greater than their chosen values. The influence of
variation in parameters on model results was assessed
by analysing the effect on the agreement of model pre-
dictions with observed data. This involved comparing
the years in which the model-predicted bearded pig
eruptions to the years in which eruptions were actually
observed.

In 100 simulations, the four highest eruptions pre-
dicted by the model always occurred in the same
years as the observed eruptions. This implies that
the pattern inFig. 3 is robust. The main validation
of the modelling exercise is that it accurately pre-
dicts the timing of bearded pig eruptions, according
to past observations. This test demonstrates that mod-
erate changes to parameter values do not affect this
conclusion.

An example of the effect of variation in parameters
on the abundance trajectory is shown inFig. 5. While

F lues 20 es specified
i

these trajectories do not necessarily represent the ex-
tremes of model behaviour, they show that the imposed
parameter changes can alter the abundance magnitude
considerably, but the position of the peaks is not greatly
affected.

6.2. Abundance patterns for low fruiting, and
regular annual and biennial fruiting scenarios

The food sources used by bearded pigs during the
intermast interval is clearly an important aspect of their
ecology, however, very little is known about their be-
haviour during this period as the pigs are not often
seen. The model was run to investigate the predicted
dynamics when the food supply level was low, with no
significant fruiting events, and also when regular fruit-
ing events occur, both annually and biennially. These
simulations build up a picture of population dynamics
during the intermast interval, and explain the impor-
tance of consecutive fruiting events.
ig. 5. Simulated abundance trajectory for (a) all parameter va
n Table 2.
% lower and (b) all parameter values 20% greater than the valu
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6.2.1. Constant low-level fruiting
In the absence of significant fruiting events,

Caldecott (1991)describes the pig population as dis-
persed, static populations exploiting small, dispersed,
unpredictable and discontinuous ‘background’ food
sources, with low breeding and growth rates. In our
model, the population abundance is essentially static
when food supply is constant at a low-level (Rmin,
Table 2), which is consistent with the description given
byCaldecott (1991). If the fruit level is low enough, the
model predicts extinction of the population. The level
below which extinction occurred was found to beRmin
= 20 tonnes.

Comparing the causes of mortality for this fruit-
ing pattern and the mast fruiting scenario shows that
the processes affecting population size are different for
each case. The mean age reached by pigs throughout
the simulation was approximately 2 years for both fruit-
ing scenarios. The mast fruiting scenario involves much
higher levels of reproduction, and it was found that indi-
viduals who reproduced often died in the following sea-

F al fruit he 10-year
s iod.

sons, due to the associated fatness loss. Approximately
57% of deaths followed a recent reproduction for the
mast fruiting scenario. In the case of the low-level con-
stant food supply, the majority of deaths resulted from
not finding enough food in a particular season. Only
around 5% of the deaths followed a reproduction.

6.2.2. Regular annual fruiting
Annual fruiting, in the first season of each year,

was incorporated by adding an annual amountR= 700
tonnes to the fruit supply, whilst maintaining the low-
level constant supplyRmin. The results are shown in
Fig. 6a. Pig abundance responds to each fruiting peak,
but the effect is not cumulative, as the population dies
back to its lowest level before the next peak arises. The
model predicts that regular annual fruiting increases
the average abundance of the population in compari-
son to just a low-level constant food supply, and pro-
vides a temporary boost to the population during the
fruiting season. Population eruptions, such as those ob-
served for the mast fruiting pattern, do not occur. This is
ig. 6. Predicted fatness index and pig abundance for (a) annu
lice shown is representative of the pattern for the 40-year per
ing of 1000 tonnes and (b) biennial fruiting of 25,000 tonnes. T
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because the fruiting level is lower, not because of the
time between fruiting events, since the events are sepa-
rated by a year, which is the minimum separation time
for mast fruiting events. The fruiting peaks for this sce-
nario were of magnitude 1000 tonnes, which is the min-
imum amount required in consecutive years to cause a
bearded pig eruption, according to the ‘rule of thumb’
suggested byCaldecott (1988). These results suggest
that the size of the at least one of the fruiting peaks in
a consecutive pair needs to be considerably larger than
1000 tonnes to generate a bearded pig eruption. In the
case of the observed eruptions, they all corresponded
to consecutive years of fruiting amount greater than
1000 tonnes, but the fruit amount in at least one of the
years was always at least 15,000 tonnes. Thus, it ap-
pears that neither a large peak on its own can generate
an eruption, nor can two small consecutive peaks. Both
the size of the mast event and the temporal separation
are necessary factors in predicting pig eruptions.

F an ann tant fruiting
s nual an ng annual or
b

6.2.3. Regular biennial fruiting
To further investigate the influence of the timing

of fruiting events on the predictions of this model, a
fruiting scenario was created whereby large fruiting
events were simulated every 2 years. The size of the
fruiting event was set to 25,000 tonnes, which is close
to the largest enkabang export value in the time period
considered. If two such events occurred in consecutive
years, an eruption would definitely result. However, 2
years may be long enough for the population to return
to the state corresponding to a low-level food supply
after a fruiting peak. The results inFig. 6b show that
this is the case, as the abundance peak heights for these
large fruiting events are not greatly different from the
peaks heights inFig. 6a, when the fruiting amount was
only 1000. This shows that consecutive fruiting events
are necessary for a population eruption to occur.

Varying the timing of fruiting events for a given
average annual fruit supply further demonstrates the
ig. 7. The average annual pig abundance for a range of me
cenario has the same fruit amount for all seasons. For the an
iennial fruiting events was set to 100 tonnes.
ual fruit supply levels, and three fruiting patterns. The cons
d biennial scenarios, the fruiting level in seasons not containi
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importance of consecutive fruiting events (Fig. 7). The
biennial fruiting scenario produces abundances that are
not much higher than that for a constant fruit supply of
100 tonnes, regardless of the fruiting amount, whereas
the abundances for annual fruiting reflect the height
of the fruiting peaks. The response of the population to
annual fruiting events further illustrates the importance
of reproductive activity in controlling population size.
High reproduction levels can only occur if the mean
fatness and population size are elevated for a sustained
period of time. For the biennial fruiting pattern the fruit-
ing peaks do not maintain high fatness for long enough
to significantly boost the population, even though the
peaks are almost twice as high as the annual fruiting
peaks.

7. Discussion

An individual based model of bearded pig abun-
dance was developed in order to obtain qualitative in-
sights into population dynamics. Quantitative predic-
tions were not possible, as there was insufficient quan-
titative data to accurately calibrate model parameters.
Construction of the model was guided by the limited
quantitative data on the mean fatness index of bearded
pig populations, which revealed the importance of fat-
ness in controlling population dynamics, and allowed
estimation of the range of variation of the fatness index.
However, these data could not be relied upon for precise
q ting
e mes
o ssing
t qual-
i m-
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g it-
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cause if the gap between fruiting events is longer, pop-
ulation abundance and average fatness return to min-
imum levels between events. A single fruiting event
does not generate an eruption, because the period of
increased fatness and reproductive activity is too short,
and fatness levels decline before the population can in-
crease exponentially. For a model-predicted eruption,
it is also necessary that at least one of the consecutive
masting years features a major fruiting event, as con-
secutive minor fruiting peaks do not generate an erup-
tion. A major fruiting peak on its own will not have a
strong effect on population numbers, but a major event
occurring in succession with another large or relatively
small fruiting peak will result in a population eruption.

These findings show that the model is primarily
driven by the timing of the fruiting events, rather than
by precise parameter values. This explains the robust-
ness of the model, as measured by its ability to ac-
curately predict eruption times when parameters are
varied by a moderate amount. Changes in parameter
values, provided they are not too large, will affect pop-
ulation abundance but will not alter the times at which
eruptions are predicted. The ability of the model to dif-
ferentiate between various fruiting scenarios without
precise calibration of parameters is an asset in data-
poor situations such as that considered here.

The results show the link between fatness and abun-
dance, and how the process of accumulating fat allows
the prediction of population eruptions. For a certain
time, fatness is retained, allowing consecutive peaks
t his
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uantitative estimation of fatness. The data on frui
xports were used to parameterise fruiting, while ti
f observed eruptions provided a means of asse

he accuracy and robustness of the model. The
tative knowledge of bearded pig population dyna
cs obtained through observations of other researc
as equally important in guiding model constructi
his gave an understanding of the magnitude and d

ion of population eruptions, bearded pig reproduc
cology, and fluctuations in fruit supply resulting fr
egetation dynamics in Bornean forests.

The results of this study demonstrate that our m
ccurately predicts the timing of bearded pig erupt

n comparison to existing observations. The mo
ives insights into the effect of the timing of mast fru

ng events, and the relative size of the mast, on bea
ig populations. It shows that consecutive year
eavy fruiting are required to generate an eruption
o have a cumulative impact on population size. T
elationship specified by the difference equation
oderated by the external constraint	Fmax, which
revented the fatness from becoming larger than
onable in comparison to the data records. The ra
hange in fatness was also influenced by the energ
ended due to reproduction,	FR, which increased th
ortality of reproducing pigs. These processes w

mposed on the model because they were conside
e biologically realistic, and thus allowed the mode
etter explain the true system dynamics.

We can apply the results of this modelling exercis
elp understand and predict the effect of future cha

n masting patterns on bearded pig populations.Curran
t al. (1999)suggests that dipterocarps may resp

o the increasing intensity of ENSO events with m
requent, low fruit production. The consecutive ma
ng events in the years 2001 and 2002 were both w
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events (Colin Maycock, personal communication), but
there were also no strong ENSO events in these years.
If dipterocarps do respond asCurran et al. (1999)sug-
gests, the results presented here indicate that, as the
masting events get weaker, pig eruptions would be less
likely to occur for consecutive masting years, and the
average abundance would decrease. This will have con-
sequences for the entire forest dynamics in the region.

The fact that the model is non-spatial limits its abil-
ity to represent reality. Clearly the spatial distribution
of pigs and the spatial variation in food supply will have
an important effect on abundance, particularly during
the intermast interval. The way in which pigs respond
to spatial variation in their food supply will be the sub-
ject of future modelling research.
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