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POPULATION MODELS IN ALMOST PERIODIC
ENVIRONMENTS

TOKA DIAGANA, SABER ELAYDI, AND ABDUL-AZIZ YAKUBU

ABSTRACT. We establish the basic theory of almost periodic sequences on Z .
Dichotomy techniques are then utilized to find sufficient conditions for the ex-
istence of a globally attracting almost periodic solution of a semilinear system
of difference equations. These existence results are, subsequently, applied to
discretely reproducing populations with and without overlapping generations.
Furthermore, we access evidence for attenuance and resonance in almost peri-
odically forced population models.

1. INTRODUCTION

Despite the fact that all natural populations suffer temporal environmental fluc-
tuations on some scale, experimental and theoretical studies of population responses
to external fluctuations remain relatively rare [8, 9, 10], [12, 13, 14, 15, 16, 17],
[20, 21, 22, 23, 24], [28, 29, 30], [32], and [35, 36, 36, 38, 39, 40, 41]. To study the
effects of fluctuating environments on population dynamics, one can deliberately
fluctuate environmental parameters in controlled laboratory experiments. Jillson
performed such an experiment with laboratory cultures of Tribolium [34]. Others
have used mathematical models to study the effects of periodic forcing on popula-
tion dynamics [8, 9, 10], [12, 13, 14, 15, 16, 17], [20, 21, 22, 23, 24], [29, 30], and
[35, 36, 37, 38|.

Though one can deliberately periodically fluctuate environmental parameters in
controlled laboratory experiments, fluctuations in nature are hardly periodic. That
is, almost periodicity is more likely to accurately describe natural fluctuations.
Almost periodicity has been observed in data collected by Henson et al. on tidal
heights [31]. The ecological literature is filled with future life-history studies of
periodically forced (nonautonomous) classical parametric population models with
time t in Z,. Examples of such periodically forced parametric models with time
t in Zy include the Beverton-Holt, Ricker, Smith-Slatkin and LPA models [9, 10],
[13, 14, 15, 16], and [21, 22, 23, 24].

In this paper, we focus on the effects of almost periodic environments on popu-
lation dynamics. That is, we study future life-history evolutions in these environ-
ments with time ¢ € Z+. For that, we make extensive use of dichotomy techniques
to find sufficient conditions for the existence of a globally attracting almost peri-
odic solution to a semilinear system of difference equations. These existence results
are applied to discretely reproducing populations with and without overlapping
generations.

2000 Mathematics Subject Classification. 34C27; 34K14; 34D23.

Key words and phrases. Bohr almost periodic sequences, Bochner almost periodic sequences,
almost periodicity, regular dichotomy, globally attracting almost periodic solution, Beverton-Holt
equation, Beverton-Holt equation with delay.
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The paper is organized as follows: in Section 2, we establish the theory of al-
most periodic sequences on Zy. In particular, we show that the notions of Bohr
and Bochner almost periodic sequences on Z, are equivalent. In Section 3, we pro-
vide a method to construct almost periodic sequences on Z. . Sufficient conditions
for the existence of a globally attracting almost periodic solution of a semilinear
system of difference equations are given in Section 4 (Theorem 4.6). In Section 5
(respectively, Section 6), we apply Theorem 4.6 to population models with non-
overlapping generations (respectively, overlapping generations). Section 7 is on
accessing evidence of attenuance and resonance in almost periodic environments.
Extensions to population models with delay are developed in Sections 8 and 9, and
the implications of our results are discussed in Section 10.

2. PRELIMINARIES

In this section, we establish the basic theory of almost periodic sequences on Z .
But first, let us introduce the notation needed in the sequel.

Let (R, | - |), (R*, | - |), Ry, Z, Z, be the field of real numbers equipped with
its absolute value, the k—dimensional space of real numbers equipped with the
Euclidean topology, the set of positive real numbers, the set of all integers, and the
set of all nonnegative integers, respectively.

Our main objective in this paper is to find sufficient conditions for the existence of
a globally attracting almost periodic solution of the semilinear systems of difference
equations

(2.1) 2(t+1) = AQa(t) + f(t,x(t), te Ly

where A(t) is a k X k almost periodic matrix function defined on Z,, and the
function f : Z, x R* — R is almost periodic.
To study solutions of Eq. (2.1), we use the fundamental solutions of the system

(2.2) z(t+1)=A)x(t), teZs,

to examine almost periodic solutions of the system of difference equations
(2.3) x(t+1)=A)z(t) +g(t), t€Zy

where ¢ : Z, — R is almost periodic.

Let [°°(Z. ) denote the Banach space of all bounded R¥-valued sequences equipped
with the sup norm defined for each = {z(t)};c5, € 1*(Z+), by

2]l = sup [lz(@)]-
teZy
Let N(Z4) C 1°°(Z+) denote the subspace of all null sequences.
Definition 2.1. [18, 19, 25, 33, 43, 44] An R¥-valued sequence = = {z(t)}iez, is
called Bohr almost periodic if for each € > 0, there exists a positive integer Tp(e)
such that among any Ty(e) consecutive integers, there exists at least one integer 7
with the following property:
|zt +7) —x(t)]| <e, VteZy.

The integer 7 is then called an e-period of the sequence z = {z(t)};c7, -
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Definition 2.2. [18, 19, 25, 33, 43] An R*-valuedsequence x = {(t)}iez, 1s called
Bochner almost periodic if for every sequence {h(t)};c;, C Z there exists a subse-
quence {h(Ks)},ez, such that {a(t + h(K))} ez, converges uniformly in ¢ € Z,.

One should point out that combining the extension theorem [2, Proposition
4.7.1, p. 305] (of an almost periodic function on R to an almost periodic function
R) and [6, Theorem 1.27, p. 47|, it is not hard to see that if {z(t)};ez, is an
RF-valued almost periodic sequence, then there exists a unique almost periodic
function f : R +— RF such that z(t) = f(t) for each t € Z,. Unlike the case of
almost periodicity on Z, here, we make use of other techniques to establish our
preliminary results on almost periodicity on Z, rather than equations of the form
x(t) = f(t),t € Zy.

We use the following result to reconcile the two definitions of almost periodic
sequences.

Proposition 2.3. Let 2™ = {a™(t)},c5, be a Bohr almost periodic sequence con-
verging uniformly in m € Zy to x, then the sequence x is Bohr almost periodic.

Proof. The proof is similar to the one in Halanay [25, Proposition 4.7, p. 229] for
sequences in Z and hence omitted. (Il

The next step consists of showing that the two definitions of almost periodic
sequences in Z, are equivalent.

Theorem 2.4. A sequence x = {x(t)},c5, is Bochner almost periodic if and only
if it is Bohr almost periodic.

Proof. First, we show that if « = {x(t)},c;, is Bochner almost periodic, then it is
Bohr almost periodic. To achieve this, we show that if # = {x(t)};c;, 1s not Bohr
almost periodic, then it is not Bochner almost periodic.

Suppose that x = {slc(t)}tGZJr is not Bohr almost periodic. Then there exists at
least one e > 0 such that for any positive integer Ty, there exist T consecutive
positive integers which contain no e-period related to the sequence {z(t)},c, . Now,
let h(1) € Z4 and let 2c; + 1, 21 +2, 201 4+ 3, ..., 201 — 2,201 — 1 be (201 —2a1 — 1)-
positive integers (a1, 51 € Z4) such that 261 —2aq —2 > 2h(1) or f1 —a; —1 > h(1)
and the sequence 21 + 1, 2a1 + 2,201 + 3, ..., 281 — 2,207 — 1 does not contain any
e-period related to {z(t)},cz, -

Next, let 7(2) = 1(201 + 261) = oy + B1. Clearly, h(2) — h(1) is a (positive)
integer such that 2aq +1 < h(2) — k(1) < 267 — 1, and hence h(2) — h(1) cannot
be an e-period. Thus, there exist 2as + 1, 2as + 2,205 + 3, ..., 282 — 2,285 — 1 such
that 202 — 2as — 2 > 2(h(1) + h(2)), which does not contain any e-period related
to {@(t)}ez, - Setting h(3) = 1(2as + 262) = as + Bo, it follows that h(3) — h(2),
h(3) — h(1) are respectively one of the terms 2as + 1,2as + 2,205 + 3, ...,202 —
2,202 —1, and hence h(3) = h(2), h(3) — h(1) are not e-period related to {z(t)};cz, -
Proceeding as previously, one defines the numbers h(4), h(5), ..., such that none of
the expressions h(i) — h(j) for i > j is an e-period for the sequence {(t)},c7, -
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Consequently, for all ¢,j € Z,
sup x(t + h(i) —x(t+h())I = Sup [[(t + h(i)) — x(t + h(j))]]
= sup [|z(t + h(z) — h(j)) — ()|
1>7
> €.
This proves that {z(t+ h(i))};cz, cannot contain any uniformly convergent se-
quence, and hence {z(t)};c;, is not Bochner almost periodic.

Conversely, suppose that the sequence {av(t)}tEZJr is Bohr almost periodic and
{t; }jEZ+ is a sequence of positive integers. Here, we adapt our proof to the one
given in [25, Proof of Theorem 4.9., p. 230-231]. For each £ > 0 there exists an
integer Ty > 0 such that between t; and Ty + ¢; there exist an e-period 7; with
0 <715 —t; < Tp. Setting s; = 7; — t;, one can see that s; can take only a finite
number (at most Ty + 1) values, and hence there is some s, 0 < s < Ty such that
s; = s for an infinite numbers of j's. Let these indexes be numbered as jj, then we
have

lz(t+t;) —x(t+s;)|| = |t + 75+ s5) —x(t+s5)] <e.
Hence,
lz(t+t;) —x(t+s5)] <e
forall t € Z,.

One may complete the proof by proceeding exactly as in [25, Proof of Theorem

4.9., pp. 230-231] and using [25, Proposition 4.7] relative to Z, rather than Z.

Now let {e,}
from the sequence {z(n +t;)}

be a sequence such that e — 0 as r — oo, say €, = . Now,

rely r+ 1

jezy consider a subsequence chosen so that
Hx(n +t51) —x(n+ 51)H <ej.
Next, from the previous sequence, we take a new subsequence such that
Hx(n +tj2) —x(n+ 52)H < ey.
Repeating this procedure and for each r € Z we obtain a subsequence {x(n + tj{')}
such that

i€y
||x(n +tjr) —x(n+ ST)H < e
Now, for the diagonal sequence, {x(n + tj@)} , for each € > 0 take k() € Z
ez,

such that ) < 5, where €, belongs to the previous sequence {ET}T€Z+ .
Using the fact that the sequences {t;r} and {t;:} are both subsequences of

{tjgc(s) }7 for r > k() we have

Hz(n +tjr) —x(n+t;:)

< ||$(n—|—tj;)—x(n+sk)||
+ H:E(n—i—sk)—x(n—l—tjgﬂ
<
<

Ek(e) T k(o)
E.

Thus, the sequence {:r(n + tﬂ)} is a Cauchy sequence.
* 1€L4
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Let & = {x(i)};cz, and o ={a(j)};cz, be R*-valued sequences. Define

Tow :={y = (yj)jez, - y(j) = lim 2(j + a(i))}.

Theorem 2.5. Let x be a sequence. Suppose that for every pair o, 3’ of sequences
in Z. there exist common subsequences a, 3 where « is a subsequence of &' and (8
that of ', such that T,Tgx = To1px pointwise in Zy. Then x is almost periodic.

The proof of Theorem 2.5 is similar to the one given for sequences in Z [25,
Theorem 4.18, pp 234-235], and is omitted.

The collection of all almost periodic R*-valued sequences on Z, will be denoted
by AP(Z.). It is a Banach space when equipped with the sup norm defined above.

Lemma 2.6. If {x(t)},c;, is almost periodic, then it is bounded.
Proof. Assume that {z(t)},c;, is not bounded. Then for some subsequence
llx(t:)|| — o0 as i — oo.

Let e = 1. Then there exists T'(¢) € Z4 — {0} that satisfies the almost periodicity
definition. There exists ¢; = s1 such that t; = s; > T'(¢). Then among the integers
{s1=T(e)+ 1,81 —T(e)+2,...,81}

there exists s7 such that
lx(t+351) —z(t)] < 1.
Next, choose t; = so such that t; = s > T'(¢) + s1. Then among the integers
{52 — T(E) + 1, S9 — T(E) + 2, vy 52}
there exists sy such that
lz(t +32) —z(t)|| < 1.
Repeating this process, we obtain a sequence {5;} — oo as i — oo such that
|zt +5;) —z@®)|| <1forr=1,2,3, ...,
and a subsequence {s;} of {t;} with {s;} — oo as i — co. Moreover,
where 0 < u; < T(¢).

Since {u;} is finite, there exists u;, that is repeated infinitely many times and
S$;, = Si, + u;,, where i,, — 0o as ¢ — oco. Therefore,

[t +5i,) = x(wi)|| < 1.

Moreover,
[t + si,) = x(wi)|| < 1.
Hence, {z(s;.)} is bounded; a contradiction.
]

Definition 2.7. A real-valued sequence v = {x(t)},c5, is said to be asymptotically
almost periodic if it can be decomposed as

x(t) = u(t) + v(t),
where u = {u(t)}yez, € AP(Z4) and {v(t)},eq, € N(Z4).

The collection of all asymptotically almost periodic R*-valued sequences will be
denoted by AAP(Zy).
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Definitions 2.1, 2.2 and 2.7 are respectively adapted from the definitions of R*-
valued almost periodic sequences and asymptotically almost periodic sequences
r = {x(t)},, defined in Z.

Lemma 2.8. Ifzv = {z()},c;, € AP(Z+) and tlim z(t) =0, then z(t) = 0 for all
teZy.

1
Proof. Let g, = ——l for each ¢t € {0,1,...}. Then there exists T'(¢;) such that
among t,t + 1,...,t + T(e¢) — 1, there exists s; such that
le(t + s:) —x(t)|| < e forallteZy.

Ast — oo, st — o0, z(t + st) — 0, and &; — 0. Hence, ||z(¢)|| < 0. This implies
that z(t) =0 for all t € Z,.
(]

Lemma 2.9. The decomposition of an asymptotically almost periodic sequence is
unique. That is, AP(Z4)N N(Z+) = {0}.
Proof. Suppose that © = {x(t)},c;, can be decomposed as
x(t) = u(t) + v(t)
and

a(t) = o(t) +6(t),

whete u = {u(t)hyes, » v = (WO, € AP(Zy) and {0}z, » (60} es, €
N(Zy). Clearly, u(t) — v(t) = 6(t) — ( ) € AP(Z+)N N(Z4). By Lemma 2.8,

u(t) = v(t) and v(t) = 6(t) for all t € Z
U

Theorem 2.10. Assume that (t,w) — f(t,w) is Lipschitz in w uniformly in t €
Zt. Ifx(t) = u(t)+v(t) is a solution of Eq. (2.1), then {u(t)}t€Z+ is also a solution
of Bq. (2.1), where u = {u(t)}yey, € AP(Zy) and v ={v(t)},cy, € N(Z4).

Proof. Let {x(t)},cz, be an asymptotically almost periodic solution of Eq. (2.1).
That is, z(t) = u(t) + v(t), where {u(t)},c;, € AP(Z+) and {v(t)};cp, € N(Z4).
Now

u(t+1) —A@)u(t) — ftu(t)) = =z(@t+1)—v(t+1)—A@)u(t) — f(t,u(?))

Consequently,

Ju(t +1) = A(t)u(t) — f(tu(®))]|
(L +[[A@DD - llz() = w@)] + lo( + D

(L + sup IIA(t)H) o@D+ o+ DI

IN

IN

Hence, [|u(t+ 1) — A(t)u(t) — f(t,u(t))]| — 0 as t — oo.
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Let w(t) = u(t + 1) — A(t)u(t) — f(t,u(t)). If w(T) # 0 for some ¢t € Z4, let

€= @ > 0. Thus,

(@ +p) — w(o) < 2L

Hence,
jw(T)]

[w(T +p)| 2 ——-
Let I; = [sl, (s 4 1)] be intervals of length I. For each interval I, there exists p;

T
such that |w(T + ps)| > |w(2 )| As s — 00, ps — 00, and
T
Tim fu(t)] > w > 0.

This contradicts the fact that lim;_ |w(¢)] = 0. Therefore, w(t) = 0 for each
t € Zy. That is, u(t + 1) = A(t)u(t) + f(t,u(t)) where {u(t)},c;, is almost
periodic.

U

Definition 2.11. A sequence F': Zy x RP — RY, (¢t,u) — F(t,u) is called almost
periodic in ¢ € Z, uniformly in u € RY if for each € > 0 there exists a positive
integer To(e) such that among any Ty(e) consecutive integers, there exists at least
one integer s with the following property:

|F(t+s,u)— F(t,u)|]| <e
forall u € R? and t € Z.

Theorem 2.12. Suppose that F' : Z, xRP — R, (t,u) — F(t,u) is almost periodic
int € Zy uniformly in uw € RP. If in addition, F is Lipschitz in u € RP uniformly
int € Zy (that is, there exists L > 0 such that

|F(t,u) — F(t,0)|| < L|u—0] Yu,v € RP, t € Z,),

then for every RP-valued almost periodic sequence x = {x(t)}1ez+, the RI-valued
sequence y(t) = F(t,xz(t)) is almost periodic.

Proof. Let x = {m(t)}tez+ be an almost periodic sequence and let y(t) = F(¢, z(t)).
Then, for each € > 0 there exists a positive integer Tp(e) such that among any To(e)
consecutive integers, there exists at least one integer s with the following property:
€
lz(t +s) — x()]| <7 VteZs.

Moreover,

ly(t +5) —y(@) [E(t+ s, 2(t +5)) = F(t,2(1))]]

< |F(t+s2(t +5) — F(t + s,2(0))|
FIEE+s,2(8) = @, 2(0)]]

< Llat+s) —a(®)] + 5
5 g

< 5 + 5 =E€.
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3. CONSTRUCTION OF ALMOST PERIODIC SEQUENCES ON Z.

There are two ways of generating an almost periodic sequence on Z,. One may
start with a periodic function on R or an almost periodic function on R. In the
sequel we will describe these two approaches.

(i) Periodic Functions. Let f : R — R¥ be a periodic function with periodic w.

. . r . .
(a) If w is a rational number, w = —, r, s € Z; with s # 0, then r = sw is also

a period of f. If we let z(t) :sf(t), t € Z, then (x(t))iez, is a periodic
sequence of period r.

(b) Now assume that w is an irrational number. Then f is uniformly continuous
and hence, given € > 0, there exists § > 0 such that |z — y| < § implies

(3.1) 1f(x) = F)ll <e.

. . r r 0
There exists a rational number — such that |w — —| < — and consequently,
s s s

(3.2) |sw —r| < 4.
Define z(t) = f(t), t € Z. Then
[zt +r) —z@) < [|fE+r) = fE+s0)ll
+ I+ sw) = FO
< g,
by Eq. (3.1).
(ii) Almost Periodic Functions. This case can also be divided into two cases. Let

f : R — R* be an almost periodic function,and £ > 0 be given. Then there exists
T'(e) such that for any interval of length T'(¢), there exists a number w with

lf(t+w)— f@)| <e forall ¢teR.
(a) If w = g is rational, then we consider T(¢) = sT(e), @ = sw. If we let

z(t) = f(t), t € Z, it follows that T(¢) and & are the integers needed to
make z(t) almost periodic on Z and
€

(33) 1t +5) - Fll < o

(b) Now assume that w is irrational. Since f is uniformly continuous, given

€ > 0, there exists 6 > 0 such that |z — y| < ¢ implies || f(z) — f(y)|| < g

r r
There exists a rational number —, r, s € Z4 with s # 0 such that |- —w| <
s s

4
—. Hence |r — sw| < ¢ and consequently,
s

(3.4) 1fE+7) — f(t+ sw) <g, for all ¢ e R.
Define z(t) = f(t), t € Z. Then

[zt + ) —x@)] [f(t+7) = f(t+sw)

<
+ I+ sw) = O
< 9

57
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by Eq. (3.3) and Eq. (3.4).
Let T(e) = |sw] + 1 (|-] being the greatest integer function). Then r
and T'(g) provide with the almost periodicity of (z(t))iez.

I. Finally, once we get an almost periodic sequence {z(t)}+cz, we define an asso-
ciated sequence {Z(t)}, where Z(t) = z(t)ug(t) (uo being the Heaviside function).
The sequence {Z(t)} is almost periodic on Z, but not on Z.

II. (a) An example for case (i) is the function f(t) = cos(at) with period w = %r.
Then #(t) = cos(at)ug(t) is almost periodic on Z .

(b) For case (ii), we let f(t) = cos(at) + cos(ft) with I or %T is irrational.
Then #(t) = (cos(at) + sin(S8t)) ug(t) is almost periodic on Zq+ but not on Z.

Remark 3.1. (i) Since almost periodic functions f on R can be approximated by
trigonometric polynomials, it follows that almost periodic sequences Z(t) on Z
that are constructed in the manner described above can also be approximated by
trigonometric sequences.

(ii) Almost periodic sequences may be generated as solutions of scalar difference
equations or systems of difference equations. The following examples elucidate this
point.

Ezample 3.2. Consider the second-order difference equation
x(t+2) —2cosaugp(t)x(t+ 1)+ z(t) =0, z(0)=0, z(1) =1,
where 0 < o < 7 and « is not a multiple of 7. Then the solution is given by
sin(ta)
2(t) = sin o
wx(—4), x(=3), (=2), z(-1) ift<0

where z(—1) = -1, 2(—2) =0, z(-3) =1, x(—4) = 0, and this is of period 4.
Clearly, {z(¢)} is almost periodic on Z; but not on Z.

ift>0

Ezample 3.3. This set of examples is inspired by Corduneanu [6, Theorem 8]. Con-
sider the k-dimensional system of difference equations

x(t+1) = Ax(t) + g(t)
where A is a k X k-matrix and ¢ is assumed to be almost periodic on Z. Then by
[6, Theorem 8], any bounded solution of the previous system is necessarily almost
periodic on Z. And by the construction above this produces an almost periodic
sequence on Z. .

4. REGULAR EXPONENTIAL DICHOTOMY

In Eq. (2.2), the classical definition of dichotomy does not apply, whenever the
state transition matrix

X(t,5) = [] At

is not invertible. In [27], Henry used the following definition to address this problem.
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Definition 4.1. Eq. (2.2) is said to have a regular exponential dichotomy if there
exists k x k projection matrices P(t) with ¢t € Z; and positive constants M and
B € (0,1) such that the following four conditions are satisfied:
(i) A()P(t) = P(t+1)A(t);
(i) The matrix A(t) |r(7—p)) is an isomorphism from R(I/ — P(t)) onto R(I —
P(t+1));
(iil) | X, 7)P(r)x|| < MB7"||z|, for 0 <7 <t, x € RF;
(iv) | X (r,t)(I — P(t)z|| < MB*"||z||, for 0 <7 < t, x € R¥.

By repeated application of [(i), Definition 4.1], we obtain
(4.1) P(t)X(t,s) = X(t,s)P(s).
Define the hull H(z) of a sequence z as follows:
Definition 4.2. The set
H(xz) = {7 | there exists a sequence « in Z, with T,z = T}.
Similarly, for a matrix function A(t), we define

H(A) = {A | there exists a sequence « in Z, with T,A = A},

where T, A = A means that tlim At + a(t)) = A().

Theorem 4.3. Suppose that Eq. (2.2) has a regular exponential dichotomy and

A(t) € H(A(t)). Then the system

x(t+1)=A)x(t)
satisfies a reqular exponential dichotomy with same projections and constants.

Proof. Let T,A = A. Then Xi(t) = X(t + ;) is a fundamental matrix for the
equation

2(t+1) = At + a;)x(t)

and satisfies regular exponential dichotomy with the same projection P(i) and same
constants M and (.

One may take subsequences so that X;(0) converges to Yy. For a suitable sub-
sequence, X;(t) converges to a solution Y (¢) of

z(t+1) = A(t)x(t).
Then Y (0) = Y and Y (¢) satisfies the conditions of regular exponential dichotomy.
O

Theorem 4.4. Suppose that Eq. (2.2) has a regular exponential dichotomy and

A(t) € H(A(t)). Then, Eq. (2.3) has an almost periodic solution given by

t—1 [e%s)
(42) z(t)= Y X(t,r+1)P@r+1)g(r)— Y X(t,r+1)I - P(r+1))g(r),

T=—00 r=t

where X (t,7)P(r) =0 forr >t and g(r) =0 for r < 0.
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Proof. It can be easily verified that Z(¢) defined by Eq. (4.2) is indeed a solution
of Eq. (2.3). Moreover,

[ZOl < { z_: X (& + )P+ 1) + ZIIX(t,r+1)(I—P(7“+1))II}||9||

r=—00 r=t

IA

{ZMﬂt T4 ZMBT“ t}ngn <M || I

Let {a} and {7} be arbitrary sequences of nonnegative integers, and let {a} C
{a} and {7} C {7} be their common subsequences. Then T,,,A = T,T,A and
Toivg =T, Tg. Now,

ta;—1
T(t+o;) = > X(t+a,r+1)Pr+1)g(r) -

T=—00

oo

> X(t+ai,r+1)(I = P(r+1))g(r)
r=t+a;

= Z X+ ay,s+a;+1)P(s+ a; + D)g(s + ;) —

s=—00

iX(t—&—ozi,s—&—ai +1)(I—-P(s+a;+1))g(s+ ;)

s=t

= Z At +a; —1)- - A(s+a; + 1)P(s+ o + 1)g(s + o;) —

S=—00

iA(t+ozi -1 As+a; + 1) — P(s+a; +1))g(s + a;).

lim #(t+a;) = (T.7), = _2_: At —1)--- A(s + 1)P(s + 1)g(s) —
ZAt—l CA(s+1)(I = P(s+1))g(s)
= ;2; (Tad)_y - (Tad) g4y (TaP) oy (Tag), —
i (Tad);_y - (Tad) gy (T = ToP)sra (Tag), -
Moreover, a
(I, Tom), = ti (T TaA), g - (T T A) oy (TVT0P) (T Tag), —

t—1
S (TVTaA), - (TVTaA), (I - T, T, P)
s=t

= (T7+aj)t :

s+1 (T'YTO‘g)s
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Hence, {Z(t)},c;, € AP(Z4).
O

Corollary 4.5. If the zero solution of Eq. (2.2) is uniformly asymptotically stable,
then Eq. (2.3) has a unique globally asymptotically stable almost periodic solution,

=Y (ﬁ A<s>> a(r).

r=0 \s=r

Moreover,
Mpg
z(t)| < —— .
Izl < — 5 gl

Proof. Let y(t) be a solution of Eq. (2.3) with y(0) = yo. Then,

y(t) = X (H)yo + i (H A(S)) g(r).
r=0 \s=r

Therefore,

y(t) = ~(t) + (1),
where (t) is a null sequence. Thus, y(t) is an asymptotically almost periodic
solution of Eq. (2.3). By Lemma 2.9, y(t) € AP(Z,) implies that y = Z. Hence,

)= (ﬁ A<s>> o(r)

r=0 \s=r
is the only almost periodic solution of Eq. (2.3).
It is easy to see that ||Z(t)]| < T3 llgll-

Theorem 4.6. Suppose that f is Lipschitz with Lipschitz constant L. Then Eq. (2.1)
has a unique globally asymptotically stable almost periodic solution if

MpBL
1-p
Proof. Consider the Banach space AP(Z.) equipped with the sup norm. By The-
orem 2.12, if p € AP(Z) then f(¢,(t)) € AP(Zy). Let

I': AP(Z,) — AP(Z.)

(4.3) <1.

be the nonlinear operator defined by

Te) () =3 (H A<s>> £, o).

r=0 \s=r

By Theorem 4.4, T is well defined. Moreover, for v, ¢ € AP(Z,),

I006) () = (0 (O < 725 6 0(6) — 7t 6D
and
I - Dl < T2 llo = ¥l
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T" is a contraction whenever

< 1. Using the Banach fixed point theorem, we

obtain that I' has a unique fixed point, Z. Moreover, T is the globally asymptotically
stable almost periodic solution of Eq. (2.1). O

5. POPULATION MODELS WITH NON-OVERLAPPING GENERATIONS

In some plant populations, growth is a discrete process and generations do not
overlap. To study the impact of periodic environments on the long-term population
dynamics of such populations, various researchers have used simple models of the
general form

(5.1) z(t+1) = f(t,2(t), t€Zy.
where x(t) is the population size at generation ¢ [13-16, 20-23]. The smooth map
f:Z" x]0,00) — (0,00) is the per capita growth rate.

In periodic environments, f is periodic with period p. That is, there exists a
smallest positive integer p satistying f(t + p,z) = f(t, x).

The periodic Beverton-Holt model,

pKa(t)

5.2 z(t+1) = ,
(5:2) U oy g s )
where the constant intrinsic growth rate p > 1 and the carrying capacity K; is
periodic with minimal period p > 2,

Kt-‘rp - Kt > 07

is an example of Eq. (5.2) in periodic environments.
Eq. (2.1) with the linear part, A(¢)z(t), missing reduces to Eq. (5.1). In this
case, one may contemplate the variational system

y(t+1) = B(t)y(t) +g(t,yt)),  teZy
where
BU) = 2 f(t,2(1)),
for some solution z(t) of Eq. (5.1), and
g(t,y(t)) = f(t,y(t)) — Bt)y(t).

However, this approach has at least two basic problems. The first problem is that,
it is difficult to find the solution z(t) of Eq. (5.1). The second problem is that, the
linear part of Eq. (5)) does not satisfy the hypotheses of Theorem 4.6.

To illustrate the difficulties in a specific example, we consider the almost period-
ically forced Beverton-Holt model. That is, in Eq. (5.2) we assume that {K:},c;
is almost periodic in Z, and g > 1. The variational equation around z(t) = 0
associated with Eq. (5.2) is given by

ol = 1) (2()?

K+ (p—Da(t)

However, i > 1 implies that Theorem 4.6 does not apply.

A simple substitution transforms Eq. (5.2) into a linear equation. To be more
specific,

x(t+1) = px(t)
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in Eq. (5.2) yields

n—1
MKt7

Since Ky € AP(Z,), we have Z—Z € AP(Z;). Hence, Corollary 4.5 applies and

(5.3) y(t+1) = %y(t) + tez,

Eq. (5.3) has a unique globally asymptotically stable almost periodic solution y(t).

Consequently,
— 1
z(t) = =
y()
is the unique almost periodic solution of Eq. (5.2), where K; € AP(Z,) and p > 1.
Moreover, for any solution z(t) of Eq. (5.2) we have

u(t) - y(@)|
lu(t)y(®)]
So both y(t) and y(t) are bounded away from zero. As a result,

[2(t) ~ 20| < My(e) - 5.

[a(t) - 2 (0] =

1 1
y(t)  y(t)

Hence, x(t) is globally asymptotically stable. This result was obtained in [32] under
the assumption that the sequence { K;} is defined for all t € Z .

6. PorpuLAaTiION MODELS WITH OVERLAPPING GENERATIONS

In constant environments, theoretical discrete-time population models are usu-
ally formulated under the assumption that the dynamics of the total population
size in generation ¢, denoted by z(t), are governed by equations of the form

(6.1) z(t+1) = f(z(t) +yz(b),
where v € (0,1) is the constant “probability” of surviving per generation, and
f: R4 — Ry models the birth or recruitment process [23].

Almost periodic effects can be introduced into Eq. (6.1) by writing the recruit-
ment function or the survival probability as almost periodic sequences. This is
modeled with the equation

(6.2) o(t+1) = f(t,z(t) + nz(t),
where either {1}, or f(t,2(t)) € AP(Z+) and each v, € (0,1).

In a recent paper, Franke and Yakubu, in [23], studied Eq. (6.2) with the periodic
constant recruitment function

(6.3) f(tz(t) = Ke(1—7),

and with the periodic Beverton-Holt recruitment function
1— Kyx(t

(6.4 it () = LD

(1= y) K 4 (= 1+ y)x(t)’

where the carrying capacity K; is p — periodic, K1, = K, for all ¢ € Z, and
> 1[10, 23]. Franke and Yakubu proved that, the periodically forced recruitment
functions Eq. (6.3) and Eq. (6.4) generate globally attracting cycles in Eq. (6.2),
see [23]. Here, we use Theorem 4.3 to show that when both {Ki},c,, and {vi},cz,
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are almost periodic, then Eq. (6.2) supports a unique globally asymptotically sta-
ble almost periodic solution whenever the recruitment function is either Eq. (6.3)
(almost periodic constant) or Eq. (6.4) (Almost periodic Beverton-Holt’s model).

Theorem 6.1. Let
(1 — ) uK (1)

t,x(t)) = ,
Jt20) (1 =7) K+ (p =1+ 7)x(t)
where both {Ki},ez, and {i},ez, are almost periodic, eachy, € (0,1), K¢ > 0 and

w>1. Then Eq. (6.2) has a unique globally asymptotically stable almost periodic
solution whenever

1
sup {'Yt |t€Z+} < m
Proof. Eq. (6.2) is in the form of Eq. (2.1), where
A(t) = Yt
and
1-— Kiax(t
Flt(t)) = IR
(1 =) Ke + (0 — 1+ v)x(t)
Consequently,

(1 — w)*uKt? | — y|
(1 =72 K7 + (= 1+ 7) (L = y) Ke(z + y) + (n — L+ %)y
plr —yl.
Hence, f is Lipschitz with the Lipschitz constant L = pu. Let M = 1 and
B = sup {’Yt |t€Z+}' Then, sup {% ‘tez+} <

\f(t,x)—f(t,y)\ S

IN

1
implies that
p+1

MpBL _ f . Sup {% |t€Z+}
1—8  1—sup{v ez, }
and Eq. (4.3), is satisfied. Applying Theorem 4.6 yields the result.

<1

O

Proceeding exactly as in the proof of Theorem 6.1, it is easy to see that, when
ft,z(t)) = K¢ (1 — ), then f(t,z) — f(t,y) = 0 and the following result is imme-
diate.

Corollary 6.2. Let f(t,x(t)) = Ki(1 = v), where both {Ki},eq, and {vi},eq,
are almost periodic, each v; € (0,1) and Ky > 0. Then Eq. (6.2) has a unique
globally asymptotically stable almost periodic solution whenever

sup {v |tez, } < 1.

7. ATTENUANCE AND RESONANT CYCLES IN ALMOST PERIODIC
ENVIRONMENTS

Periodic environments usually diminish (respectively, enhance) populations via
attenuant (respectively, resonant) stable cycles [7, 8, 9, 10], [13, 14, 15, 16], and
[21, 22, 23, 24]. In this section, we focus on using precise mathematical definitions of
attenuance and resonance to access evidence for attenuance or resonance in almost
periodic environments. In particular, we prove that Model, Eq. (6.2), supports
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attenuant cycles when the recruitment function is the almost periodically forced
Beverton-Holt model and the survival probability is constant (non-almost periodic).
To be precise, define

M(a;) = lim [“t“ ot at“]

7

as the mean value of an almost periodic sequence {a;} on Z, . (see [25] for a similar
proof for almost periodic sequence {a;} on Z.) M (a;) is then called the mean value

of {a:}.

Lemma 7.1. Let {x:} be an almost periodic scalar sequence on Z. Then M (x)
exists.

Proof. The proof is similar to the proof of Theorem 5, p. 690 in Kay Fan [18] and
will be omitted.

Remark 7.2. The above proof of Lemma 7.1 can be extended to R™ or Banach
spaces.

In Eq. (6.2), let
1— Kix(t
() = S
(L= 7)Ke 4+ (p =1+ y)z(t)
where {K:},c;, and {y},c,, are almost periodic, and each v, € (0,1), K; > 0 and

u > 1. By Corollary 6.2, Eq. (6.2) has a globally asymptotically almost periodic

solution {Z(t)} whenever sup {7 [¢cz, } < ﬁ

Open Problem: Under what conditions do we have

(7.1) M(@(t)) < M(K:)? (attenuance)
(7.2) M(Z(t)) > M(K:)? (resonance)
Theorem 7.3. . In Eq. (6.2), let

(1 — y)pkKa(t)
t,xz(t)) = ,
650 = TR+ (= 1+ 3020
where {Ki}ycp, is almost periodic, and each v, =y € (0,1), Ky > 0 and p > 1.
Then,
(1) M(K;) < sup{Kt |teZ+} < 00

t—1 t—1
. 1 , 1
(2) Jim sup - ;I(t) < Jim sup - ;Kt»

for any solution x(t). If T(t) is the unique almost periodic solution, then

M(z(t)) < M(Ky).
Proof. By Lemma 2.6, {Ki},c;, is almost periodic implies {Ki},c;, is bounded.
Hence, sup {K; |¢ez, } < oo.

n—1

1 1
M(K;) = lim = Z K; < lim ~isup {Ki |iez, } = sup { K ez, } < oo.
1=0
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This establishes (1).

1 =
To prove (2), let z(t =7 x(i 1Y K
=0 i:O
&
2(0) 1 K
= +—Zm(z—|—1)
t+1 t+1 =
t )
z(0 1 1 —y)uK;x(
:tii t+1 Ll (K-)M ﬁ) +7ﬂ)}
2T+ (= 1+2)20)
_ (p=14v)z(i)
z(0) v & — ) ( I-NEK; )

. V)1 (n— 1+
t+1) = -
2+ 1) t+1+t+1.§:9€<’)+ (t+1) E: Iy ==,
=0 1-7)K;

P
— 1+ 7)z(i)
—|—§Kz (1—9y)u ZKh( (1—7)K; )
i+ (- 147) =t ’
S K.

=0

t
where h(t) = ——, b <.
1+t
Notice that & is strictly convex and satisfies Jensen’s inequality. Thus,

(O]
R =14 7)a()

1
2(0) | ot -y X B, (-1
Z(t+1)<t+1+t+1Z(t)+(t+1)(M_1+7)iOthE M

lxmm—uw) (i)
P (I-E

i=0
_ax(0) At (1 = yutKe rmo

R I S TR T Ki(u=1%7) .7y

iz 7)ot 1] Ww(z)

% K+~ TR 7

i=0 t i=0 %K
=0
z(0) ~t t z(t)

t+1) < W) Ky
I e =)

Let A = limsupsupz(¢) and § = limsup K,,. Then, there exists a sequence
t; — oo such that 1im z(t; + 1) = X and subsequence {z(¢;)} and {K,,} satisfying

lim z(¢;) < A, and tht <.
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Since H (u,v) =

n is increasing in both arguments and (0,7)?2, we have
u+v

o . I
S Iy =E=yy

Therefore, (1 — )M + (1 — 1 +7)A? < pubX
= p=-1+)A<(p—14+7)0
= A<0.
Investigate attenuance and resonance of the general Beverton—Holt equation

(1 - ’Yn)/LKnmn
L= yn)Kn + (= 1+ y)2n

Tn+l = ( T Inn

Y, Ky € AP(Zy).

8. PoruLATION MODELS WITH DELAY

To study population models with constant delay in almost periodic environments,
we consider delay difference equations. Our main concern in this section is to
find sufficient conditions for the existence of a globally attracting almost periodic
solution of the semilinear systems of difference equations with delay

(8.1) z(t+1)=At)z(t) + ft,z(t —r),z(t —r +1),...,2(t)), teZy

where A(t) is a continuous k x k almost periodic matrix defined on Z, and the
function f : Zyx(RF)™* s RE (t,u) — f(t,u) is almost periodic in t € Z,
uniformly in u € (R¥)"*1. The proof of the following Lemma is straightforward.

Lemma 8.1. Let x = {x(t) }icz, be an RP-valued almost periodic sequence. Then
the sequence defined by y(t) := x(t —r) for all t > r, for some fized v € Zy, is
almost periodic.

Proposition 8.2. Suppose that f is globally Lipschitz with Lipschitz constant L.
Then Eq. (8.1)has a unique globally asymptotically stable almost periodic solution
whenever
MpBLyT+1 1
-5
where M and (B are the dichotomy constants for the linear part of Eq. (8.1) and r
is the delay time.

9. THE BEVERTON-HOLT’S MODEL WITH DELAY

In this section, we study the Beverton-Holt model with delay in almost periodic
environments. Thus, we consider the equation

(9.1) z(t+1)=yzlt)+ ft,z(t —r),z(t —r+1),..,2(t))

for all ¢ € Z,, where (v;)icz, is an almost periodic sequence and f : Z; X
[0,00)" ! [0,00), (t,u) — f(t,u) is almost periodic in ¢t € Z, uniformly in
u = (ug, U, ....,u,) € [0,00)"+1L.

One requires the following assumption:



POPULATION MODELS IN ALMOST PERIODIC ENVIRONMENTS 19

(H) f:Zy x[0,00)"" — [0,00), (t,u) — f(t,u) is almost periodic in t € Z,
uniformly in u € [0,00)" 1. Moreover, f is Lipschitz in u € [0,00)" ! uniformly
inteZy, ie., there exists L > 0 such that

. 1/2
|f(t, wo,ur, ooy uy) — f (&, 00,01, ., 00)| < L. (Z lug — vk2>
k=0

for all t € Z, and (ug,...,u,), (vo,...,v.) € [0,00)" 1.
For instance
f(t,x) _ (1 — ’yt)ll'LKt(E
(I =) K+ (p— 1+ 7))z
for t € Z4 and 2 € [0,00) satisfies assumption (H) whenever both (v;);ez, and
(K¢)tez, are almost periodic. In that case, L = p.
The constants of dichotomy related to Eq. (9.1) are respectively M = 1 and

B = SUPiez, Yt € (0,1).

Corollary 9.1. Under assumption (H), Eq. (9.1) has a unique globally asymptot-
ically stable almost periodic solution whenever

1
< —.
P T Ivisd

For instance if L = 1.01, we then get the following approximations of 3y in terms
of r, the number of delays being considered:

)
T T i
0 ~ 0.4975
i ~ 04118
3 ~0.3637
3 ~0.3311
1 ~ 0.3068
5 ~ 0.2878
6 ~0.2723
20 ~0.1776

100 ~ 0.0896

In view of the above, the following version of the Beverton-Holt equation with
delay given by

(1= y)pKy(t — 1)
(1 =) K + (n = 1+ y)a(t)’ t=21

z(t+1) = ~vyax(t)+
z(0) = xo

has a unique globally asymptotically stable almost periodic solution whenever

6<;
1+m@
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with g > 1. However, if we consider the original version of Beverton-Holt equation
with delay in the form

_ (1 —ye)pKa(t — 1)
S L o VR P ey g s ML
z(0) = a9

we obtain a better result if we convert the equation into a two-dimensional system
with no delay and apply Theorem 4.6 directly. It follows that this equation has a
unique globally asymptotically stable almost periodic solution whenever

1
<7
p 1+p

with p > 1.

10. CONCLUSION

Almost periodic deterministic models are more likely to capture the “noise”
associated with real-population data. Using these models, we study the effects
of almost periodic forcing of the carrying capacity, the demographic characteristic
and survival rates of species on the long-term behavior of discretely reproducing
populations. Others have studied the effects of periodic forcing of the carrying
capacity, the demographic characteristic and survival rates of species on population
dynamics [8, 9, 10], [12, 13, 14, 15, 16], [20, 21, 22, 23, 24], [28, 29, 30, 31], and
[34, 35, 36, 37]. Typically, such periodically forced models support attracting cycles
that are either enhance via resonance or diminished via attenuance.

In almost periodic environments, simple population models support a globally
attracting almost periodic solution. Developing a signature function for determining
whether the almost periodic solution is attenuance or resonance is an interesting
question that we plan to explore elsewhere.
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