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Abstract

We consider an age-structured population model achieved by modifying the classical
Sharpe-Lotka-McKendrick model, incorporating an overcrowding effect or competition
for resources term. This term depends on the whole population rather than on any specific
age group, in the case of overcrowding or limitation of resources. We investigate the solu-
tions for arbitrary initial conditions. We consider the existence of a steady age distribution
and its stability and are able to determine this for a simple illustrative case. If the non-trivial
steady age distribution is unstable, there is a critical initial population size beyond which
the population explodes. This watershed is independent of the shape of the initial age
distribution.

1. Introduction

Some of the earliest population models developed were proposed by Malthus in 1798
[6] and then by Verhulst in 1838. These models are unstructured and so ignore
the properties of individuals and in particular ageing of individuals is not taken into
account. Hence they consider only the total number of individuals in the population.
The limitation of these models is that all members of the population are assumed to be
equally likely to die or to reproduce. However, the Verhulst population model allows
for overcrowding effects and limitation of resources, and the population approaches
a non-trivial equilibrium state called the carrying capacity K as time, ¢, approaches
infinity. In other words, the rate of growth becomes depressed as the total population
increases, to compensate for the effect of overcrowding until it reaches the carrying
capacity which is an equilibrium state.
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It is only relatively recently that the effect of age of the individuals in a population
on the growth of that population has been considered. Among the first ‘continuous’
population models incorporating age effects were those of Sharpe and Lotka [10]
and McKendrick [7]. Basically, the Sharpe-Lotka-McKendrick model assumes that
birth and mortality processes are linear functions of population density. Leslie [4]
used discrete age compartments (giving rise to Leslie matrices) and in [3] used both
discrete time and age compartments. The methods used here generalise these for
a completely non-discrete model introduced below. Gurtin and MacCamy [1] and
Hoppensteadt [2] introduced the first models of nonlinear continuous age-dependent
population dynamics. Wake et al. [11] considered age-structured disease models but
with nonlinear terms in the disease-transmission formulation. Here we consider the
effect of overall population density on the age distribution as suggested by Pollak [9].
Consequently, the equations of that model, as in the case of the Verhulstian models,
contained nonlinear terms involving the total population. By analogy with the Verhul-
stian models of age-independent population dynamics, these nonlinearities provided a
mechanism by which the population might stabilise to a non-trivial equilibrium state
as time evolves.

2. The formulation of the age-structured model

The classical model of linear age-dependent population dynamics represented by
the Sharpe-Lotka equation is formulated as follows. '

Let n(a, t) be the population density (or age distribution) with respect to age a of
a population at time ¢. The units of n(a, ¢) are given in units of population divided by
units of time. Accordingly, the total number of individuals between ages a; and a, is

given by
a;
/ n(a, t) da,
ay

where n(a, 1) is taken to be a smooth function of (a, t). The total population at time
t of all members of the population is given by

N@® = [oon(a, tda.
0

The upper limit of the chronological age of the species considered is, of course, some
finite number, but it will be assumed for convenience to be infinite with n(0c0, t) = 0
and with N (r) being finite. This density function satisfies the so-called balance law
(or ageing process of the population).

The equation describing the growth of the population is formulated as follows.
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The change occurring in the population of individuals of age a at a time ¢ in a
particular time interval is proportional to the product of the size of the population and
the length of time interval d¢. (Note that the small time interval of size dr may be
chosen for convenience as equal to da as used by Nisbet and Gurney [8].)

Thus we have change in n = rate of removal by death over time interval dt, or

n(a+da,t+dt) —n(a,t) = —ula, Hn(a, 1) dt,

where pu(a, 1) is the nonnegative age-dependent death rate. By dividing this equation
by dt and finding the limit as d¢r — 0 (dt = da, of course), we have

2—: + -z—Z =—ula,t)n, t,a>0. 2.1)
This is the equation for age-dependent population growth which is a linear first-order
hyperbolic partial differential equation. It is known as the McKendrick equation
and derived in other contexts as Von Foerster’s equation. Here only the death rate
(removal) is included and the birth rate is not involved in the equation because, when
individuals are born at a = 0, they are introduced into the population through the
boundary (renewal) condition.

The number of newborn individuals introduced into the population is given by

n0,1) = / Bla)n(a, t)da, 2.2
0

where B gives the nonnegative age-dependent birth rate such that B(a)da is the
average number of offspring produced per unit time by an individual of age a in time
interval (¢, t + dt). The above equation is also called the renewal equation. The value
of n(0, #) at any time ¢ depends on the age distribution of the population at that time,
as determined by the integral of the density n(a, t) weighted with the specific birth
rate S(a).

Finally, the initial age-distribution of the population is assumed to be known

n(a, 0) = ny(a). (23)

This is a known nonnegative function of age a. Notice that (2.2) is not required to
hold at # = 0. If (2.2) does hold at ¢ = 0, then (2.2) and (2.3) must be compatible in
the sense that

/ B(@)no(a) da = no(0).
0

The above condition is called the compatibility condition, and is not, in general,
required of the initial age distribution.

https://doi.org/10.1017/51446181100013237 Published online by Cambridge University Press


https://doi.org/10.1017/S1446181100013237

156 Norhayati and G. C. Wake (4]

3. The nonlinear age-structured population model

We now extend our model (2.1) to become nonlinear:

dn  on
—+—=—/,Ln(1+kN), t,a>0r (31)
at  da

with renewal condition
o0
n(,1) = ﬂf n(a, t)da, 3.2)
0

where we have assumed, for simplicity, that 8 and u are independent of age, and
initial age distribution

n(a, 0) = nyo(a). 3.3)

The assumption of constant birth rate and the specific non-age-dependence of the
death rate is made so that the existence (under certain conditions) of a supercritical
bifurcation can be obtained analytically. Also the nature of the watershed for the
subcritical bifurcation (when it exists) can be easily quantified. The model here is
genuinely age-structured as seen by the solution given below (see (4.4)) where the
steady-age distribution is non-constant (see (5.5)).

We also define the total population at time ¢ introduced in (3.1) to be

N(@) = /°° n(a,t)da. (3.4)
0

The factor (14 kN) on the right-hand side of (3.1) contributes to limiting effects which
may be due to overcrowding effects and lack of resources. As such it is not dependent
on a “local age group” but on the whole population. The parameter k can either be
positive or negative. The former case (k > 0) is the most familiar: “over-crowding”,
the effects of increased disease, competition etc. causing an increased death rate. The
latter case (k < 0) is less familiar in practice, but does arise in less sophisticated
population cohorts, where predation rates efc. decrease with population size N.

4, The solutions of the nonlinear age-structured model

The solutions of our model for a general arbitrary function no(a) may be found by
taking the Laplace transform in a for n(a, t), which is given by

n(p,t) = / e ?n(a, t)da.
0

https://doi.org/10.1017/51446181100013237 Published online by Cambridge University Press


https://doi.org/10.1017/S1446181100013237

[5] A nonlinear age-structured population model 157

Then our model becomes

o
a—'t' +pii —n(0, ) = —pA(l + kN (D).
But by (3.2) and (3.4), we have n(0, t) = BN (1). Henc¢ we have to solve the equation
an '. '
5 [p+u+ ukN(@)in=BN@), 4.1

with initial condition n(p, 0) = ne(p).
Therefore we find n(p, t) to be

n(p,t) = Wexp (—pt—ut—uk[ N(s)ds),
0

where W = B [J N(r)e? b N®dsgr 4 7ig(p).
The population density can then.be found by inverting the above equation. We thus
obtain

n(a, t) = Be e I NOBN (¢t _ aYH (1 — a)
+ ngla — t)H(a — e #rhN®ds 4.2)

where H is the Heaviside (unit step) function.
Equation (4.2) satisfies the equation n(0, r) = BN (¢) trivially. From (3.4) we have
that

N(t)=/wn(a,t)da=/1n(a,t)da+fwn(a,t)da.
0 0 !

Therefore substituting (4.2) into the above equation and evaluating the integrals, we
obtain the total population N (¢):
— w)N
N(1) = (B — m)No (4.3)
[B — 1 — pkNole®“=P" + kN
suchthat [* no(a—t)da = [ no(r)dr = Ny, where N (0) = Ny is the total number
of individuals alive at t = 0.
It is possible to substitute (4.3) into the solution (4.2) to get

,B(ﬁ —_ ;L)Noe(ﬂ_“)("")
(B — i — ukNo) + pkNoet-wr’
B(B — u)no(a — 1)
(B — 1 — ukNo) + pkNoeb-w1’
Of course, we could obtain (2.1) by solving the integrated form of (3.1); but we could
not obtain n(a, ¢) this way, nor fully investigate the dependence of the stability of any
s.a.d. on the initial condition ng(a), which we discuss in the next section.

t>a

n(a,t) = 4.4)

1 <a.
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5. The steady age distribution and its stability

For our simple model described in Section 3, we are particularly interested in the
long-term behaviour or steady age distribution (s.a.d.). As such, before we begin our
investigation, we assume that there exists a critical value C, say C,. This is said to
represent the edge of the stable manifold of n,(a) = 0.

Let us first define an equilibrium solution to (3.1)~(3.3), n(a, t) — n(a), that is
independent of time. The function n,(a) is the s.a.d.

An equilibrium solution will satisfy the equation

on,
da

= _“ns(l + kN.r)

and the renewal condition from (3.2) is then simplified to become

n,(0) = ﬂ/ n,(a)da = BN,
0

where n,(0) is the (constant) birth rate at equilibrium. The solution of the above
equation then becomes

ny(a) = L exp[—una(l + kNy)], (5.1)

where n (0) = L.
Substituting (5.1) into the renewal condition, we obtain

B

L= (5.2)

We denote this as R(0), representing the expected number of offspring produced in a
lifetime by an individual in the absence of disease and set it equal to 1. Equation (5.2)
is required for the existence of an s.a.d. and only then can this case be examined
further. (This is particularly useful in determining the stability and will be discussed
in Section 6.)

Rearranging (5.1) we have

il

N, =
wk

(5.3)

From (3.4), the total population is N; = f0°° n,(a)da. Substituting (5.1) into the
above equation gives

_ L
T u(l+ kN

s

https://doi.org/10.1017/51446181100013237 Published online by Cambridge University Press


https://doi.org/10.1017/S1446181100013237

) A nonlinear age-structured population model 159

To find the value for the arbitrary constant L, we substitute (5.3) into this expression

to give
2
L=u(N:+ka)=u(ﬂ—?—“+k(ﬁ-u) )

773 uk
Simplifying further, we have
_BB-w

4
L py 54)
Combining (4.4), (5.2) and (5.3), we obtain
na)y=LL M b gng N, =PH (5.5)
uk wk

This is the equation of the non-trivial s.a.d. for our model.

6. General discussion on the stability of the steady-state distribution

We shall consider the simplest and most common notion of (Lyapunov) stability for
differential equation systems. Our approach will be the standard method of linearising
the model about a solution (usually an equilibrium) whose stability or instability is
of interest. We have denoted the equilibrium solution to be ng(a). This method of
course yields stability results which are in general only local near the solution being
considered. Although such local stability results are sometimes criticised as being
too restrictive and inappropriate in general for the study of what should be a broader
concept of ‘ecological stability’, we will justify this approach by saying that such a
study contributes at least a first step towards understanding the qualitative nature of
the models considered here. Further, the outcome should reflect the global results,
which we obtain in full later. -

Let us first of all assume that the solution to our model is of the form

n(a, t) = ny(a) + u(a, ). 6.1
Substituting this into (3.1) and linearising the resulting equations about ¥ = 0O gives
a a it
Z = _pkny(a) f u(a, ) da. 6.2)
dar da 0

We try a solution of the form u(a, t) = g(a)e, where A is a constant. Substitufing
this into (6.1) and simplifying gives

g@=—(u+xrg- //«kn:(a)/o g(a)da.
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Solving this and using the renewal equation which is now

g0) =28 fo g(a) da, (6.3)
we get

glay=A (e'(““)“ _Hk e~ HHV@=Dp (b) db) ,
B Jo

where g(0) = A is a constant. Putting this last expression in the renewal condition

(6.3) we get, for A # 0,

l=RA)=———1 / f ~w@-by (hydbda. 6.4)

The equation of this form is often known as the characteristic equation. This type
of equation was first discovered by Lotka [6]). Here the birth rate 8 and death rate
parameter pu are taken to be constants. The right-hand side of (6.4) is a strictly
decreasing function of A which assumes all values in (—o0, 00). In this case, (6.4)
has a unique real solution A* and for this choice of A*, (6.4) describes the stability of
the s.a.d. for all values of A or g(0) depending upon the sign of A*. Substituting the
two expressions for n,(a) into (6.4) will determine the local stability of these s.a.d.’s.
However, this is more easily determined by the exact solution in (4.4) for n;(a) # 0.

7. The analysis of the stability of the s.a.d.’s

In Section 4, we have found the expression for the total population to be given
by (4.3). We also found the expression for n(a, ) in (4.4). Let us now look at the
stability of the s.a.d. of our model at the following intervals
(A) the trivial solution (N (r) # 0),

(B) the two non-trivial branches. The two branches are:
e when g > pand k > 0 and
o whenf < uandk <O.

Case A. For the trivial solution, first of all we have that (5.2) takes the form
R(0) = 1 = B/u and (6.4) takes the form R(0) = B8/(u + 1).

However, R(}) is a decreasing function of A, so that if R(0) < 1 we have A < 0
and the trivial solution is asymptotically stable. For 8 > u, in contrast we have A > 0
and the trivial solution is unstable.

Case B. (i) If B > u and k > 0, then the term in the denominator of (4.3) which
dominates at large ¢ is wkNy so that N(t) — (B — w)/unk. This means that on
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N;
*
globally attracting
(asymptotically stable)
stable unstable
[ B
FIGURE 1. The sketch of the bifurcation diagram N, against 8 when k > 0.
N(»)
*
B—wu global attractor
uk T T T
* ¥k
t

FIGURE 2. The population-time graph (transient diagram) when 8 > u and k > 0 showing the global
attractor.
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this branch, N (¢) will always tend to the value (8 — u)/uk. This expression is
said to be the global attractor and means that the total population is asymptotically
stable and does not depend on the total population size. This is a robust outcome.
The bifurcation diagram (Figure 1) and transient diagram (Figure 2) still apply for
this problem. Clearly (4.4) shows that n,(a) is also globally asymptotically stable

independent of ny(a).
(ii) For B < p and k < 0, (4.3) can be simplified to
1
N@ = -
[L N __":f_] ot _ Mk
No wu-8 w—B

We shall now consider the following cases in conjunction with the above equation.

Case 1. N(t) —> Oast — oo (thatis, when N is sufficiently small); for N(¢) — O,
we need the denominator to tend to infinity. When ¢t — K then ¢*#" — +K, but
its sign is determined by k. For it to be positive we require

1 k
[-—+ e ]>0.
No p—-8

Therefore we obtain the critical value for the initial total population, Ny, given by

Noo = B _k“ . thatis,if No < Noor, N(t) = O.
uw

(Remember k£ > 0 and i > B in this case.)
Case 2. There exists t* such that N(1) — 0o as ¢t — ¢* for large Ny; in this case
we need the denominator to be zero at ¢ = ¢*,

[i + Lk_:l PN — Bk
No n-—-8 nw—p
or

. 1 [ /..LkNo

= In .

p—B n— B+ pkNo
From B (ii) this implies that at this branch, if we start with a total population N ()
below the critical value Ny, = (8 —u)/uK, the population will die out and if we start
with a value of N () above this critical value then the population will explode, that is,
N (1) becomes unbounded at ¢+ = ¢*. This implies that there is a watershed effect at
Noor- Thus it is unstable (see Figure 3). The population-time graph is represented by
Figure 4.
We note that the watérshed condition for Ng = Ny, is independent of the shape

of the initial conditions. This sometimes occurs when there are multiple non-trivial
steady states.
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k < 0 (unstable) (asymptotically stable)

watershed

asymptotically u unstable
stable

FIGURE 3. The sketch of the bifurcation diagram N, against 8 when k < 0 showing the warershed at the
point (8 — p)/pk.

Super-critical
N(@)

Knife-edge

R et Tt

Subcritical

b — —

FIGURE 4. The population-time graph (transient diagram) for the case 8 < p and £ < 0.
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8. Conclusions

We have considered an age-structured population model which includes the effect
of overcrowding or limitation of resources affecting the whole population instead of
a specific age group only. This is expected to provide a better correlation with real
biological situations especially for more highly structured animal populations and
better still if we encounter the effect of overcrowding and limitation of resources.
Together with the study of a steady age-distribution (s.a.d.) and its stability, we have a
better understanding of the long-term behaviour of these solutions. We conclude that
there exists a watershed corresponding to an instability if the birth rate is less than the .
death rate. If the death rate density dependent parameter k is less than zero, there is a
critical value of the initial population. This threshold does not depend on the shape of
no(a), only on the total value over all ages, Nqg. This contrasts with what happens in
diffusion models. On the other hand, when the birth rate is greater than the death rate
there is a global attraction towards the steady-state or survival population.

The next task is to extend this analysis to the even more realistic case of age-
dependent birth and death processes. Under quite robust and realistic scenarios it is
conjectured that the outcomes will be similar.
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