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Abstract

The loss of tiger habitat and the greater dependency of tiger populations on multiple use forests has led to an
increase in conflict between tiger and human forest use. Gaining a better understanding of this conflict through a
combination of fieldwork and modeling is critical to the survival of tiger populations in these forests. TIGMOD is
an individual-based spatially explicit, object-oriented model that simulates key aspects of tiger behavior and its
interactions with wild and domestic prey through stochastic processes. It is a dynamic model driven by changes in
states of tigers or prey that trigger the behavior and interactions appropriate to these changes. The model permits
users to run the simulation based on different scenarios that explore the relationship between prey densities and tiger
survivability, as well as those that examine the relationship between villager attitudes towards tiger killing of domestic
prey and the likelihood of poisoning a tiger. Model output includes number of tigers born, starved, or poisoned, and
number of wild and domestic prey killed. Model simulation results agree well with field observations and data in
terms of prey density versus tiger survivability, number of days between two consecutive prey kills, simulated
movement of tiger traversal of its home range, and number of cubs born per breeding female tiger. This study shows
that tiger populations are sustainable at low density of domestic prey but not sustainable if domestic prey density
increases to three or more per square kilometer. Additionally, change in behavior and attitudes of villagers towards
tigers, such as increasing guarding of livestock and higher tolerance of domestic prey kills will significantly reduce
tiger mortality caused by poisoning. TIGMOD is a useful tool for analyzing the interaction between tigers and
humans in multiple use forests. It provides a means of understanding the right balance between forest use by tigers
and use by villagers, which can lead to implementation of management strategies that optimize both. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Tigers (Panthera tigris) are highly endangered
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greatly increased the likelihood that many smaller
populations will be driven to extinction (Kenney
et al., 1995). Since 1970, efforts to conserve tigers
have focused primarily on establishing a network
of tiger reserves in the best remaining habitat.
This approach is exemplified in global and na-
tional conservation strategies that aim to set aside
at least 10% of national land in protected area
systems. However, for tigers and other top preda-
tors, a system of protected areas alone is inade-
quate (Smith et al., 1998). Protected areas account
for ca. 17-25% of tiger habitat throughout the
world (Smith et al., 1987b; Dinerstein et al.,
1996), while 75—83% of tiger habitat is in multiple
use forests where human activity is a dominant
landscape component. For tigers, these multiple
use forests are critical; without them, most pro-
tected areas are too small and isolated to maintain
viable tiger populations over the next 100-200
years. However, if levels of human activity in-
crease, these multiple use forest lands no longer
support tiger populations and become sinks (Pul-
liam and Danielson, 1991; Woodroffe and Gins-
berg, 1998). Multiple use management is an
often-cited solution offered by policy makers to
deal with resource competition between local peo-
ple and biodiversity conservation. It may be the
only way to ameliorate the intense human compe-
tition for forest resources that are also needed to
support viable tiger populations. However, multi-
ple use management of these lands is confounded
by the fact that there is little data on tiger-human
conflict and there are no quantitative procedures
for understanding the proper balance between
competing uses. The one tiger study undertaken in
a human-dominated landscape provides unique
insight into these interactions (Chundawat et al.,
1999). To obtain a more comprehensive under-
standing of tiger-human interaction in these mul-
tiple use landscapes, data from a diversity of tiger
studies needs to be integrated into a quantitative
framework that can provide guidance for balanc-
ing these competing uses.

Modeling provides this framework by formaliz-
ing the processes that govern a system. It helps to
identify knowledge gaps, gain theoretical insights
and is useful for predicting long-term response to
changes in management practices (Liu and Ash-

ton, 1998). Modeling is an essential tool for un-
derstanding the dynamics of tiger-human
interactions because it is unrealistic to complete
and replicate long term field studies for highly
threatened, long-lived species living in rapidly
changing landscapes. Furthermore, when field
studies are conducted, the sample size is often
small because tigers are secretive and live at low
densities in thick vegetation. Although radio
telemetry is a useful technique, the use of data
concerning tiger behavior is limited by a lack of
analysis tools. Modeling enables exploration of
tiger response to different levels of human activi-
ties in diverse geographic settings under a wide
range of conditions, some of which may not cur-
rently exist. In the past several years, many spa-
tially explicit models have been developed to
dynamically simulate mobile objects in geographic
information systems (GIS). They can be general-
ized into two major categories: traditional layer-
based GIS models and object oriented GIS
models. Traditional layer-based GIS uses geome-
try-based data models. An object is represented as
a geometric feature such as point, line, polygon or
pixel, with all other properties of the object at-
tached to the geometric features. The geometric
features have fixed locations that are defined ex-
plicitly by their boundaries. Any change to these
locations or boundaries requires update to the
geometric features and to other properties built
on the geometric bases. The rigid location-based
system inevitably encounters serious limitations
when applied to analysis of discrete objects mov-
ing through space (Raper and Livingstone, 1995;
Bian, 1997).

In contrast to traditional layer based models,
object-oriented GIS models mobile objects more
efficiently because it treats location and time as
explicit properties of an object. This permits fre-
quent update of locations and time when an ob-
ject moves. It is especially useful for building
individual based models which ecologists recog-
nize as an important way to simulate animal
movement (Siniff and Jessen, 1969; Jones, 1977)
and capture complex interactions of the ecological
process (Liu et al., 1995). Recently, several inves-
tigators have used object-oriented GIS models to
dynamically simulate the individual behaviors of
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animals in ecosystems (Bian, 1997; Zev, 1998;
Westervelt and Hopkins, 1999). These models suc-
cessfully simulated dynamic phenomena using the
object oriented approach to represent objects and
their relationships, permitting a closer mapping of
reality into the modeling domain (Worboys,
1994).

This paper describes a prototype (TIGMOD) of
an individual-based, object-oriented GIS model
that dynamically simulates individual tiger behav-
ior and interactions between tigers, natural prey,
and domestic livestock grazing around the
boundary of tiger habitat in the lowland forests of
Nepal. TIGMOD models the dynamics inside
protected areas, as well as the impacts of human
activity in the surrounding region. The model is
used to quantitatively test the density of wild prey
needed to support a sustainable tiger population
and the effects that different densities of domestic
and wild prey have on tiger population sustain-
ability. It helps predict population trends of tigers
at diverse levels of human activities in boundary
areas and provides insight into how to balance
competing uses in these multiple use forests. The
design of TIGMOD begins not with the specific
analytic task to be performed, but with aspects of
tiger behavior patterns and interactions needed to
model the system. Once these aspects are correctly
represented, the model can be used to answer a
range of questions concerning tiger interactions
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with its environment by adding specific functions
or changing the input parameters without altering
the main structure of the simulation system. This
paper begins with an introduction to the model
structure and then focuses on the dynamic simula-
tion of the interaction between tigers and their
prey; both wild and domestic. Finally, we present
results of model testing, sensitivity analysis and a
discussion of the implications of this research.

2. Methods

2.1. Study area

The study area includes lands adjacent to Royal
Chitwan National Park and the Park itself, which
is located in the lowlands of Nepal (Smith et al.,
1999). Field research supporting the model was
conducted in the Terai forests in southern Nepal
(Fig. 1). This study area was chosen because it
typifies human tiger conflicts in multiple use
forests and because of the availability of long-
term data sets on tiger ecology and behavior
collected in Royal Chitwan National Park. In the
study area about 70% of the habitat is classified as
sal (Shorea robusta) forest, 22% is a dynamic
mosaic of alluvial grassland and riverine forest,
and 8% is mixed deciduous forest that is found
along streams in sal forests. In addition to the

B Kathmandu

Study area

Fig. 1. Study area: terai forest of Nepal and tiger populations.
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tiger, there are six medium sized ungulate species,
all-important tiger prey, including five species of
deer (Cervus unicolor, Cervus duvauceli, Axis axis,
Axis porcinus, Muntiacus muntjak) and the blue
bull (Boselaphus tragocamelus). Other prey in-
clude wild boar (Sus scrofa) and gaur (Bos gau-
rus). Land within Chitwan is well protected but
there is some domestic livestock grazing along the
edges and within the park. Outside the park,
national forest land is variably impacted by hu-
man activity, primarily livestock maintenance and
collection of fuel wood. The density of tigers is
generally lower outside the park.

2.2. Quverview of TIGMOD

TIGMOD is a spatially explicit, individual
based object oriented model that simulates key
aspects of tiger behavior and interactions with
wild and domestic prey through stochastic pro-
cesses. It is driven by changes in the state of the
objects (tigers or prey) that trigger behavior and
interactions appropriate to those changes. TIG-
MOD has a modeling environment that supports
the mobility of objects, variable spatial attributes
and time resolution, interaction with other indi-
vidual objects, the creation of new individuals,
and propagation of change in the state of one
object through the system in space and time to
affect all related objects.

The model requires input for a series of
parameters that relate to tiger biology, tiger be-
havior given its particular state, and the length
and time increment for the simulation run. Most
parameters are based on data sets that have been
acquired during previous field observation (Mc-
Dougal, 1977; Smith et al., 1987a,b, 1989; Sun-
quist, 1981; Smith and McDougal, 1991; Karanth
and Sunquist, 1992; Smith, 1993; Chundawat et
al., 1999). Some parameters were set for multiple
simulation runs, while other parameters were set
per run. Model output includes: number of tigers
that starve, are poisoned and are born, as well as
the number of wild and domestic prey killed.

TIGMOD has an application that allows the
user to randomly populate the core area of each
tiger’s home range with wild prey and populate
the boundary area of the home range with domes-

tic prey to imitate encroachment (Fig. 2). Some
overlap of wild and domestic prey is permitted.
Different combinations of wild and domestic prey
densities can be created by the user and saved as
separate versions using the version management
capability of Smallworld (Newell and Easterfield,
1990). This capability enables the user to run
TIGMOD with a diverse combination of prey
densities without affecting any other combination
already created.

Scenarios that explore the relationship between
wild prey densities and tiger survivability can be
tested with TIGMOD, as well as those that exam-
ine the relationship between the incursion of cattle
into the tiger’s home range and the likelihood of
poisoning of tigers by villagers. The model pro-
vides a means of understanding the right balance
in multiple use forests between use by tigers and
villagers, which can lead to the implementation of
management strategies that optimize both.

2.3. Conceptual model of tiger behavior and
human interaction

Tigers establish home ranges based on habitat
type, quality and prey availability. A tiger home
range has fuzzy boundaries within which individu-
als generally remain. If tigers move outside their
home range it is usually for a brief period and for
a specific purpose such as hunting (Smith et al,,
1989). Male tigers have a home range that encom-
passes one or more female home ranges. TIG-
MOD simulates two adjacent adult male tiger
home ranges; each circumscribes two female home
ranges. The sizes and configurations of these
home ranges are based on home range estimates
of tigers living at the periphery of Royal Chitwan
National Park. Sizes of male tiger home range
used for TIGMOD were 46.6 and 70.1 km?®. Fe-
male home range estimates were 22.1, 20.0, 26.2,
and 37.3 km?, respectively, (Smith et al., 1987a).

On average, a tiger kills one prey every seven
days and then remains close to its kill for 2-3
days while it feeds (Sunquist, 1981). If the kill is
livestock, the time the tiger remains with the kill
may be reduced to one day due to human interfer-
ence and a partially eaten carcass remains; if the
kill is wild prey, it is rarely disturbed and eats
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Fig. 2. A TIGMOD simulation after 281 days.

until gorged. Interruption in feeding causes tigers
to hunt more frequently when they kill domestic
prey. Tigers will start to hunt prey again 3-5 days
after a feeding. Female tigers with cubs hunt more

frequently because they kill to feed their cubs in
addition to themselves. A tiger that does not find
prey within 10 days begins to experience stress
and will increase its rate of movement. After 30
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days of unsuccessful hunting, a tiger will die or
weaken beyond recovery.

Male tigers make three to five visits a month to
each female within its home range. If the female is
fertile the male will remain to mate. A female is
fertile on average every 20 days. If she becomes
pregnant she gives birth within 102 days of con-
ception. When cubs are born they remain close to
their mother for the first 18—22 months of life and
fertility of the female is suppressed for about 600
days (Smith, 1993).

Tiger movement patterns, characterized by the
distance and direction a tiger moves per day, are
determined by tiger activities. When looking for
prey or a female, male tiger movement usually has
an external bias in the direction of a hunting area
or the female. Males begin to move toward the
target, may be distracted, but resume moving
toward their goal until they find prey (if hunting)
or enter a female tiger home range (if mating).
Once a male tiger enters a female home range, it
will move slower. A male seeking an estrous fe-
male can be characterized as a random walk with
directional bias. If the male tiger is within 400 m
of the female, he will move directly towards her.
A tiger seeking prey will have a similar movement
pattern. After prey is killed, the tiger tends to stay
nearby. In the absence of specific behavior a tiger
will begin to move in a given direction and may
persist in that direction before redirecting itself.
This type of movement is characterized as random
walk with persistence.

As discussed above, most tiger habitat is in
multiple use forest lands where human activities
play an important role in the ecological system. In
the study area, the local use of lowland forests has
caused significant degradation of the forest
through intensive harvest of primary products
such as fuel wood, lopped branches for livestock
fodder and grazing around the boundary of the
tiger’s home range. As forest use by human and
livestock intensifies, natural prey is displaced by
domestic livestock and consequently, tigers kill
more livestock. As the number of cattle killed
within a given time period and spatial proximity
increase, villager become increasingly motivated
to poison the carcasses to prevent further killing
of domestic livestock. The more cattle that are

killed within a square kilometer and the shorter
the time between kills, the greater the probability
that the villager will poison the carcasses. Sub-
adult, dispersing tigers, are more likely wonder
around the heavily degraded forest and thus suf-
fer the highest mortality (Smith, 1993).

2.4. Computer model of TIGMOD
2.4.1. Data model

2.4.1.1. Object representation. TIGMOD repre-
sents the tiger and prey as objects that have
physical characteristics, behavioral characteristics,
and geometric characteristics; all are fields in the
respective objects. Physical characteristics describe
the condition of the animal (e.g. age, weight,
alive). The behavioral characteristics include feed-
ing, hunting, mating, and giving birth. The geomet-
ric characteristics are the location of the figer at
any given point in time and the home range of the
tiger.

2.4.1.2. Object relationships

Class hierarchy. The class hierarchy for our
model is shown in Fig. 3. The class hierarchy
represents the increase in the specificity of meth-
ods (behavior) that are associated with each of the
classes from the most general super-class of ani-
mal to the subclasses of domestic prey, wild prey,
male tiger and female tiger. For example, the
animal class has a set of general methods that are
aging, movement, and finding a direction between
itself and another object. The only difference
among classes may be values for the parameters
associated with the different animals; these are
stored as attributes of each animal. The tiger class
inherits the animal methods and has more specific
methods that determine its behavior as a function
of its state (e.g. whether hunting or feeding on
prey). Male and female tigers inherit all tiger
methods and have additional unique methods.
For example, a male tiger regularly visits females
in his home range and has a method, visit next
female, which schedules that event. A female has
methods for becoming fertile, getting pregnant,
and giving birth.
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Animal
methods:
Superclass direction to; get_old;
move; random direction;
random distance; etc.
Tiger
Wild Prey Domestic Prey methods: ]
methods: methods: get_starved; feeding_mode;
. : . . . hunting_mode; eating_mode;
die etc. poison; die; etc.
nearest_prey; etc.
. Male Tiger
* Fematl; Zslger methods:
methods: , ar e
5 iy 1e . time_till_visit_next_female;
Subclass ttme_tzll—_-_;nr,t-;.};; cutbs__dze, male_time_trig; etc.
am_fertile; etc.

Fig. 3. Class hierarchy of TIGMOD data model. Methods are cumulatively inherited by subclasses from their superclasses.

Associations (relational joins). Objects that are
closely coupled need a stronger bond to efficiently
define their relationships. Smallworld implements
these bonds as relational join fields in the object
model. The TIGMOD object model has relational
joins between male and female tigers and also
between a tiger and its prey (Fig. 4). The func-
tionality between the male and female tiger is one
to many (l:n); one male can have one or more
females within its home range or zero female
tigers if it is a juvenile. The female has a 1w
relationship with itself (e.g. a female tiger can
have zero, one or more female cubs) and a 1
relationships with a male tiger (e.g. a female tiger
can have zero, one or more male cubs). Both male
and female tigers have 1:0 relationships with prey
(e.g. a tiger can have a relationship with zero or
one prey at a time).

2.4.2. Dynamic mechanism of TIGMOD
Dynamics of TIGMOD are driven by the inter-
action of the tiger’s state and its environment.
State-based relationships, event scheduling, func-
tional events and movement are actions that occur
due to a combination of an object’s state and its
interaction with other objects or its environment.

For example, if a mating male comes close
enough to a fertile female and spends a period of
time with her, her pregnant attribute will change
from false to true which then triggers a method to
schedule her time until birth attribute. This change
will trigger change in the type of movement she
will exhibit,

2.4.2.1. Associations (state-based relationships).
State-based relationships are relationships in
which a change in the state of a characteristic of

Female Tiger

Domestic Prey

Male Tiger

Fig. 4. Object relationships in TIGMOD shown 1:n relation-
ships between tigers (e.g. a tiger can have a relationships with
0, 1 or many tigers) and 1:0 relationships between tiger and
prey (e.g. a tiger can have a relationship with zero or one
prey).
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within 1 KM radius)
“Wild pre
prey L peadfekilled) ~ —# tumnblack

Fig. 5. Diagram of the dynamic interactions in TIGMOD.

an object imparts changes on the object itself or
other related objects. These types of relationships
create a dynamic environment that drives the
model. Each animal has a fime attribute that is
updated for each change in the simulation menu
clock that keeps track of the model time. A
change in the time attribute triggers methods that
govern all time-related attributes (Fig. 5). These
include attributes related to states, as well as to
scheduled events.

2.4.2.2. Event scheduling. Events can be either
periodic or functional. Two types of events can be
scheduled in TIGMOD by setting the event sched-
ule tied to each object. Periodic events scheduled
are time until fertility and time until visit next
female. Fertility status is changed to its opposite
state every 20 days by scheduling the time until
fertility variable for current time plus 20 days,
after each change in its fertility status. The move-
ment toward the next female is scheduled once the
male tiger is within 1 km of the female whom it is
currently visiting and has remained with her for
an average of 3 days. The functional event sched-
uled is time until birth. Time until birth is an event

scheduled when a fertile female is in close proxim-
ity to a male. It schedules a birth 102 days in
advance and suppresses fertility for 600 days. At
the end of that period, two to four cubs are born.
After birth of her cubs, the female tiger’s rate of
hunger increases, her movement becomes more
confined and she is closely followed by her cubs.

2.4.2.3. Periodic and functional events. Periodic
events in TIGMOD are fertility and visit next
female. They are triggered by time until fertility
and time until visit female. Functional events are
triggered by a change in the tiger’s state or its
interaction with other animals. Functional events
in TIGMOD include birth, hunting, feeding, starv-
ing, poisoning and dying. Each tiger has an at-
tribute called hunger index that has a range
between 0 and 100, with O representing the state
of no hunger and 100 being the state of maximum
hunger. A tiger is in the hunting mode when its
hunger index is greater than 60. A tiger’s hunger
index increases 30 each day (40 for females with
cubs). Once the tiger reaches a threshold hunger
index (default is 60), its behavior changes to the
hunting mode and it begins to search for prey.



S.C. Ahearn et al. / Ecological Modelling 81 (2001) 81-97 89

The search proceeds with the tiger scanning a 0.4
km radius to find the nearest prey. The tiger then
pursues that prey and kills it with 0.25 probability
of success if the prey is wild and 0.75 if the prey
is domestic (both are input parameters). If unsuc-
cessful, the tiger continues to move randomly with
a persistence of 0.75 and will again scan for
nearby prey. If successful, its movement pattern
changes to feeding mode and its hunger index
decreases by 25 for each day of feeding. For wild
prey a tiger feeds for 2-3 days. If the prey is a
domestic animal, the tiger only feeds for 1 day
(they are often scared off by villagers). When a
tiger kills domestic prey in the simulation, a 1 km
radius is scanned around the dead prey. If a kill
has occurred in the past 60 days, a trigger is fired
to initiate poisoning. The probability of poisoning
increases from 0.05, if two domestic prey were
killed to 0.10, if three are killed, to 0.25 if four are
killed and 0.50 if five or more are killed. These
probabilities are input parameters that can be
changed along with number of cattle killed before
poisoning begins and the time period for trigger-
ing poisoning. If the villagers poison a carcass the
tiger will die. If no prey is found and the hunger
index rises above 90, the starvation index is in-
creased by an increment of one each day. If no
prey is found after 30 days, the tiger dies of
starvation, otherwise the index is reduced to zero.
The starvation index is an attribute of the tiger
that ranges from 0 (no starvation) to 30 (death).
2.4.2.4. Movement. Movement is a complex func-
tional event. Turchin (1998) identified four gen-
eral types of movement for animals: simple
random walk, random walk with directional per-
sistence, random walk with directional bias and
random walk with persistence and directional
bias. These different movements are a function of
the state of the individual and the discrete time
interval over which the model is run. In the
absence of specific field data on tiger movement,
we chose a modeling approach that focuses more
on behavioral aspects of individuals rather than
on models that relate more directly to population
redistribution. TIGMOD is designed with maxi-
mum flexibility for type of movement that can be
selected and the parameters of that movement for
a given type of behavior.

Direction. All individuals in the model move
independently unless they have a relationship in
which their movements are linked (e.g. mother
and cubs). The two aspects of movement, direc-
tion and rate are modeled as a function of indi-
vidual state. Table 1 summarizes the movement
direction and distance for each state that is exhib-
ited by the male and female tiger. Direction can
take one of four general forms. The simplest is the
movement of one individual directly toward an-
other. An example of this type of directional
movement occurs when prey is located and the
tiger moves directly toward it. Another type of
directional movement is one in which the direc-
tion is a normal random variant with a mean in
the direction of the object and a user defined
standard deviation (S.D., #). This type of move-
ment simulates the movement of a tiger after it
makes a kill and remains in the area of the kill.
Random movement with a probability of persis-
tence in a direction is a third type of movement in
TIGMOD. The direction of persistence is selected
from a random variant with a mean in the direc-
tion of the earlier move and a user defined S.D.
{(0). An example of this type of movement occurs
when a tiger is cruising its territory. For this state,
the default value for the probability of persistence
is set at 0.75 with o equal to 10°. If there is long
distance attraction between two objects, the
movement direction is random with a bias. This is
represented as a random directional component
with a probability of bias in a direction that is
selected from a random variant with a mean in
the direction of the object of attraction and a user
defined ¢. A male tiger that is mating and heads
toward its next female typifies this type of move-
ment. These two types of movement, random with
directional bias and random with persistence, are
illustrated in Fig. 6.

Distance. Distances that tigers move are rarely
uniform and are usually determined by the tiger’s
state. For example, if a male is mating, he often
travels very quickly to a female home range and
then slows to search for her. Field data show that
movements can be characterized by a greater
number of smaller movements than longer move-
ments. Given lack of information on the precise
distributions of movement rate we chose to model
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Movement characteristics under different tiger behaviors

Movement characteristics with default values

Behavior

Looking for prey

Found prey

Feeding

‘Random’

Mating (male), outside
female domain

Mating (male), inside
female domain

Mating (male), within 400
m of female
Fertile (female)

Pregnant (female)

With cubs (female)

Rate (distance per day)
1, mean rate of movement

22 random variable (u = 1500

m, o= 1500 m)

Moves to the location of
prey

x? random variable (u, 400
m, o, 400 m)

x? random variable (u, 2000
m, o, 2000 m)

z? random variable (u = 3000

m, ¢ = 3000 m)

¥2 random variable (4 = 1500

m, o= 1500 m)
Moves to location of female

x? random variable (u =100
m, o= 1000 m)

%2 random variable (u = 1000

m, ¢ = 1000 m)

z? random variable (u = 800
m, o= 2000 m)

Direction

1, mean direction movement, o, standard deviation of movement
direction

Random with bias: moves in a random direction with a
probability of bias of 0.75 in a direction selected from a normal
random variable with u, direction of prey and o, 10°

Moves in the direction towards the prey

Movement is directed to prey location as selected from a normal
random variable with g, direction to prey and ¢ = 5°

Random with persistence: moves in a random direction ‘with a
probability of persistence of 0.75 in a direction selected from a
normal random variable with g, earlier direction and ¢ = 10°
Random with directional bias: moves in a random direction with
a probability of bias of 0.85 in a direction selected as normal
random variable with g, direction of female and ¢ = 10°
Random with directional bias: moves in a random direction with
a probability of bias of 0.85 in a direction selected as a normal
random variable with g, direction of female and ¢ = 10°

Moves in the direction toward female

Random with persistence: moves in a random direction with a
probability of persistence of 0.75 in a direction selected from a
normal random variable with g, earlier direction and o = 10°
Random with persistence: moves in a random direction with a
probability of persistence of 0.75 in a direction selected from a
normal variable with g, earlier direction and o = 10°

Random with persistence: moves in a random direction with a
probability of persistence of 0.75 in a direction selected from a
normal random variable with g, earlier direction and o= 10°

movement as a y? random variable with mean
and S.D. set as a parameter for each behavioral

state (Table 1).

2.5. Simulation and analysis methods

2.5.1. Modeling environment

The simulation model was developed in the

Smallword GIS software package (Smallworld,
1999) using its native computer language Magic.
Magic is an object-oriented language that comes
with a comprehensive set of objects and methods
for the various spatial and non-spatial data struc-
tures supported by Smallworld. The data model
was created using both Smallworld Case tool and
the Magic language. The simulation was run on
an Alpha workstation running the NT operating
system.

Fig. 6. A vector diagram of the probability of a tiger moving
in a given direction for the movement characterized by a
random walk with persistence or a random walk with external
bias. The longer the vector the greater the probability of a
tiger moving in that direction. The longest vector is the
direction of the previous move in the case of persistence or the
direction of a female in the case of external bias.

=
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Time
Days per move 0.5
Movement rate
“random” 2000 m/day
feeding 400 m/day
hunting 1500 m/day
male mating outside 3000 m/day
male mating inside 1500 m/day
female fertile 1000 m/day
female pregnant 1000 m/day
female with cubs 800 m/day
Movement direction
“random” persistence 0.75
male mating bias 0.85

Hunger
hunger index trigger hunting 60
hunger index increase daily 30
starvation index increase daily| 1

Hunting success

domestic prey 0.75
wild prey 0.25

Probability of poisoning

1 other cattle killed < 1KM 0.05
2 other cattle killed < 1KM 0.10
3 other cattle killed < 1IKM 0.25
4+ other cattle killed < IKM{ | 0.50

Kill forgotten

Days after which villagers| | 60
forget about the kill

Fig. 7. Input parameters for TIGMOD with default values.

2.5.2. Input and output

The initialization of the model starts with creat-
ing male and female tiger objects and their home
ranges. Data are then input for the physical char-
acteristics of the tigers (e.g. age, size, fertility
status). Wild and domestic prey are incorporated
into the model using the PREYSIM application.
This application, also written in Magic, allows the
user to create different densities of wild and do-
mestic prey within user defined regions, saving the
resulting database scenarios as different versions
of the database. A menu permits the user to input
model parameters controlling: the number of
times per day tigers move, movement rates and
direction for different states, the onset of hunger,
the probability of hunting success for both wild
and domestic prey, the probability of poisoning
for a given number of cattle killed within a 1 km
region, and the period of time villagers remain
motivated to poison (Fig. 7). Model output in-
cludes tigers born, starved, and poisoned and wild
and domestic prey killed (Fig. 2). The length of
model runs was 365 days with a time step of 0.5
days. The time step of 0.5 (two movements per
day) was chosen to capture the periodicity of the
tigers activities while minimizing the use of com-
puter resources.

2.5.3. Visualization and cartographic
representation

The cartographic representation of prey and
tigers is state dependent. If the male tiger is alive
he is orange, if he is hunting he is red, and if he is
dead, he turns black. Immature tigers ( <2 years
old) are brown and small. Females are smaller
than males and have five cartographic representa-
tions, yellow (normal), red (hunting), cyan (fer-
tile), blue (pregnant) and black (dead). Prey are
either brown (livestock) or green (sambar) and are
black if they have been killed. Livestock carcasses
that have been poisoned are red (Fig. 2). These
state-based cartographic representations are very
useful for monitoring activities of the model as it
runs. Fig. 2 shows a simulation run for 58 days at
a prey density of four cattle and four sambar per
km®. Note the many states of the various tigers
and prey as reflected in their colors. The female
and her cub located in the northern part of the
eastern region have both been poisoned. The cat-
tle they ate is red indicating they have been
poisoned.

2.5.4. Model testing

The model was run with five different density
levels of wild prey (one, three, four, six and eight
sambar per km?) and six different combinations
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of domestic and wild prey (one wild and one,
three, and six domestic prey; and three wild with
one, three, and six domestic prey). Each combina-
tion was run at least 6 times and each run re-
quired about 15 min. using the time period of 365
days with 2 increments per day. During a run, the
movements, behaviors and reproductive status of
tigers were displayed in ‘real time’ and the num-
bers of tigers born, starved and poisoned were
monitored and recorded in the simulation menu
(Fig. 2). Additionally, the numbers of wild and
domestic prey killed were also tabulated. A paired
difference test between the effects that different
density combinations had on tiger survivability
was conducted at 7, = 0.05 level.

2.5.5. Sensitivity analysis

Three parameters that affect tiger/human inter-
action were examined for sensitivity of tiger sur-
vival. The three parameters are: time villagers
remain angry and motivated to poison tigers,
guarding of domestic prey, and delaying the onset
of poisoning domestic prey carcasses. The three
parameters chosen for the testing affect the ratio
of domestic to wild prey kills and/or the likeli-
hood that local people will poison a livestock
carcass. Settings for each parameter reflect the
cultural influences and villager attitudes toward
tigers. Government policies can influence attitudes
through education, management practices and in-
centives. For example, encouraging villagers to
guard their cattle more intensely reduces the prob-
ability that domestic prey are killed, which de-
creases tiger mortality from poisoning. Also,
villager education regarding the economic benefit
tigers contribute through tourism, may decrease
the length of time they remain angry after domes-
tic livestock are killed, and increase the number of
kills tolerated before they resort to poisoning.

The prey density combination used for this
analysis is d3w3 (i.e. three domestic and three
wild prey per km?). At least six runs were made
for each parameter setting. The probability of
tiger hunting success when pursuing domestic cat-
tle was tested for three probability levels — 0.25,
0.50 and 0.75. These probabilities relate to how
well the villagers guard their domestic livestock.
The number of cattle that need to be killed within

1 kilometer before villagers will start poisoning
cattle carcasses was tested at two, three and four
kills. This was done by shifting the poisoning
probability for the second kill of 0.05, the third
kill of 0.10, the forth kill of 0.25 and the fifth or
more kills of 0.50, up one level. Length of time
that villagers remain angry enough with tiger-
killed livestock to poison the carcass was tested
for 60, 120 and 360 days. This was accomplished
by counting only those kills that occurred during
the earlier 60, 120 or 360 days and within the 1
km radius. For each of these parameters, differ-
ences in tiger mortality between successive
changes were compared using a £, = 0.05.

3. Results
3.1. Model consistency with field data

Four aspects of the model were examined for
consistency with field data — prey density versus
tiger survivability, number of days between two
consecutive prey kills, effects of the simulated
movement on tigers traversal of its home range,
and number of cubs born per breeding female.

The model is consistent with field data on the
minimum level of prey required to support breed-
ing tigers. Based on field surveys of prey abun-
dance as measured by number of deer pellet
groups per 10 m?, the minimum number of pellet
groups required to support breeding tigers is 0.5
groups per 10 m? (Smith, 1993). This converts to
3.8 sambar deer per km? (Smith et al., 1999). In
our model, all populations survived at this prey
population density. At sustainable prey densities,
the model is also consistent with field data con-
cerning the number of days between prey kills by
tigers. Prey were killed on average once every 7.7
days with a standard deviation of 0.002 for 6
simulation runs with prey density set at dOwS.
This compares with studies that have estimated an
average of 7 days between prey kills (Seidensticker
and McDougal, 1993).

The validity of the tiger’s movement pattern
was tested by comparing the pattern of prey dis-
tribution at model initialization with the pattern
of prey kills after the first 365 days in the model
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Table 2

Nearest neighborhood analysis of dead prey distribution used to examine tiger movement

Dead prey Dead prey
density (km?)

Actual average

Perfectly random
distance between dead average distance

Perfectly clustered: Perfectly dispersed
average distance (km) average distance prey

prey (km) between prey (km) (km)
330 2.163 0.32 0.34 0 0.73
347 2.246 0.31 0.33 0 0.72
279 1.806 0.32 0.37 0 0.78
311 2.013 0.33 0.35 0 0.76
308 1.994 0.32 0.35 0 0.76

run. The distribution of kills provides a cumula-
tive measure of the complex interactions associ-
ated with movement. Distribution of the prey at
model initialization was random, so if move-
ment patterns of tigers are not biased toward a
particular part of their home range, resulting
kill patterns should also be random. To test the
distribution of prey kills, a nearest neighbor
analysis (NNA) (McGrew and Monroe, 1993)
was performed for five different runs in
which all tigers survived the full 365 days and
an equal number of domestic and wild prey was
killed. The first step in an NNA is to create
an index for a random distribution, 4 maximally
dispersed distribution, and a perfectly clus-
tered distribution. These measures are calculated
as a function of point densities and a set of
empirical equations used to calculate each
index (De Meer, 1997) (Table 2). The actual av-
erage distance between dead prey ranges from
0.31 to 0.32 km, while the average distance be-
tween live prey at model initialization
ranged from 0.33 to 0.37 km. These results
confirm that the distribution of kills in the study
area was random in a set of five different simu-
lation runs and there was no bias in tiger move-
ment.

The average number of tigers born to the
four female tigers was 5.8, with a standard devi-
ation of 0.56 for 11 replicates (with no fatali-
ties), in the first year of simulation, an average
of 11.6 tigers per 2-year period. This is consis-
tent with field data in which it was estimated
that four female tigers would have 12 surviving
cubs per birthing interval of ca. 2 years (Smith
and McDougal, 1991).

3.2. Simulation runs

The simulation runs were divided into two
sets. The first set of runs only included wild
prey at different densities. The second set was
run with different combinations of wild and do-
mestic prey densities. The results for both sets
of runs are summarized in Fig. 8.

Tiger Deaths

N oW Ao N

e

Population sustainability

04 - ‘
dow1 dow3 dowd dowe dows
Number of Prey per km?

Tiger Deaths
[ T R N
ws)

—_

o

o

diwi diw3 diwe d3w1 d3w3 d3wé
Number of Prey per km?

Fig. 8. Tiger mortality at different prey densities (A) without
domestic prey; (B) with domestic prey. Error bars are equal to
1 8.D. The horizontal line is the level of mortality that can
sustain a tiger population.
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The first set of runs used only wild prey and
showed statistically significant differences in the
number of tiger fatalities between dOwl (i.e. zero
domestic prey per km?* and one wild prey per km?)
and dOw3 at a ¢, =0.05 and between dOw3 and
dOw4 at a ¢, = 0.10 level. The difference between
tiger fatality levels for dOw4 and dOw6 were not
significant (Fig. 8a). These results indicate there is
a threshold for prey density between 3 and 4 prey
per km? at which tiger populations are sustain-
able. Home range sizes in the study area and
model were similar (20-37 km? for females and
from 46 to 70 km? for males) and for these home
range sizes in the wild, a prey density of approxi-
mately 3.8 sambar per km? is required for a
sustainable population.

Encroachment of domestic prey into tiger habi-
tat as simulated in the second set of runs, resulted
in increased adult tiger mortality due to poison-
ing. At densities of one domestic and one wild
prey per km? (d1wl) the tiger population was not
sustainable because of starvation and poisoning.
When the total number of prey was increased to
four prey per km? the threshold prey density
needed to maintain population viability, the pop-
ulation was sustainable with one domestic prey
and three wild prey per km? but not sustainable
with three domestic prey and one wild prey per
km? (Fig. 8b). Differences in tiger fatalities were
significant between dlwl and dlw3; and dlw3
and d3w! at a ¢, = 0.05.

When domestic prey density was three prey per
km? or greater, increases in wild prey density
reduce tiger mortality, but tiger populations were
never sustainable at this level of domestic prey
density (Fig. 8b). Differences in tiger mortality
were significant between prey density combina-
tions d3wl and d3w3 at a ¢, =0.05 and for d3w3
and d3wé at the ¢, =0.10 level.

Comparison between dlw3 and dOw4 was not
significant at £, =0.05 (Fig. 8a and b). Simula-
tions for both prey combinations resulted in tiger
fatalities of 0.17, levels that have been shown to
allow survival. These results suggest that a moder-
ate level of cattle grazing in national forests is not
detrimental to tigers.

3.3. Model sensitivity to parameters related to
tiger [human interaction

3.3.1. Time interval villagers remain angry and
motivated to poison tigers

We examined model sensitivity to length of
time villagers were motivated and organized to
poison carcasses. Increasing the length of time
that villagers remained angry from 60 or 120 days
to 365 days had a strong negative effect on tiger
survival (¢, =0.01), however, survival differences
were not significant when the time villagers stayed
angry was reduce to 60 days from 120 days. These
data suggest that increased education on endan-
gered wildlife conservation may lead to greater
tolerance of tiger predation on livestock and sig-
nificant decrease in tiger mortality (Fig. 9a).

3.3.2. Guarding of domestic livestock

Closely monitoring grazing livestock in areas
that are more open decreases the probability that
tigers will kill cattle. This reduces the ratio of
domestic to wild animals killed and consequently
fewer tigers are poisoned. We examined this phe-
nomenon by reducing the probability of tiger
killing success for domestic prey from 0.75 to
0.50. There is no statistical difference in tiger
fatalities between 0.75 and 0.50 probability of
success in killing domestic prey at the f,=0.05.
There is, however, a statistically significant differ-
ence in the ratio of domestic to wild kills, which
declines from 1.03 to 0.86, when the probability of
success in killing domestic prey drops from 0.75
to 0.50. The difference between tiger mortality
when guarding is increased, and probability of
success in killing of domestic prey drops to 0.25,
is significant at z, = 0.05 (Fig. 9¢). The implication
of these results is that increased guarding reduces
tiger mortality due to poisoning.

3.3.3. Delaying the onset of poisoning carcasses
Some ethnic groups that have lived adjacent to
tigers for a long time appear to tolerate occasional
killing of livestock as part of living near protected
areas. If few livestock are killed near their village,
local people may not make the effort to lace the
carcass with poison, but as the number of kills
increases, people will become more motivated to
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Fig. 9. Tiger mortality resulting from various responses to
domestic prey kills by local villagers: (A) the duration of time
that villagers are motivated to poison a carcass is increased
from 60 days to 365 days; (B) the poisoning response threshold
is increased from the second kill to the fourth kill; (C) the
probability of a tiger successfully killing domestic prey is
reduced from 0.75 to 0.25.

poison the offending animal. We examined the
effect of villager motivation to poison by varying
the parameter, number of cattle, that need to be
killed within 1 km radius before villagers will start

poisoning cattle carcasses (Fig. 9b). There is no
significant difference in tiger mortality due to
poisoning between the second and third cattle
killed within 1 km radius. However, there is a
significant difference between the third and forth
cattle killed within one kilometer radius at ¢, =
0.05.

4. Discussion

TIGMOD offers an alternative approach to
modeling the interaction between tigers and hu-
mans because it is driven by behavioral data
available from long-term tiger studies (McDougal
1977; Sunquist, 1981; Smith et al., 1987a, 1989;
Smith and McDougal 1991; Smith, 1993). The
output of the model was consistent with field
observations in four aspects — minimum prey
density to support sustainable tiger populations,
the number of tigers born, the number of days
between consecutive prey kills, and movement
pattern. The inclusion of low levels of domestic
prey at the boundaries of the tigers home range
resulted in low levels of tiger poisoning and the
same overall prey density (four prey per km?) was
needed to sustain tigers as if all prey had been
wild. When levels of domestic prey were greater
than or equal to three per km? poisoning in-
creased to levels that were no longer sustainable
for tiger populations. This phenomenon held even
when wild prey populations were increased well
above normally sustainable levels (e.g. three to six
wild prey per km?). Human interaction with tiger
was modeled by testing the sensitivity of three
parameters that affect the ratio of domestic to
wild prey kills and the likelihood that local people
will poison a livestock carcass. Changes in all
three parameters, time villagers remain angry and
motivated to poison tigers, guarding domestic prey,
and delaying the onset of poisoning domestic prey
carcasses resulted in statistically significant differ-
ences in tiger mortality. These results suggest that
by altering management practices and by educat-
ing local villagers about the value of the ecologi-
cal resources in their forests may significantly
reduce tiger mortality caused by poisoning.
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TIGMOD is different from analytical modeling
approaches requiring data that cannot be easily
obtained in the field. For example, despite 30
years of tiger research, data as basic as population
sizes are not estimated with the accuracy needed
to model extinction probabilities. Other implicit
spatial models (Kenney et al., 1995) do not incor-
porate real spatial data and, therefore, are not
useful for exploring the response to site specific
differences in human behavior and habitat condi-
tions. TIGMOD, as an individual-based and spa-
tially explicit object oriented simulation model,
can easily incorporate specific ecological and
landscape conditions such as habitat quality and
the spatial configuration of habitat types that
describe the land supporting tiger populations and
the range of human response to tiger depredation.
The spatial aspect of the model is critical to tiger
conservation because management options vary
considerably depending on specific landscape
configuration and the variability in human pat-
terns of livestock protection and grazing. TIG-
MOD was built based on the behavior of tigers in
relation to their environment. It is not limited to
a specific task but has the flexibility to address a
wide array of questions related to tiger study.

Currently, many reserves occur within a matrix
of larger forest fragments connected by corridors
of varying forest quality. These forest areas con-
tinue to degrade due to increasing human demand
for forest resources. Fortunately for tigers, multi-
ple use management is gaining increasing support
among local people in the lowlands of Nepal
because they are beginning to recognize the value
of ecological services and the economic benefits of
sustainable managed forestlands. This study is the
first attempt to create an individual-based model
for tigers that helps evaluate various management
options for meeting the needs of both tigers and
local people, while finding the right balance be-
tween these competing uses.

This study does not consider the effect of
poaching on tiger sustainability. Most of the data
pertaining to human interaction with tigers and
some aspects of tiger behavior were induced from
field experience and requires a more systematic
process for data collection. The time period of the
simulation was a year, which is adequate for

understanding short term response to change, but
needs to be extended to understand long term
issues related to tiger population sustainability.
Currently we are using a series of short-term
studies to help refine the model. To refine our
data on the abundance of wild and domestic prey,
230 prey transect surveys have been completed in
different habitats and geographic localities across
Nepal. These data combined with classified TM
digital data will allow us to generate a natural and
domestic prey abundance surface for the lowland
forests of Nepal. A second project initiated in
December 1999 established a network of 30 ‘citi-
zen’ rangers in villages across the Nepalese low-
lands. These rangers gather data on rates of
domestic predation by tigers in forestlands adja-
cent to protected areas and along habitat corri-
dors between reserves. These data are used to map
tiger presence and absence and to estimate rates
of killing livestock. The rangers also provide in-
formation on patterns of grazing livestock. To
further refine the model we need more specific
data on rates of poisoning of carcasses of domes-
tic livestock. These data are more difficult to
obtain because local people know that the govern-
ment does not approve of poisoning. We are also
experimenting with different methods to deter-
mine the rate and direction of movement as a
function of a tiger’s state. GPS collars (Moen et
al., 1996) will be used to acquire a large sample of
tiger movement data to improve the animal move-
ment component through determination of the
best model for state-based movement.
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