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1. The model

This study is inspired by observations of distributions of peculiar fish species in Lake Tanganyika [1]. In this lake,
extraordinarily in the world, the carnivore fishes have asymmetric faces. Actually they can be divided into two groups:
those with mouths turned to left and right, respectively. The members of the first group (with “left mouth”) attack their
prey mainly from the left while the other group prefers to attack from the right. One has observed that the prey, actually
herbivore fish, try to adapt to the distribution of left and right attacks against them. Their strategy seems to be rather rigid:
a given individual herbivore does not change his preference of paying more attention to against attacks from the left or from
the right during his life.

The above situation suggests several mathematical models concerning the development of population numbers or total
weights of the groups of left or right mouth carnivores and the groups of herbivores with various strategies against them.

Throughout this work let £ and X be two (finite) index sets representing the groups of herbivores and carnivores,
respectively. In the case described above we simply have two elements in both { and X; namely, the groups of herbivores
with right and left attention preference in £, and the groups of carnivores with right and left distorted mouths in K. However,
for technical reasons we may not restrict the numbers of the subspecies. In the sequel we shall write n; = n;(t) for the
number of the herbivores at time ¢ in group i € 4. Similarly, m, = m(t) will denote the number of the carnivores at time
t in group k € K. Our basic idea for constructing differential equations for these function is the following.

The whole system of the nutrition chain consisting of plants, herbivores and carnivores is supported by the energy flow
provided by the Sun. We assume that the intensity of this flow is constant, and furthermore we assume that the growth
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of the total mass of the plants due to the constant solar energy flow is C per time unit. Plants will be eaten by herbivores:
we assume that an individual with weight w consumes the percentage «(w) from the total mass of plants during a time
unit. Here we make a crucial additional assumption: each group i € J{ consists of individuals with the same weight w;(t)
at the time t. Similarly we assume that each carnivore group k € X consists of individuals with weight u, = u(t). By
writing K = K (t) for the total mass of plants at time t, our hypothesis concerning plants and herbivores can be formulated
as follows:

K=cC- Zn,-oz(w,-)K.
i

In this note we are only concerned with one period (actually one year) development without mating. We assume that
carnivores do not die during this time, thus their numbers my(t) are constant in time. On the other hand, the number of
herbivores will be decreased by the carnivores. We assume that the various groups are homogeneously located in the lake
and the number of attacks is proportional to their density. That is, with some constant p, in a time unit we have pn;m;, attacks
by carnivores of type k against herbivores of type i. Concerning the outcome of such an attack, we assume that a herbivore
from the group i with weight w will be eaten by a carnivore from the group k of weight u with a probability %% (w, u).
Thus

M = — Z pBP (wi, wnimy.
k
Let y (e, w) denote the weight that a herbivore of weight w gains by eating e amount of plants. The weight that a carnivore
loses without eating during a time unit is denoted by y (w). Thus
wi =y ((w)K, wi) — y (wj).
As we have assumed that during the period of development the carnivores do not die (they just lose weight), we have:
my, = 0.

Let (e, u) denote the weight that a carnivore of weight u gains by eating e amount of herbivores. The weight that a carnivore
loses without eating during a time unit is denoted by §(u). Thus

e =8 (Z PpBYY (wi, wo)wimimy, Uk) — 3.
i

2. Simplification of the model

We assume that some functions in the model are linear: a(w) = aw, y (e, w) = ye, 8(e, u) = de, B4X (w, u) = P,
7 (w) = pw and §(u) = Su. Under these assumptions we have the equations

K=C- Zn,-ozw,-K,
i

==y B nmyp,

k

w; = yowK — yw;,

. - -

u =3dp Z B winmy — Suy.

i

We introduce the new variables x; := nw; and y, := myu, for the total weight of the herbivores and the carnivores,
respectively. For the new variables we have

Xp = mw; + mw;

= - Z B nmypw; + niyawiK — niy w;
X

= [ayK -7 -0 ﬂ“”‘)mk} X
P
and
Vi = Myl
= miép Z ﬁ(l’k)w,‘n,‘ — mkéuk
i

msp Z BE0x — Sy
i
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~ Further on we will only deal with the development of the plants and the herbivores. Introducing the new notation
B =Y, pB“Y'my we have the system

f(:C—oz(Zi:xf)K,

i =layK — (7 + B)x.
From the second equation we obtain

xi(t) = x;(0) exp (— ()7 + /é') t) exp (ay /(;tK) (2.1)
K=C—« (in(O) exp (— (77 + B') t)) K exp (ay /tK> .
i 0

Introducing the new variable

t
E :=exp (oz)// K>
0

we get

and

t
E =exp (ay f 1<) ayK = ayEK
0

and

K=C—u«a (in(O) exp (—(;7 + B")t)) EK.
Then with the new function
Alt) =« in(O) exp (— (;7 + B”) t)

our system can be written as

K=C—AQ{)EK,

E = ayEK.
We eliminate the constant 'y by the aid of the new time variable f such that

t=af, L) =KGbH,  F@) =EGD. (2.2)
We choose 4 := 1/ay to get

—L=C—ADF@LD),
dt

EF = F(t)L(f)
dat '

where
. C N 7+ B,
C=—, A(t) = — xi(0)exp | — t] = iexp(—A;t),
- 0) ijx)p< > Zﬁ,m it)
_ %(0) _ 7B
Wi = ) A= .
14 oy
Omitting the hats in the previous equations we get
L=C—Am,
F=FL
With the notation G(t) = A(t)F(t) we have
. . . A(t)
G(t) = A(OF () + AWDF () = —AQF () + ARF(®).

At
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If we introduce

At
At) = —Q, (2.3)
A(t)
we get the system
L=c-1Ia, (2.4)

G = (L—A(t))G.
on the quadrant
Q={(L,G:L>0,G> 0}.

It is easy to see that Q is invariant with respect to (2.4).

In our model the dynamics of the total weights x;(t) of herbivores and the mass L(t) of plants (see (2.2)) are described by
(2.1) and (2.4). As general in population dynamics, one is interested in long-time behavior of these variables. The first step
is to determine stability properties of system (2.4) with respect to L, which can be used to study x; by the aid of (2.1). We
will show that L(t) tends uniformly to A* as t — oo, where A* := lim;_, o A(t).

3. The main result

To formulate our main theorem we need some definitions from stability theory [2] (see also [3]). Consider a system of
differential equations

x=f(t,x) (3.1)

withf : R x 2 — R",where RT = [0, co) and £2 is an open subset of R"; 0 € £2.Let || - || denote any norm in R". Suppose
that for every to > 0 and xq € £2 there exists a unique solution x(t) = x(t; to, Xo) of Eq. (3.1) for t > ¢, satisfying the initial
condition x(ty; to, Xo) = Xo.

Definition 3.1. x = 0 is an eventually stable point of (3.1) if for every ¢ > 0 and for every t; > 0 there exist S(¢) > 0
and §(e, tp) > O such thatty > S(e) and ||xo]| < §(e, to) imply ||x(¢t; to, X0)|| < e forallt > . If§ = §(¢) > 0 can be

independent of ty, then the eventual stability is uniform.

Definition 3.2. x = 0 is an eventually asymptotically stable point of (3.1) in the large if it is eventually stable point and every
solution tends to zero, as t — oo.

Definition 3.3. x = 0 is an eventually quasi-uniform-asymptotically stable point of (3.1) in the large if for every compact set
I' C §2 and forevery y > OthereareS(I", y)and T(I", y) > Osuchthatxg € I',ty > S(I', y)and t > to+T(I", y) imply
lIX(¢; to, x0) || < y.

Definition 3.4. x = 0is an eventually uniform-asymptotically stable point of (3.1) in the large if it is eventually uniform-stable
and quasi-uniform-asymptotically stable in the large.

Let A* := min{A; : i € 4}. It will be shown in Lemma 4.3 that
lim A(t) = A,
t—00
Now we can formulate our theorem:

Theorem 3.5. (\*, C/1*) is an eventually uniform-asymptotically stable point in the large of (2.4).

The proof of this theorem will use some notions and a basic fact of the theory of limiting equations.

A point x* € £2 is said to be a positive limit point of a solution x of (3.1) if there exists a sequence {tj} such that t; — oo
and x(tj) — x* as j — oo. The set of all positive limit points of x is called the positive limit set of x and is denoted by A™ (x).

The translate of a function f : R x £ — R" by a > 0 is defined as f,(t, x) := f(t + a, x). The function f is called
asymptotically autonomous if there exists a function f* : £ — R" such that f,(t, x) — f*(x) as a — oo uniformly on every
compact subset of RT x £2.f* and x = f*(x) will be called the limit function and the limit equation, respectively.

Let f (t, x) be asymptotically autonomous. A set F C £2 is said to be semi-invariant with respect to Eq. (3.1) if for every
(to, Xo) € RT x F there is at least one non-continuable solution x* : (o, ) — R" of the limit equation x = f*(x) with
Xx*(to) = xo such that x*(t) € F forevery t € («, w).

Theorem A ([4]). Suppose that f is asymptotically autonomous. Then for every solution x of Eq. (3.1) the limit set A™(x) N £2 is
semi-invariant.
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The steps of the proof of Theorem 3.5 are the following:

1. We prove that the equilibrium point (A*, C/1*) of the limit equation

[=C-—1IG, (3.2)
G=(L—A"G
is asymptotically stable in the large. To this end, at first we linearize the system to prove the (local) asymptotic stability.
Then we construct a Lyapunov function and, by the mean of LaSalle’s invariance principle, we prove that the equilibrium
is asymptotically stable in the large.
2. We prove that (A*, C/A*) is an eventually uniform-stable point of the original non-autonomous equation (2.4).
3. Using the eventual uniform stability and the semi-invariance theorem, we prove that (A*, C/A*) is an eventually
asymptotically stable point of (2.4) in the large.
4, Using the eventual uniform stability and the structure of the derivative of the Lyapunov function we prove the eventual
quasi-uniform-asymptotic stability in the large.

As is known, the exponential stability is very important in applications (e.g., in control theory). For linear systems the
exponential stability is equivalent to the uniform asymptotic stability, so the latter can be considered as the generalization of
the exponential stability to nonlinear systems. For this reason, we have formulated our main theorem on uniform asymptotic
stability. Those readers interested only in (non-uniform) asymptotic stability may omit the rather sophisticated step 4 of
the proof about the uniformity.

4. Preliminary lemmas

Lemma 4.1. The equilibrium point (A*, C/A*) of the limit equation (3.2) is asymptotically stable.

Proof. To place the equilibrium in the origin we use the transformation £ = L — A*, g = G — CA*. We get the system
. C "
(:—EE—)\g—Zg (4.1)
) C
The Jacobian of the linearized equation has the eigenvalues
C C
— + —C.
2A% 2A%

Since C > 0, the equilibrium point (0, 0) is asymptotically stable. In the case of A* > ﬁ/Z, the solutions oscillate; if
A< «/6/2, the solutions do not oscillate. O

Lemma 4.2. The equilibrium point (A*, C/1*) of the limit equation (3.2) is asymptotically stable in the large on quadrant Q.

Proof. Let us define the Lyapunov function

1 C
V(L,c):E(L—x*)z—cmc+x*c—c+c1nﬁ (4.2)

onthesetR := {(L,G) : L € R, G > 0}. In order to show that V is positive definite, let us represent it in the form
1 C C C
VLG ==-L—-A)?+21 16— —)——|InG—In—
wo=gu=wr (o= ) =5 [no-n ]}
and define the function
h(x) .= (x —a) —a[lnx —Ina] (a > 0; x > 0).

Since
1
h(a) =0, h/(a) = [] — E] =0, h//(a) —->0,
X dx=a a

and h'(x) # 0 (x # a), function h is positive definite around x = a for x > 0. Consequently, V is positive definite around
(A*, C/A*) on R. For the derivative V|3 ,) we have
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: 6
V(LG = ([L—x )L—CE—i-A G

= (L—21")(C—LG) — ((C; - A*) (L—21"G
= (L—A[C—1G—C+1*G]
= —(L—-A"*G<o.

For an arbitrary point (L(0), G(0)) € Q thereexistsa u > 0such that the point (L(0), G(0)) isinside the levelsetV(L, G) < u
because

V(L, G) = co.
G—InG—00,|L|—00
As the derivative of the Lyapunov function along the trajectories of (3.2) is less than or equal to zero, the solution started
from the point (L(0), G(0)) will remain inside the level set V(L, G) < u for all t > 0. From LaSalle’s invariance principle we
know that the limit set of the solution is a subset of the set V(3,) = 0, i. e, in our case, of the line L = A*. Except for the
equilibrium point (1*, C/1*), the solutions of (3.2) move from the line L = A*, so it follows that the limit set is the singleton
{*,c/Aa}) O

To prove that the point (A*, C/1*) is eventually stable with respect to the original non-autonomous system (2.4), we
need the following property of the function A defined in (2.3):

Lemma 4.3. The function A defined in (2.3) is decreasing and tends to \.*, as t — oc.

Proof. Obviously,

3 3
3 e Y agpem HTADE

Aty £ -
)»(t):— ()=1_1 =1_1 _))\'*.
A(t) 3 3 i
’u/l,e—)»i[ Z Mie—()»i—)» )3
i=1 i=1
Letf .= —Aandg :=A,soA=f /g, where f and g are two decreasing positive functions. By differentiation we obtain

i=<[>=fg—fg.
g g

Let us check the sign of the numerator:

3 3
fOg@)y == afmipe” M FORO) = = Y hidjpipge” N,

ij=1 ij=1

3
f — 5 - _ A2 — i) e~ itAE
FOE® —FO®) = =Y (A = hiky) pirge

ij=1

1L 2 it

-2 Y (= 1) e M < 0,
ij=1

which completes the proof. O

We will see that the derivative of function (4.2) does not keep its sign along solutions of the non-autonomous system
(2.4), so (4.2) is not a Lyapunov function to this system. However, as the next assertion shows, it can be used as a “pseudo”
Lyapunov function to this system.

Lemma 4.4. There is a constant M such that
V(L(t), G(t)) < V(L(0),G(0)) +M (t =0) (4.3)

holds for all solutions of (2.4). Moreover, for every ¢ > 0 there exists a t(e) > 0 such that if ty > t(e) then every solution
of (2.4) satisfies the inequality

V(L(D), G(1)) = V(L(to), G(to)) + & (t = o). (4.4)
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Proof. The derivative of (4.2) with respect to the non-autonomous system (2.4) is
V(L, Gy = (L—2")L — G/G+ 1*G
= (L—2A")(C —=GL)—C(L—At)) +A1*(L — A(t))G
= (L —A9)[C—=GL—C]+C(t) —A") + A [(L — 1) — (A(t) — A9)]
(L —2*)(—GL+ 1*G) + C(A(t) — A*) — A*(A(t) — A5G
—(L — A2+ (AM(t) — A¥)(C — A*G)
—(L — A)*G + (A(t) — A")C. (4.5)

Since A(t) \( A" ast — oo exponentially, integrating the previous estimate along a solution over the intervals [0, t] and
[to, t] one gets the assertions of the lemma. O

A

Lemma 4.5. (A*, C/A*) is an eventually uniformly stable point of the non-autonomous system (2.4).

Proof. For p > 0, let C(p) and D(p) denote the circle and the open disc, respectively, with center at (A*, C/A*) and radius
p. We have to prove that for every ¢ > 0 and for every t; > 0 there exist S(¢) > 0 and §(¢) > 0 such that t; > S(¢) and
(L, G) € D(6(¢)) imply (L(t), G(t)) € D(¢) forall t > to.

Let ¢ > 0 be given. Since function (4.2) is positive definite around (A*, C/1*), we have

m(e) .= min{V(L,G) : (L,G) € C(e)} > 0,

and there isa §(¢) > 0 such that V(L, G) < m(e)/2, provided that (L, G) € D(6(¢)). By Lemma 4.4, if t; > t(m(e)/2) and

(L(to), G(tp)) € D(8(¢)), then

m(e)

_— <<
2

whence (L(t), G(t)) € D(e) fort > to. This means that the definition of the eventual uniform stability is satisfied with

S(e) :=t(m(e)/2)and 6(¢). O

V(L(t), G(t)) = V(L(to), G(to)) + m(e),

Lemma 4.6. (A*, C/A*) is an eventually asymptotically stable point of the original non-autonomous system (2.4) in the large.

Proof. We have to prove that every solution of (2.4) tends to (A*, C/A*) as t — oo. Let us consider an arbitrary solution
(L, G) of (2.4). It is precompact because of the first assertion of Lemma 4.4, so its positive limit set A™ is not empty. We show
that A = {(A*, C/A%)).

Suppose the contrary, i.e. there exists a point (Ly, Gy) € AT different from (A*, C/A*). By Theorem A the set A™ is semi-
invariant with respect to the limit equation (3.2). But (A*, C/1*) is a globally asymptotically stable equilibrium of (3.2), and
AT is compact, so (A*, C/L*) € AT.Now let &g > Osatisfy (Ly, Go) & D(go) and take the numbers S(gy/2) > 0,8(gg/2) > 0
belonging to £y/2 in the sense of Definition 3.1 of the eventual uniform stability of (A*, C/A*). Since (A*, C/A*) € AT, the
point (L(t,), G(t,)) has to be in D(5(eo/2)) for some t, > S(g9/2), and, therefore, (L(t), G(t)) remains in D(gy/2) for all
t > t,. At the same time, (L(t), G(t)) goes arbitrarily near to (Lg, Go) for large values of t, which is a contradiction. O

5. Proof of Theorem 3.5

Let us introduce the notation

c\2
d(L,G) := /(L —r")? + (G - E) .

We have to prove eventual quasi-uniform-asymptotic stability in the large, namely that for every K > 0 and y > 0 there
exist S(K, y) > 0and T(K, y) > Osuch thatty > S(K, y) and (1 + | InGy|) d(Lg, Gp) < K imply

d ((L(t; to, Lo, Go), G(t; to, Lo, Go))) < ¥ (5.1)

forall t > to 4+ T(K, y). Due to the eventual uniform stability, instead of (5.1) it is enough to prove the existence of a
T, = T.(K, y) > 0 with

d ((L(to + Ts; to, Lo, Go), G(to + Ts; to, Lo, Go))) < 8(y), (5.2)

where §(y) belongs to y in the sense of the eventual uniform stability (see Definition 3.1).
Suppose the contrary, i.e., there exist K > 0 and y such that forevery S > Oand T > 0 there are t, > S and (Lo, Go) with
(14 |1InGg|) d(Lg, Gg) < K such that

d ((L(t; to, Lo, Go), G(t; to, Ly, Go))) = 8(y) forallt € [to, to + T]. (5.3)

In what follows, by solutions we mean only solutions possessing this property.
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N-p A A+ L

Fig. 1. ThesetsHy, ..., Hy.

To get a contradiction we will use the Lyapunov function V defined in (4.2). It is easy to see that there are a, b : [0, o00) —
(0, 00) strictly increasing functions vanishing at 0 and such that

a((1+|InG|)d(L, G)) <V(L,G) <b((1+|InG])d(L, G)) (5.4)
holds on the upper half-plane. For any solution of (2.4) we introduce the notation

v(t) = v(t; to, Lo, Go) =V (L(t; to, Lo, Go), G(t; to, Lo, Go)) -
By (5.4) and Lemma 4.4 we have

v(t) <bK)+M (t > to) (5.5)

for any solution of (2.4). )
The derivative (4.5) of V with respect to (2.4) is not negative definite, so we have to differ some subsets of Q where V is
large or small. For u > 0, let

H<(u) :={(,G) €Q:d( G = 5(),(1+[InG|)d(L, G)

a”! (b(K) + M), |L— 1| < ul,
8(7), (1+1InG)d(L, G)

a”! (b(K) + M), |L— 1" = ul,

IN IV

Hs(u) :={(L,G) €Q :d(L,G)

IN IV

and consider the sets

Hi() == H=(),  Ho(u) := H (%) ,

) = He N (5). HaGo) = Ho(:

(see Fig. 1).
We will need the fact that a trajectory cannot remain in H; for a too long time. To this end we estimate |L| from below:

A*<£ c) G(L— %)
)T

L] = |C —GL| =

C
> * )L*—G‘—|G(L—)L*)|
| c c

for sufficiently small w. Therefore, there exists a k1 > 0 such that

=Kk >0 (LG eHy). (5.6)
While a trajectory of a solution is in Hy, the Lyapunov function decreases fast along the solution. In fact, by (5.4) we have

a '(b(K) +M) = (1+]InG)d(L, G) > | InGls ),
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N

()
From (4.5) we obtain the estimate

71 73
6= exp [_W} .

. 2 “1(b(K) + M
VL6 0<—exp | - LOEMI L G0 (@6 ety £20),
4 3(¥)
which implies the existence of t and x, > 0 such that
V(LG t) < —ky (t=1, (L,G) € Hy). (57)

By (5.4) and Lemma 4.4 the trajectory of every solution is precompact, so there is a k3 > 0 such that
L)) < ks (> to).
For given T > 0 and ty > t, consider a solution t — (L(t), G(t)) with property (5.3). Then there exists a sequence
th<si<ti<S < - <th1<sSp<tpb<tg+T
such that
ifs; <t <t then (L(t),G(t)) e Hy (i=1,2,...,n),

if t € [to, to 4+ T1\ (U4 [s:, ti]) , then (L(t), G(t)) € Hj. (5.8)
The main idea of the remaining part of the proof is that v decreases at least a constant during every time interval [s;, t;], and
n=n(T) - ooasT — oo.Since v is of bounded total variation on [ty, 00), this means that T cannot be arbitrarily large in
contradiction to the existence of K, 7. To conclude the proof we set forth this idea in details.
Since Hy C H,, from (5.4), Lemma 4.4, and (5.7) we obtain

Z(fi —si) < PO+M _ 7
p

K2
Furthermore, in virtue of (5.6) and (5.8),s; — t;_1 < 2u/kq foralli = 2, 3, ..., n. The last two estimates together imply that
T
n=n(T) > o0 (T — 0). (5.9)

K1

On the other hand, using the notations

[x]+ := max{x, 0}, [x]- := max{—x, 0}, (x € R),
we have
to+T n Si
[ ora = =) [T o< (ot
to i=2 Yti-1 (L(t),G(t))€H3
uw
< =2(n—2)k—.
2K3
Consequently,

—b(®) — M

IA

to+T
v+ D = vt = [ @GOk - 0L d
to
m
<M-2n—2)ky— —> —0 (T — 00).
K3
This means that T cannot be arbitrarily large in contradiction to the existence of K, 7. This contradiction completes the proof
of Theorem 3.5. O

Remark 5.1. Thieme [5] established a method yielding sufficient conditions for the large-time behaviour of solutions of
asymptotically autonomous systems to be the same as the large-time behaviour of solutions of their limiting systems.
Castillo-Chavez and Thieme formulated a corollary [6, Corollary 2.2] of this method which applies to our situation
guaranteeing that every bounded forward solution of (2.4) converges towards an equilibrium of (3.2) as time tends to infinity.
In other words, the assertion of Lemma 4.6 follows from Lemma 4.4 and this collorary. We included Lemma 4.6 to make our
paper self-contained.

The main idea in the proof of Theorem 3.5 is to use a Lyapunov function of the limit equation (3.2) to prove stability
properties for the original asymptotically autonomous equation (2.4). This method was introduced by Yoshizawa [7],
LaSalle [8]; it was further developed by Artstein [9]. For example, from Lemma 4.4 and [9, Theorem 8.3] it follows that
every solution of (2.4) tends to the line {L = A*}.

It should be emphasized, however, that these results cannot be applied to get eventual uniform stability properties for
the point (A*, C/1*).
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