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Abstract: The extinction of different species from the earth is increasing at an alarming rate. So,
assessment of probability of extinction of different important species in our ecosystem could help us
to take proper conservation policy for those population whose chance of extinction is high. In this
paper a method is developed to find the probability of extinction of populations in a general n-trophic
food chain model under demographic stochasticity. The birth-death process is used to incorporate the
demographic stochasticity and the necessary mathematical expressions are obtained. The theoretical
finding is validated by numerical simulation for a two dimensional predator-prey system.
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1. Introduction

The rapid fall in the survivability of different important species is a major issue in ecology. The un-
planned activity and indiscriminate use of biological resources lead to the unprecedented depletion in
the abundance of species [1]. The detail study regarding conservation of different species is important
since the loss of a strongly interactive species can lead to potential changes in ecosystem composition,
structure, and diversity [2, 3, 4, 5]. For example, the killing of large amount of great whales by indus-
trial whaling makes changes in the krill-consumer dynamics in the Southern Ocean, and it is observed
that, whaling is the main cause of megafaunal collapse in the North Pacific Ocean [6]. Moreover, the
functional dynamics of coastal marine ecosystems worldwide have been extremely altered due to over
fishing of large herbivores and predators [7]. It is frequently observed that the functional extinction of
species interactions takes place well before the species themselves become extinct. In ocean ecosystem,
large number of interactive species persists as rare adults, or small or juvenile individuals and do not
interact as large adults. In addition, many strongly interactive species such as mammals are becoming
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extinct from the areas which they occupy one or two century ago [8]. The problem continues to persist
since most conservation laws, such as the US Endangered Species Act (ESA) of 1973, fail to capture
the effects of extinction of strongly interacting species. It is to be noted that the ESA does not include
the inter-species interactions altogether in the criteria for recovery of endangered mammal species [4].
It only emphasizes the short-term, single-species, demographic viability in only a few areas. In reality,
most of the current recovery plans do not call for increase in numbers of individuals or numbers of
populations and geographic range [9, 10]. Several works are also performed [11, 12, 13, 14] to dis-
cuss this important issue. The persistence time of the population for a dynamical system is obtained
in [15, 16] which can be used to find the time to extinction of a population. However, as far as my
knowledge goes the mathematical form to find the probability of extinction of a species belonging to
any trophic level is still missing.

Stochastic population models serve as fundamental mathematical framework in modern ecological
theory and is applied in various research areas such as population ecology [17], epidemiology [18],
conservation biology [19] etc. Among all these areas, epidemiology is a major platform where the
knowledge of stochasticity is extensively used in [20, 21, 22] and [23]. It is observed that discrete and
continuous time Markov chain models and stochastic differential equation models are used in many
areas of population biology. The Kolmogorov differential equations (often termed as Master equation
[24]) are used to compute the transition probability distributions when the rates of different possible
transitions are provided (e.g. birth and death rates).

It is frequently observed that to model a dynamical problem under stochastic environment, a system
of Itostochastic differential equations is formed and studied. In many cases discrete stochastic models
are developed by studying changes in the system components over a small interval of time such as
birth-death process.

The prey-predator models regulated by deterministic differential or difference equations are crucial
in quantitative studies of the dynamics of natural populations. In general, the dynamical characteristics
of the systems, such as stability of equilibrium points, stability of limit cycles etc. can be predicted
uniquely in the deterministic set up. However, to apply these models in natural populations, it is more
realistic to consider the stochastic dynamics of the system, where the randomness is generated either
from variation among individual growth rates or due to environmental fluctuations. For such cases, the
characteristics of the deterministic models are replaced by the probability statements. As for example,
we may consider stochastic version of the logistic model, where the equilibrium point is replaced by
the equilibrium distribution, which is represented by the cloud points around the equilibrium point
rather than a fixed value [25]. The difference is that, in logistic growth, the carrying capacity is the
only stable point, hence the population never reaches zero for positive value of intrinsic growth rate,
whereas, in stochastic environment there is always a probability associated with the extinction of the
population. Thus the stochastic model framework is more appealing in real life scenarios [26, 27].

The stability related issues of a predator-prey system is well discussed from the theoretical work
of Lotka [28], Volterra [29] and the experimental work of Gause[30]. In many cases the dynamics
involving only two interacting species may not capture the real world scenario. The behavior of a
complex system may only be understood when the interactions among a large number of species are
incorporated [31, 32]. Thus, it should be noted that what amount of risk of extinction the interacting
species face for a given initial population size of prey and predator, is an important aspect of popula-
tion dynamics. Here the risk of extinction is quantified as the probability of reaching the extinction
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equilibrium, before reaching to a sufficiently large population size so that extinction can be avoided.
Theoretically, this large population tends to co[33, 34]. Recently [34] used the stochastic differential
equation model including demographic stochasticity and predicted the time to extinction and extinction
probability for the Atlantic Herring populations. They calculated the mean time to extinction from the
distribution of the sojourn time, the amount of time spent by the species at each population size given
an initial abundance [35].

In this paper, we explore the idea of obtaining the chance of extinction of species at any trophic
level of the n trophic food chain model. Discrete stochastic model is used to study the changes in the
system components over a small time interval to develop the probability of extinction. The theoretical
findings are validated by numerical simulation.

In next section (section 2), the background of the knowledge to be applied is discussed. In section
3, the main result of the paper is established with detail analysis followed by some case studies to
understand the applicability of the findings. Section 4 is the numerical part followed by section 5
which deals with conclusion and future direction.

2. Background of the work

In this section a two dimensional general predator prey system is considered as below,

dx

T - bi(x) —di(x) — g(x,y) (2.1)
dy B
T ag(x,y) — da(y)

where x and y denote the sizes of prey and predator population at time ¢, respectively; b,(.) is the birth
rate of the prey species; d;(.)(i = 1,2) are the natural death rates of the prey and predator popula-
tions respectively. The initial conditions are, x(0) > 0,y(0) > 0. The birth and death rates may be
density dependent or density independent, described by the biological background of the two interact-
ing species. The function g(x, y) denotes the inter-species interaction between the prey and predators,
known as predator’s functional response. « is the conversion rate of ingested prey into new predators
and assumed to lie between 0 and 1.

The stochastic formulation of the single species dynamics in absence of predators are studied by
many authors [33, 34]. In absence of predators, model (2.1) reduces to a single species model with
birth and death rates b(x) and d,(x) respectively. The logistic model under stochastic environment
are studied in different ways in the literature [36, 37, 38, 39, 40]. In general, there are infinitely many
choices of functions available for birth and death rates for different choices of parameters. The choices
of the functions are mainly driven by the collected data on the species under investigation [41]. In
addition, when we study real populations, generally some other information is also available such as,
life expectancy. For example, the estimate of average life expectancy was used to obtain the estimates
of intrinsic rate parameters[37] to model the dynamics of muskrat population in Netherlands and it
help them to uniquely chose the value of the rate parameters.

The generalized form of the model (2.1) in n-trophic food chain serves as the deterministic skeleton
to formulate analogous stochastic models which account for the variation in births, deaths, transmission
and recovery. In the stochastic formulation of the model (2.1) we assume X(¢) and Y(¢) are two discrete
random variables representing the number of prey and predator populations respectively at time ¢ and
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these two random variables take values in the state space {(x,y) : x=0,1,...M;y =0,1,... N} where
M and N are the maximum sustainable population sizes of prey and predator population respectively.
Here we assume that the time step At is sufficiently small so that at most one change in the population
size is possible in this small time gap, i. e. AX() = X( + Ar) — X(t) € {-1,0,1} and AY(?) =
Y(+An-Y(r) € {—1,0, 1}. Thus the change in population sizes AX(¢) and AY(¢) preclude the possibility
of more than one birth, death, or any other transformations in small time At. In fact, these events have
probabilities of order (A7)®>. The infinitesimal probabilities associated with the birth and death of the
populations for the model (2.1) is depicted in table 1. For example, (AX(¢), AY(¢?)) = (1, 0) denotes the
event of the birth of a prey and no change in predator abundance during time At. The probability of
this event is obtained by multiplying the probability of one birth of prey (b,(x)Ar) with the probability
of no death of predator ((1 — d,(y)At)). Similarly, the probabilities of the other events can be defined.

Table 1. Possible transitions in the predator-prey population sizes and the probabilities of
their occurrence for the model (2.1).

Event Transition  Transition probability
Prey birth and no birth or (1,0) b1 (x)At(1 — dy(y)Ar)
death of predator

One birth of predator due to (-1,1) ag(x, y)At
predation on prey

No birth or death of prey and (0,-1) d,(Y)At(1 — by (x)Ar)
one death of predator

Death of one prey due to (-1,0) di(X)At + (1 — a)g(x, y)At
intra-species competition or

predation and no birth or

death of predator

No birth or death of either (0,0) 1 —[b1(x) + ag(x,y) +d>(y)
population
+d (x) + (1 — @)g(x, y)]At

We extend this idea for a tri-trophic food chain model given by,

d

T = b - di) - g6 22
d

d_)t) = @181(x,y) — 82y, 2) — da(y)

d

d_i = @g(,2) —di(2)

where the transitions and the corresponding probabilities are given in the table 2.
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Table 2. Possible transitions in the predator-prey population sizes and the probabilities of
their occurrence for the tri-trophic food chain model (2.2).

Event Transition Transition probability (p;)

Prey birth and no birth or (1,0,0) bi(x)At = p;

death of predator

One death of prey (-1,0,0) (1 = ay)gi(x,y) + di(x)At =
P2

One death of prey and one (-1,1,0) a181(x,y)At = p3
birth of 1 predator due to
predation of 1st predator on

prey

No change of prey popula- (0,-1,1) @282(y, 2)At = py
tion, one death of 1st predator

and one birth of 2nd predator

due to predation of 2nd preda-

tor on the 1st predator

No change of prey and 2nd (0,-1,0) (1 — a2)g2(y,2) + dr(y)At =
predator and one death of 1st Ds
predator population

No change of prey and Ist (0,0,-1) d;(2)At = pg
predator and one natural
death of 2nd predator

No change in predator and (0,0, 0) 1=(p1+pa+p3+pa+ps+pe)
prey population

We extend this further for an n trophic food chain model also as given below.
The n trophic food chain model considered here is given by:

dx
d_tl = bi(x1) - gi(x1, ) —di(xy) = fi 2.3)
dx
d_t2 = a181(x1,Xx2) — 82(x2, x3) —da(x2) = fo
dx
> = @282(x2, X3) — g3(x3, x4) — d3(x3) = f3

dr
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dx,
dt

Here the functions b;(x;)’s, di(x;)’s and g;(x;, x;+1) denote the birth rates, death rates and the interaction
terms respectively.
It is assumed that X;(#)(i = 1,2,...,n) are the discrete random variables representing the number of
prey and predator populations in the food chain. X(¢) is the vector random variable which represents
the population size at time ¢, that 1s X(r) = (X;(¢), X»(?), ..., X,(?)) and it takes values in the state
space {x = (x1,X2,...,X,) : x; = 0,1,... M;}. M;is the maximum sustainable population size of the
population belonging to i trophic level. As before the time step At is taken sufficiently small so that
only one change is possible in this small time interval, i. e. AX;(f) = X;(t + Ar) — X;(t) € {-1,0, 1}.
The infinitesimal probabilities of the birth death formulation of model (2.3) is depicted in table 3. For
example, AX(¢) = (1,0, ...,0) denotes the event of the birth of a prey and no change in the abundance
of remaining species in time A¢. The probability of this event is (b;(x)Af). Similarly probabilities of
the other events are defined in table 3.

It should be noted that the total number of transitions for an » trophic food chain model is 2n + 1.
The expected values of the changes in small time interval Ar may be obtained as follows.

= a’n—lgn—l(xn—l’ xn) - dn(xn) = fn

E(AX)) = Lbi(x)Ar+ (=1)(a181(x1,x2) +di(x1) + (1 — a1)gi1(x1, x2))At
= (bi(x1) —di(x1) — g1(x1, x2))At [see table 3]
= “lar 2.4)

Similarly, we can find

E(AX) = laiigi-i(xic, xi) + (=D)(@igi(xi, Xiv1) + (1 — @;)gi(xi, Xip1) + di(x;))At

= (im18i-1(xiz1, Xi) — &i(xi, Xiv1) — di(x)At for i=2,3,...,n-1
dx,'

= —Ar 2.5
7 (2.5)

Finally we have,
E(AX,) = (@p-18n-1(Xp-1, X)) — dy(x,))At

dx
At 2.6
7 (2.6)

Now we will find the expressions for variance and co-variance terms for the changes.
We have,

E(AX,-Z) = lza’i—lgi—l(xi—l’ x;) + (—1)2(81'(161‘, Xiv1) + di(x;)At
= (@i-18i-1(Xi—1, X;) + gi(xi, Xiv1) + di(x)) At 2.7)
for i=2,3,...,n—-1 (2.8)
E(AX}) = (bi(x1) + dy(x1) + g1(x1, X2))At (2.9)
E(AX]) = (@ne18n1(Xum1, Xa) + du(X,)) AL (2.10)
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Table 3. Possible transitions in the predator-prey population sizes and the probabilities of
their occurrence for the n-trophic food chain model (2.3).

Event Transition Transition probability
(p)

One birth of prey and no change (1,0,...,0) bi1(x)At = p,

in population size of the remaining

species

One birth of 1* predator due to pre- (-1,1,0,...,0) a181(x1, x2)At = p,

dation on the prey population

One death of prey population and (-1,0,0,...,0) dixA: + (A -
no change in the size of the popu- a1)g1(xy, x2)At = ps3
lations of other species

One birth of 2nd predator due to (0,-1,1,0,...,0) @282(x2, X3)At = py
predation on 1* predator

One death of 1* predator and no (0,-1,0,...,0) d(x)At + (1 -
change in the population size in @7)g2(x2, X3)At = ps
other species

One birth of (n — 1) predator due (0,...,0,-1,1) Ap-18n-1(Xp_1, XAt =
to predation on (n — 2)™ predator Pano2

One death of (n — 2)™ predator and (0,...,0,-1,0) dp1(x-DA + (1 —
no change in the population size of Ap-1)8n-1(Xn_1, XAt =
other species Pan2

One death of (n — 1) predator and (0,...,0,-1) d,(x,)At = py,

no change in the population size of
other species

No change in the population size in  (0,0,...,0) 1 -2 p;
any of the species in the food chain

Now it can be shown that,

E(AX,‘AX,‘_l) = —a/,~_1g,~_1(x,~_1, X,‘)Al for i= 2, 3, NN 1 (211)

It should be noted that, here the randomness in population growth rate is assumed to be demo-
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graphic stochasticity which is the chance variation in the number of individual births and deaths and
usually modeled by birth and death process. So the above model does not depict the random variations
in the environmental conditions although the environmental fluctuation has significant effect on the
population dynamics, for example it may have effect on the survival and reproduction rates [42].

3. Chance of extinction

In this section the expression for the probability of extinction of a particular species population in
the given food chain model is derived. Let 7T',(s) be the first passage time of the random variable X to
the state s. This is also known as persistent time or the first exit time in engineering literature. Thus
the event 7,(0) < T,(b) represents the event that starting with population size x, the species goes to
extinction before reaching to the population size b.

An n dimensional food chain model as given below is considered here.

dx

d_tl = bi(x) —gi(x1, x) —di(x)) = fi (3.1)
dx

d—tz = a181(x1, x2) — g2(x2, x3) —dr(x2) = />

dx

d_t3 = @282(x2, x3) — 83(x3, x4) — d3(x3) = f3

dxn.

dt a’n—lgn—l(xn—l’ xn) - dn(xn) = fn

Suppose we are interested to find the chance of extinction of i”* species. We start with the 1* species
(here the prey population) and subsequently do the same for i species.

3.1. Probability of extinction for prey population
Define,

u(xi, x2,...,x,) = P[Ty,0) < T, (M) (3.2)
1X1(0) = x1, X5(0) = x2,..., X,(0) = x,] (3.3)

In this case it should be noted that, according to the definition u; is not a random variable. We now
derive the pde for u;. It can be shown that,

ul(“xl’XZ""’xﬂ) = P[Txl(o) < Txl(Ml)lxl(O) = Xl,...,Xn(O) = Xn]
= Blui(x; + Axy, x0 + Axp, ..., x, + Ax,)]
0 0
= E[ul(xl,xz,...,xn)+Axlﬂ+...+Ax,, al
0x, ox,

82
+ Z Z Ax;Ax f'W;;,] [ignoring higher order terms]
i
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0 0
0 = EAnI2 v Ea ™ v s EAx 2 (3.4)
6x1 6)62 axn
0u 0u
2 1 2 1
E[(Ax;) ]8_xf + ...+ E[(Ax,)"] o
0u, O uy
2E[Ax; A o+ 2E[Ax, Ax, ] —
+2E[Ax x2]8x18x2 oo+ 2B A A ]Hxn_lﬁx,,
Oouydx;  Ouy dxy ou, dx,
0 = ———+——+...
on dt omdt T an di
azl/tl
(b1(x1) +di(x1) + g1(x1, ) — + ...
Ox;
0u
(an—lgn—l(xn—l’ xn) + dn(xn)) (9_21
xn
2
uj
a181(xy, )Cz)axlax2
(921/!1
_a'n—lgn—l(-xn—l’ xn)aXn_laxn (35)
see (2.4),(2.5),(2.6),(2.7),(2.11)
Now using the expressions of E(AX), E(AXI.Z) and E(AX;AX;_;) and noting that
Ou;  Ourdxy Oupdxs, ou; dx,
—_— s ——t — =+ ... 3.6
ot  Ox dt +6x2 dt - +(9xn dt (3:6)
we get,
ouy 0u, 0’u, O u,
., = 5 s n—18n—-1\Xn-1An) 37— 7 3.7
% a1g1(x x2)0x18xz + aga(x2 x3)8x28x3 +oo t @o18n-1(Xm1s X )Gxn_laxn (3.7)
0u, uy
= (b1(x1) + g1(x1, 02) + di(x1) —— — (@181(x1, X2) + &2(X2, X3) + da(X2)) — — ..
ox; ox;
0’u
- (an—lgn—l(xn—l, -xn) + dn(xn)) 6_21
xn

Theoretically, probability of extinction of the prey species can be obtained by letting M; — co. When
the system is in steady state % =0.
So, in steady state the above pde takes the form,

82141 021/!1 (921/!1
0 = > s n—-18n-1\An-1>An) 73— 5 3.8
1g1(x; x2)8x18x2 + @282(x2 x3)0x28x3 oo+ @18n1 (1, X )axn_lax,, (3.8)
82141 (92141
—(b1(x1) + g1(x1, X2) + di(x1))—— — (@181 (%1, X2) + &2(x2, X3) + da(X2))—— — ...
ox; 0x;
0u
—(@p-18n-1(Xn-1, Xn) + dn(xn))a_zl
xn
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The boundary conditions are given by,

u(0,x2,...,x,) = 1 (3.9

u (M, xp,...,x,) = 0 (3.10)
ui(x1,0,...,x,) = filxy) (3.11)
wy(xy, ..., My 0x,) = Pi(X1, .oy Xty Xigls -5 Xy) SQAY (3.12)

If the system starts with O population for 1* predator, the whole system becomes a single species
dynamical system consisting of the prey population only. Because in this case all the predator popula-
tion will die with probability 1. Hence, the said system will be governed by single species model and
there will be no interaction term. In that case u;(x,...,0) = fj(x). The expression for f; is given by
[35],

M,
- d
fi) = L xpL—P0)ldu where

1 expl-g(u)ldu

3 bi(u) — d(u)
o) = 2f by + dvan

It can be shown that ¢; satisfies (3.4) by setting Axi2 = 0and Ax;Ax; = 0(k = 1,2,...,n,k # 1)
because we assume that when the i species reaches the state M;, the small change in the population
size at i trophic in time At will be negligible compared to M.

3.2. Probability of extinction of population at i trophic level

To find the chance of extinction of the i’ species we define,

Mi(xl,xz, e ’xn) = P[Tx,(O) < Tx,(Ml)lx(O) = x’ Tx,-,l(o) > Tx,-,l(Mi—l)] lf xi’ xi—l ?& O
= 1if ;=0 or x;,; =0 (3.13)

where X = (X, X5,...,X,) and x = (x1, X2, ..., X,).

It should be noted that, in order to find the chance of extinction for i"(i = 2,3,...,n)population,
the condition that the (i — 1) species do not die out (T, ,(0) > T,,_,(M;_))1s imposed. This condition
is necessary because the loss of a species leads to the extinction of other dependant species [1]. u;(x)
represents probability of extinction of i species when M; — co. Now

ui(xi, x2,...,x,) = P[T,(0) <T(M)IXO)=x,T,_,0)>T,_ (M_)]
P[T,(0) < T(M;),T,,_ (0) > T,_ (M;_)|X(0) = x]
P[T,_,(0)>T,_ (M;_)X(0) = x]
w = ) e £0 i=23...n (3.14)
1 —ui1(x)
1if x; or x,; =0

where,
wi—1(x) = P[T,(0) < T,,(M), T,,_,(0) > T,_,(M;-1)|X(0) = x] (3.15)
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Following the same idea as applied in case of deriving the pde for u,, it can be shown that w;_; satisfies
the same pde (3.7) as u; does with the following boundary conditions.

wi1(0,x,...,x,) = 0 (3.16)
wi_l(xl,x2,...,M,~,...,x,,) =0 (317)
Wit (X1, X2, .., My, o0 x,) = wf_l(xlw--7xk—1,xk+1a---,xn)a (3.18)

for k+#1i (3.19)

This y* | satisfies the pde obtained by setting Ax; = 0 and Ax;Ax; = 0 in (3.4) for j = 2,...,n and
Jj#k.
3.3. Case study for two and three dimensional food chain model

So far the discussion revolves around the general n-trophic food chain model. In this section two
particular cases viz. two dimensional and three dimensional food chain model for better understanding
are discussed.

3.3.1. Two dimensional food chain model

First, a two dimensional food chain model (2.1) is considered.
The probability of extinction for theses types of model is also provided in [43].
We define:

u(x,y) = P{T:(0) < T.(M)IX(0) = x,Y(0) = y} (3.20)

where T,(.) is defined earlier. u(x,y) represents the probability of extinction when the dynamical
system start from the state (x, y) allowing M — oo [33]. Now,

M(X, y) = Z:A)CEAyP{Tx(O) < Tx(M) s

X0+ At)=x+Ax,Y(0+ Ar) =y + Ay|X(0) = x, Y(0) = y} (3.21)
From [35], it can be shown that
u(x,y) = E[u(X (A1), Y(AD))|X(0) = x, Y(0) = y] (3.22)

Now,

ou ou 1 *u 0*u
A Ay) = Ax— + Ay— + =(Ax)* == + AxA
u(x + Ax,y + Ay) u(x,y) + x8x+ y6y+2( X) (9x2+ X yax(?y
10%u
ZZ 2 (AV)?
+2(9y2 )

Taking expectation on both sides and using (3.22) we get,

3 Oou ou 1 ,0%u
u(x,y) = u(x,y) + E(Ax)a—x + E(Ay)(')_y + EE(AX) @
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0*u 10%u
E(AxA ——E(Ay)? 3.23
+(xy)é,xay+23y2 (Ay) (3.23)

Using the equation (2.1), we obtain the following equation

0 0
0 = [bi(x)—g(xy) —dy (x)]a—” + [ag(x,y) — do()]—
X Oy

2 2

1 0 0
#3151 + g0 ) + di (x)]a—);‘ ~ag(x,) 5

2

1 o°u
+§[a/g(x, y) + Cl'z(Y)]a—y2

Now replacing the coefficients of 5 ‘7” and a" by and 2 5 respectively, by virtue of the equation (2.1),

t u _ 6udx+6udy

and noting that, o = oma T ar

we obtam the followmg partial differential equation

ou 1 Ou 0*u

0 = 5+ 3@ +gley) +di@lzs —aglry)7 o

1 0’u
+5lag(x.y) + dZ(y)]a_yZ
Therefore the above expression can be written as

? 1 & u 5‘2
L DI+ ) + )] S + g )

1
1 2
=5 lag(x.y) + ()] e (3.24)
In steady state the pde (3.24) takes the form:
1 0’u u
5 (D10 + 806 y) + di(0)] 5 — aglx,y) o~ %
1 *u
+5 lage )+l 7= = 0 (3.25)
Lemma 3.1. The pde (3.25) is elliptic in nature.
Proof. The standard form of a second order partial differential equation is
0’u 0’u 0*u
A— +B +C—
ox? " Oxdy 0y?
ou ou
+D—+E—+Fu+G =0 (3.26)
0x ay

In this case A = 2[bl(x) + g(x,y) +di(x)], B = —ag(x,y) and C = [a/g(x y) + d,(y)]. Therefore,
B> — 4AC = —a(l - a)g*(x,y) — dy(»)(b1(x) + di(x)) — g(x, y)(abl(X) + ad(x) + da(y)) < 0 since
g(x,y),bi1(x),d(x),d>(y) are all positive and @ < 1.

Hence the pde (3.25) is elliptic.

O

Mathematical Biosciences and Engineering Volume 16, Issue 5, 3537-3560



3549

To compute the first passage probabilities given the size of prey and predator, the above equation
is solved numerically. We now proceed to develop appropriate boundary conditions for the above
differential equation. We have,

u(x,y) = P{T(0) < T.(M)|X(0) = x, Y(0) = y}
Therefore

u0,y) = P{T(0) < T.(M)|X(0) =0,Y(0) =y}
= 1 (3.27)

because, if the initial prey population is 0, the event 7,(0) < 7(M) is a certain event.
Also,

u(x,0)

P{T(0) < T«(M)IX(0) = x, Y(0) = 0}
P{T(0) < T«(M)IX(0) = x}
f(x) say (3.28)

The function f(x) is given by ([35])

7 expl-g(u)ldu

fx) = where (3.29)
1 expl—¢(u)ldu
_ b(u) — d(u)

pu) = 2 f b + dan) du (3.30)

Now
uM,y) = P{T«(0) <T«(M)X(0) =M, Y(QO) =y}
= 0, because P{T,(0) < T .(M)XO0)=M}=0 (3.31)
u(x,N) = P{T.(0) < T.(M)X(©O0)=ux,Y(0)=N}
= g(x) (say) (3.32)
The differential equation for g(x) = u(x, N) can be derived by setting the coefficients of giy;‘ and ;;gy in

(3.23) to be 0 as N is assumed to be the maximum possible size of predator population. In addition to
ou

this 5 =0 for stationary state. Thus,
@ =0 (3.33)
dx? '
The boundary conditions are g(0) = u(0,N) = 1,g(M) = u(M, N) = 0. Using this, the solution of the
above differential equation is,

g(x) = u(x,N) =1 - % (3.34)
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Remark 1. We have,
. . X
Mllnoo u(x,N) = Mlgl)lm(l - M) =1 (3.35)
This indicates that if the predator population is at its maximum level, the extinction of the prey

population is inevitable if the prey population is sufficiently small compared to the maximum size (M)
of the prey population.

Now we will develop the method of finding the probability of extinction of predator population. We
define

P{T,(0) < T,(N)IT(0) > T(M),X(0) = x,Y(0) =y} if x,y #0
=1 i x=0 or y=0 (3.36)

v(x,y)

The condition 7,(0) > T,(M) is imposed since otherwise the extinction of predator species is certain.
We can write,

P{Ty(0) < T,(N), T«(0) > T«(M)|X(0) = x, Y(0) = y}

veey) = B(T(0) > Tx(M))
w(x,y)
—1 ~u(xy) (3.37)
where
w(x,y) = B{T,(0) < T,(N), T,(0) > T,(M)|X(0) = x, ¥(0) = y} (3.38)

It can be shown that (in a similar way as in the case of u) w satisfies the same pde as u with the boundary
conditions given next.
We have,

w(0,y)

v(0, y)(1 = u(0,y))
0 (- u@,y) =1) (3.39)

w(M,y) will be obtained as in case of u(x, N) and is found to be,
y
M,y)=1-= 3.40
w(M,y) N (3.40)
Remark 2. We have
w(M, y)
1 —ulM,y)
w(M, y)
1-0
= w(M,y) (3.41)

v(M,y) =

Now it should be noted that,
1 _— 1 — — —_—
th w(M,y) = th (1 N) =1 (3.42)

The implication of this result is that if the prey population size is at its maximum, the predator popula-
tion will reach state 0 before it reaches its maximum (i. e. N) if N is very large compared to the initial
population size of predator.
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The remaining boundary conditions are,

w(x,0) = v(x,0)(1 - u(x,0))
= 1—u(x,0) since v(x,0)=1 (3.43)
w(x,N) =0 (3.44)

3.3.2. Three dimensional food chain model

In many cases tri-trophic food chain model is appropriate to capture more information for a complex
system [44]. In order to find the chance of extinction of a population at any trophic level, we can extend
the above idea for tri-trophic food chain model also. Here a tri-trophic food chain model of the form
given below is considered,

d

d_); = bi(x) — gi(x,y) — di(x)

d

d_); = ;mg1(x,y)— 20,2 —da(y)

d

d_j = @8 (y,2) —ds3(2) (3.45)

Similar procedure may be used to define,
i (%, y,2) = PA{TH(0) < Tx(M)IX(0) = x,Y(0) = y,Z(0) = 2} (3.46)

We can follow the same argument as in the case of general n-trophic food chain model to show that,

ou 1 0*u 1 0*u
a—; = 5[0 +81(0y) +di(@)] Wl ~ 5 [0181(x.3) + 820.2) + o)) W;
1 0*u 0*u 0*u
5 l@2g2(3.2) + d3(2)] y; +a1g1(x, y)ﬁly + a25(y, z)Wa‘z (3.47)

The six boundary conditions on the six surfaces are given by,

Ml(o,y,Z) = 1
ul(Ml’y7Z) =0
I/tl(x, O’ Z) = f(X)

ui(x, My, z2) = fi(x,z) say
ui(x,y,0) = falx,y) say
ui(x,y, Mz) = f3(x,y) say (3.48)
The function fi(x, z) can be found in the following way:
Since M, is assumed to be the maximum possible population size of 1* predator, the decrease of

it by one individual is negligible compared to M,. Hence we may set Ax, = 0 and (Ax,)? = 0 in the
general equation (3.4) for 1* predator.
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This will give the following differential equation in stationary state,

o? 0?
[61(x) + g1(x,y) + d1(x)] 07]2 + [282(y, 2) + d3(2)] gjj =0 (3.49)

/i1 satisfies the boundary conditions,

fl(Ml,Z) = I/tl(Ml,Mz,Z) =0
fie,M3) = 1- Mil
f1(0,z) = 1
AEO) = w(x,My,0)= 1 - — (3.50)
M,

In case of u;(x,y,0), the system is free from 3rd predator and hence it is equivalent to 2dimensional
prey-predator system. This suggest that u,(x,y,0) = u(x,y) = fo(x,y).
Following the argument in order to derive the differential equation for f3, it can be shown that,

0*fs 0’ f3 0 f3
(b1(x) + g1(x, y) + di(x) = + (@181(x, y) + 82(y, M3) + da(y)) =5 — 2a181(x, y) =0 (@B5D
0x ay 0x0y
The boundary conditions for (3.51) are,
HMy,y) = 0
[0,y =1
X
M) = 1—-—
]%(xa 2) M1
f3(x,0) = f(x) (as given in the previous section) (3.52)

In case of 1st predator population we define,

(x,3,2) = P{T(0) < T(M)IT.(0) > To(My),X(0) = x,¥(0) =y, Z(0) = 2} if x,y#0

= 1 if x=0ory=0 (3.53)

As in the case of two dimensional model, the expression for u, can be written in the form,

(ry.s) = D e oL
1 - l/t](.x, y7 Z)
= 1 if x=0o0r y=0 (3.54)
where,
wi(x,y,2) = P[T\(0) < T\(M>), T,(0) > T,(M)|X(0) = x,¥Y(0) =y, Z(0) = 7] (3.55)

w satisfies the same pde as u; with suitable boundary conditions given below.
w1(0,y,z) = 0. From the definition of w; we have,

wi(x,0,2) = P[Ty(0) < T\ (M), T(0) > T«(M)|X(0) = x, Y(0) = 0,Z(0) = z]
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P[T,(0) > T.(M)IX(0) = x,Y(0) = 0,Z(0) = z] X

PITy(0) < Ty(M)IT,(0) > T (M), X(0) = x, Y(0) = 0,Z(0) = z]

= (1 —u(x,0,2)u(x,0,2)

= (I —u(x,0,2)).1 (3.56)

Hence we have w(x,0,2) = 1 —u(x,0,z) = 1 — f(x). It can be shown that w(x, M;,z) = 0. In order
to find w;(x,y, 0) we follow the following procedure.

Let wi(x,y,0) = ¢(x,y)(say). It can be shown that ¢(x, y) satisfies the pde (3.3.2) with the coeflicients
of £¢ Z¢

3 Gyo to be 0. Hence ¢(x, y) satisfies at steady state,

>’ >’
0 = [bi(x)+a1g(x,y) +di(x)] Fre) +aig1(x,y) + £, 2) + da(y)] a2
>

0xdy

#(x, y) satisfies the following boundary conditions. ¢(x,0) = w;(x,0,0) = 1 - f(x) using the expression
for wy(x, 0, z) given above. ¢(x, M,) = 0, #(0,y) = 0 and p(M;,y) = 1 - MLZ
Similarly, wy(x,y, M3) = ¥(x,y) can be shown to satisfy

—2a181(x,y) (3.57)

oMy oMy
0 = [bi(x)+a1g1(x,y) +di(x)] el + [a181(x,y) + &2y, M3) + dr(y)] 57

82
gy, y)% (3.58)

The boundary conditions for ¢ are:
Y(x,0)=1-f(x)
l/’(x9 MZ) =0

lﬁ(o,)’) = MZ(O’y’ MS)(l - Ml(o,)’, M3))
=u(0,y, M3)(1-1)=0

Yy(My,y) =0
Wl(()’ ) Z) = O
wi(My,y,2) = £(y, 2)(say) (3.59)

which can be obtained in similar way.

In continuation of this process of formulating the probability of extinction we can find the same (u3)
for the 2nd predator also.

4. Numerical simulations

In this section the theoretical findings are validated by using the following simple two dimensional
Lotka-Volterra food chain model.

dx

dr

X
1-2)—
rx( K) xy
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d

d—f = axy—dy 4.1
Here r is the intrinsic growth rate of the prey population, K is the carrying capacity, « is the conversion
coeflicient and d is the natural death rate of the predator population. If we compare the model (4.1)
with the model (2.1), we may consider the following birth-death and interaction terms.

bi(x) = (r+1)x—LKx2 4.2)
di(x) = x+%{x2 4.3)
gx,y) = xy 4.4)
dr(y) = dy 4.5)

The probability of extinction of prey population («) and predator population (v) are generated numeri-
cally taking help of finite difference method using the procedure as given in section (3.3.1). Sufficiently
large values of M and N are considered to have better approximation for probability of extinction. The
surface of u(x,y) and v(x, y) are given in the figures 1 and 2.

S 04—

10

5 0 Initial Prey size
Initial Predator size

Figure 1. The plot of u vs. the initial population sizes of prey and predator for the model
(4.1). The parameters are r = 0.2, K = 20, « = 0.5, d = 0.1.
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30

35 Initial Prey size

Figure 2. The plot of v vs. the initial population sizes of prey and predator for the model
(4.1). The parameters are r = 0.2, K = 20, « = 0.5, d = 0.1.

One can notice in the figure 1 that the probability of extinction is high in the region where the initial
population sizes of both prey and predator population are low and vice-versa. Note that it is natural for
any species to be prone to extinction if its initial population size is very small. This natural phenomena
is captured in this proposed method. The solution set of u(x,y) and v(x,y) provide the probability of
extinction of prey and predator population respectively.

To extend the applicability of this method or to understand the theoretical findings in a better way,
we also consider the effect of initial population size of either prey or predator separately on the extinc-
tion probability. We observe that if the prey population size increases, the probability of extinction of
prey population diminishes for any fixed initial population size of predator(Figure 3). The interesting
result we observe that, if the initial size of predator increases, the chance of extinction of prey decreases
until the initial size of predator population reaches a certain value. The further increase in the initial
size of predator increases the chance of extinction of prey population (see Figure 3 and 4). Thus the
presence of a moderate amount of predator in the system is important to avoid extinction of prey which
in turn helps the predator to survive also.

In figure 5, we observe that if the initial prey population increases, the chance of extinction (v
here) of predator decreases rapidly up to a certain value of initial prey. The change in the extinction
probability of predator is not significant for further increase in the prey population and when initial
prey population size exceeds a certain value, the chance of extinction of predator increases. Here also
we observe that if a food chain model start with very high abundance of initial prey population predator
population may become extinct with high probability. We also observe that for any fixed value of initial
prey population, the higher the initial predator population, lower is the chance of extinction of it.
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Figure 3. The plot of u vs. the initial population sizes of prey for three different initial
population size of predator. The parameters are r = 0.2, K = 20, = 0.5,d = 0.1.

20 25 30

Figure 4. The plot of u vs. the initial population sizes of predator for three different initial
population size of prey. The parameters are r = 0.2, K = 20, = 0.5, d = 0.1.

5. Conclusion and future direction

Indiscriminate use of biological resources along with unplanned activity of human [45] has adverse
effect on ecosystem. As a result, a good number of rare and endangered species are becoming extinct
very rapidly. If this continues to happen it can be predicted that the species in the ecosystem will
be extinct in an unprecedented rate [46, 47]. In this context, the assessment of extinction threats of
different rare and endangered species are needed so that corresponding safeguard can be provided.

In this paper we have formulated the technique to find the probability of extinction for an n-trophic
food chain model. This process can be used to find the extinction probability of species belonging to
any trophic level of the food chain and proper conservation policy can be implemented in advance.
This strategy may help significantly to account for the extinction threat of species in widely recognized
bio-diverse places like Atlantic Forest [48], Sumatra and Madagascar etc. [49]. It is observed that,
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Figure 5. The plot of v vs. the initial population sizes of prey for three different initial
population size of predator. The parameters are r = 0.2, K = 20, = 0.5,d = 0.1.

the variables determining the extinction probabilities follow few partial differential equations some of
which are very complex in nature and can not be solved explicitly. The complexity increases with the
increase in the dimension of food chain. So numerical method may be used to find the solution of those
differential equations to get the probability of extinction.

In this paper we consider only demographic variability. The impact of environmental noise on any
food chain is also significant. It will be interesting and more appropriate if this work is extended
incorporating environmental noise also.
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