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Abstract In this paper, we consider permanence of Lotka—Volterra equations. We
investigate the sign structure of the interaction matrix that guarantees the permanence
of a Lotka—Volterra equation whenever it has a positive equilibrium point. An interac-
tion matrix with this property is said to be qualitatively permanent. Our results provide
both necessary and sufficient conditions for qualitative permanence.
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1 Introduction

One of the important challenges in ecology is to develop a theory which predicts the
stability of an ecosystem when its community structure is given. In this paper, to tackle
this problem, we study the well-known Lotka—Volterra system:

n
)'cizxi(ri+2a,-jxj), i=1,2,...,n, (1.1)
=1
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864 J. Hofbauer et al.

where x; denotes the population density of species i. The parameter r; denotes the
intrinsic growth rate of species i and the matrix A composed of a;; determines the com-
munity structure (the matrix A is called the interaction matrix). One of the important
assumptions in Lotka-Volterra systems is that the functional responses are linear. This
assumption is relaxed in many ecological models to include non-linear functional
responses such as Holling type II functional responses. Although such a relaxation
provides a system with an important stabilization mechanism (e.g., see [17,18]), the
linear functional response has an advantage in developing a general theory applica-
ble to systems of large and complex networks. This paper focuses on the ecological
system with simple functional responses and explores large and complex ecological
networks.

The theory of VL-stable (or dissipative) matrices is one of the important theories
for understanding the global dynamics of Lotka—Volterra equations (e.g., see [4,14,
23,24]). A square matrix A is said to be VL-stable if there exists a positive diagonal
matrix D > 0 such that the symmetric matrix DA + ATDis negative definite, i.e., if
there exist positive numbers d; such that

ZZdia,-jxixj <0
i

for all x # 0. The theory of VL-stable matrices shows that if A is VL-stable, then for
every r; € R system (1.1) has a globally asymptotically stable equilibrium point X,
i.e., X is stable in R’ and attracts all solutions with the initial conditions x(0) € R}
satisfying x;(0) > O for all i € supp(X). Here R, = {x € R" : x; > 0} and
supp(x) = {i : x; > O}. If (1.1) has an interior equilibrium point X, then X is the
globally asymptotically stable equilibrium point. A matrix A is said to be qualitatively
VL-stable if every matrix with the same sign pattern is VL-stable. The application of
qualitative stability concepts to ecology goes back to May [15]. A necessary and
sufficient condition for qualitative VL-stability is given as follows [4, 14]:

(i) a;; <0,
(ii) ajjaj; <0, (1.2)
(iii) there are no cycles of length > 3 (i.e., g;,i,di,iy - - - @iy = 0 for all
pairwise distinct i1, i, ..., ix with k > 3).

Therefore, under this qualitative condition, all species coexist at a globally asymp-
totically stable equilibrium point as long as the positive equilibrium point exists. A
typical example covered by (1.2) is an n species food chain.

Although the theory of VL-stable matrices provides a sufficient condition for global
stability of the Lotka—Volterra equations, it has been recognized that the global sta-
bility is a rather strong concept for species coexistence. In fact, we often observe
species coexistence in the Lotka—Volterra equation even if it does not have a globally
asymptotically stable positive equilibrium point. This implies that species coexistence
is possible under a wider class of community structures than that predicted by the
theory of VL-stable matrices. Therefore, in this paper, instead of global stability we
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Qualitative permanence of Lotka—Volterra equations 865

consider permanence of (1.1). The definition of permanence is given as follows: (1.1)
is said to be permanent if there exists a positive constant § > 0 such that

6 < liminf x; (#) <limsupx;(¢) < l, i=1,2,...,n

=00 1—>00 )
for all solutions x(¢) with x(0) > 0 (x;(0) > O for all 7). It is obvious that system
(1.1) is permanent if the positive equilibrium point is globally asymptotically stable.
Conversely, even if the positive equilibrium point is unstable, (1.1) can be permanent.
Permanent systems could exhibit every possible type of coexistence dynamics.

In the next section, to emphasize the influence of the community structure on perma-
nence, we define qualitative permanence. Then we list our main results on qualitative
permanence of (1.1). These results include both necessary and sufficient conditions
for qualitative permanence. The necessary condition provides a community structure
with which system (1.1) is not permanent even if it has a positive equilibrium point,
and the sufficient condition provides a community structure with which system (1.1)
is permanent as long as it has a positive equilibrium point. All proofs are given in the
subsequent sections: Sects. 5—7. In Sect. 3, we provide some ecological interpretation
of our mathematical results. In Sect. 4, we define the reduced systems of (1.1) and
introduce a theorem on average Liapunov functions. They are used in the proofs of
our main results. The final section includes concluding remarks.

2 Qualitative permanence

It is known that a positive equilibrium point is necessary for (1.1) to be permanent
(see Theorem 13.5.1 of [4]). If system (1.1) does not have a positive equilibrium point,
then the omega-limit set w(x) of every x € R’} is contained in the boundary of R’}
(see Theorem 5.2.1 of [4]). Suppose that system (1.1) has a positive equilibrium point,
which is given as a positive root x* > 0 of the following equations:

T +Zaijx;’f =0, i=1,2,...,n.
Substituting this equation into (1.1) and removing the parameters r;, we obtain
n
xizx,-za,-j(xj—x;‘), i=1,2,...,n. 2.1
-

Conversely, consider (2.1) with x* > 0. It is obvious that x* is a positive equilibrium
point of (2.1), and for any pair A = (a;;) and x* the vector r € R”" is uniquely
determined by r; + Z?:l aijx;‘ =0,i=1,2,...,n.S0,(2.1) represents any Lotka—
Volterra system of the form (1.1) admitting a positive equilibrium point.

Let Q 4 be the set of the matrices A= (a;;) with the same sign pattern as A = (a;;),
i.e., sgnag;; = sgna;; for all i, j. Then qualitative permanence is defined as follows:
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Definition 2.1 (Qualitative permanence). An n X n matrix A = (a;;) is said to be
qualitatively permanent if

n

. ~ * .

X; = x; E aij(xj—xj), i=1,2,...,n
=1

is permanent for every Ac 04 and every x* > 0.

Note that qualitative permanence is a property of square matrices. An n X n matrix
A is qualitatively permanent if and only if

n
xX; = xi(ri + E ainj), i=12,....n
Jj=1

is permanent for every AecQpandr e R" satisfying r + Ax* = 0 for some x* > 0.
Hence, if A is qualitatively permanent, then system (1.1) is permanent as long as it
has a positive equilibrium point.

We start with a simple necessary condition for qualitative permanence.

Proposition 2.2 If a matrix A = (a;}) is qualitatively permanent, then a;; < 0 for all
i, and aj; < 0 for at least one i.

The proof of this proposition is given in Sect. 5. In the following we restrict to
the “generic” (and realistic) case that all diagonal entries of A are negative. Then we
obtain strong necessary conditions for qualitative permanence as follows.

Theorem 2.3 Suppose that a;; < O for all i. If a matrix A = (a;;) is qualitatively

permanent, then

(C1) all cycles of length > 2 are nonpositive (i.e., a;ji,0iyiy -+ aiyi; < 0 for all
pairwise distinct i1, i2, ..., ik, k > 2),

(C2) every negative cycle a;,j,ai,i5 - . . ajiy < 0 contains a unique negative a;;.

The condition (C1) follows from a necessary condition for permanence of (1.1) in
terms of the sign of the determinant of the interaction matrix. The condition (C2) is
obtained by constructing an attractive heteroclinic cycle contained in the boundary of
R’ . The proof of this theorem is given in section 5.

We believe that (C1) and (C2) already characterize qualitative permanence.

Conjecture 2.4 Suppose that a;; < 0 for all i and that conditions (C1) and (C2)
hold. Then the matrix A = (a;}) is qualitatively permanent.

In the following we provide some partial results in this direction. Note that the
conditions (C1) and (C2) are much weaker than the characterization (1.2) of qualita-
tive VL—stability. This provides many sign patterns for the interaction matrix A that
guarantee permanence without global stability of the interior equilibrium, and hence
lead to more interesting dynamics such as a stable limit cycle or chaos. Some explicit
sign patterns are listed in Sects. 3 and 8.

The following theorem provides a sufficient condition for permanence for certain
generalizations of food chains.
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Qualitative permanence of Lotka—Volterra equations 867

Theorem 2.5 Suppose that A has the following sign pattern:

e o --- o o
D e - e o
0 & - oo | 22)
0 0 - @ °

where o denotes an arbitrary sign and @ denotes either O or 4. Then system (1.1) is
permanent if —A is a P-matrix and there exists a positive equilibrium point.

Note that if —A is a P-matrix, then all diagonal entries of A are negative (the
definition of P-matrices is given in Definition 6.1). The proof of this theorem is given
in Sect. 6.

Since every (nonzero) cycle of A with the sign pattern (2.2) consists of a single e
sign and several & signs, the sign pattern (2.2) satisfies the condition (C2). Therefore,
by Theorems 2.3 and 2.5 (and Lemma 6.2), we obtain the following theorem, which
provides a sufficient condition for qualitative permanence.

Theorem 2.6 Suppose that a;; < O for all i and A has the sign pattern (2.2). Then A
is qualitatively permanent if (C1) holds.

In low dimensional cases (i.e., n < 3), the necessary condition (C1)—(C2) given in
Theorem 2.3 becomes a sufficient condition.

Theorem 2.7 Suppose that a;; < O for all i and n < 3. Then an n x n matrix A is
qualitatively permanent if and only if the conditions (C1) and (C2) hold.

3 Ecological interpretations

In this section, we consider ecological interpretations of our results.

In Theorem 2.3, we provide two necessary conditions (C1) and (C2) for qualitative
permanence which we believe to be also sufficient. (C1) includes the condition that
ajjaj; < 0 forall i # j. This means that all pairwise interactions are of predator—
prey type or degenerate (a;ja;; = 0). Indeed, strong mutualist interaction can lead
to unbounded orbits, whereas strong competition may lead to competitive exclusion
in form of bistability, both of which are incompatible with permanence. (C2) says
that each nonzero cycle a;,,ai,i; - - - a;,;, contains precisely one negative element.
The reason is that an even number of negative entries would again enable a form of
bistability whereas an odd number (of at least three) allows for a repressilator-like
system that can lead to an attractive heteroclinic cycle on the boundary (e.g., see [19]).

Theorem 2.7 shows that the conditions (C1) and (C2) are necessary and sufficient
for qualitative permanence if n < 3. If n = 1 or 2, the result is clear. Consider the
case n = 3. In this case, every matrix satisfying (C1) and (C2) belongs to at least one
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of the following five sign patterns (up to permutation):

- 6 O - 0 & - 6 ©
Bi=\® - 9], Bbh=|® - o), B3=|® — 0],
0 & — & & — & & —
~ 0 0 -0 0
Bi=|® — ©|, Bs=|® — 0],
e & — o & —

where & denotes either 0 or —. Although the matrices B4 and Bs do not have a nonzero
cycle of length 3 (and thus they are reducible), the matrices By, B, and B3 could have
a negative cycle of length 3, i.e., aj3az2az; < 0 (note that this cycle can destabilize
the matrices). By, B> and B3 are limit cases of the following tri-trophic food web with
omnivory:

B=[+ - -
+ + -

This matrix includes two nonzero cycles of length 3: aj3a32a21 < 0and ajpazzaz; > 0.
The latter cycle is not allowed for qualitative permanence. In fact, the matrices By, By
and Bz do not have this cycle. If the latter cycle exists, strong competition may lead
to competitive exclusion in form of bistability as mentioned above. Species 2 and 3
are indeed competing for a common resource, species 1.

Our results are robust against a small perturbation of the parameters r; and g;;. If
(1.1) satisfying some sufficient condition given in this paper has a positive equilibrium
point, then, by definition, it is permanent. Furthermore, it is still permanent even if
we replace the zero entries of A by nonzero entries close to 0. For example, consider
system (1.1) with B; as an interaction matrix, and suppose that this system has a
positive equilibrium point. Then this system is still permanent even if we replace the
(3, 1)-entry of the interaction matrix by € whose absolute value is sufficiently small
(e is also allowed to be negative). Since the same conclusion also holds for other matri-
ces, a comparison of By, B> and B3 with B shows that the positive cycle ajpazzaz; > 0
must be very small for the application of our results. As mentioned above, competi-
tive exclusion can follow from large ajzaz3a31. More generally, suppose the n-trophic

food web with species i feeding on species i — 1,7 = 2, ..., n and species 1 at the
bottom. If species n (top-predator) also feeds on species 1, the food web has two long
cycles, ayai k—1...a21 = —+---+ and ajp .. SAp—1,kAk] = — - — +. Although

the former cycle satisfies (C1) and (C2), the latter cycle is not allowed for qualitative
permanence, then it could lead to extinction of species due to competitive exclusion or
heteroclinic cycles observed in a repressilator-like system (note that both cycles can
destabilize the matrix). To avoid this extinction, the food web must have a pattern to
reduce the latter cycle. This means that if a food web has such a cycle due to omnivory,
then some top down effect in the path through several trophic levels, or the bottom up
effect directly from the bottom to the top trophic level must be small. However, it is

@ Springer



Qualitative permanence of Lotka—Volterra equations 869

not clear how small must the absolute value of such a cycle be to allow for permanence
(but see [4] for a classification of permanence of (1.1) with n < 3).

4 Preliminaries

In this section, we define a reduced system of (1.1) and develop a method for proving
our theorems.

4.1 Reduced systems

A reduced system of (1.1) is introduced to obtain useful information about the equi-
librium points of (1.1) and their external eigenvalues. The same technique is utilized
by Kirlinger [9] in a three predator one prey system. Before the definition of a reduced
system of (1.1), we introduce some notation. Define I = {1, 2, ..., n} (This notation
is used throughout this paper). Let J = {iy,i2,...,ix} C I and J # @, 1. Let Ay
(resp. Az2) be the principal submatrix of A with respect to J (resp. 7\J). Let A2
(resp. A21) be the submatrix of A witha;;,7 € J, j € I\J (resp.a;j,i € I\J, j € J).
Then, by renumbering the indices, A is transformed to

Al A
Ay An )’
Similarly we define ry (respectively, r2) by the vector composed of r;, i € J (respec-

tively, r;, i € I\J). If Ay is nonsingular, we can define the reduced system of (1.1)
with respect to J as follows.

Definition 4.1 If A, is nonsingular, then the following system is called the reduced
system of (1.1) with respect to J:

. J J .
xi = xi(r; —I-Zaijxj), iel,

jeJ
where rij and al-]j are defined by

!

r/ = r‘é =11 — ApAy,T,
,{.;
aiJm al{iz aillik

A = aij?il aéiz ai]?ik = A — A12A;21A21.
ai{{il az{;iz al{ik
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The reduced system is denoted by (1.1)7. If J = I\ {k}, then rij and aijj, i,jeJ,are

: J J
given by r;' = r; — ajxri/akx and aj; = ajj — ajkai;j [akk.

The matrix A7 is often called the Schur complement of A in A, and Schur’s
identity says that det Ay det Al = det A.
The following lemma is useful for checking the feasibility of the reduced systems.

Lemma 4.2 Let k € J. Suppose that Aa> is nonsingular. Then the reduced system
(LYW is defined if afy # 0.

Proof 1tis straightforward to show akJ . = det A%,/ det A2y, where A’ is the principal
submatrix of A with respect to (/\J) U {k}. (This is a special case of Schur’s identity)
The assumption implies det A%, # 0.

The equilibrium points of the reduced system (1.1)7 are closely related to those
of (1.1).

Lemma 4.3 ForX € R", letX| and X, be the vectors composed of X;, i € J, and X;,
i € I\J, respectively. Suppose that A, is nonsingular.

(@ If X1 = 0 is an equilibrium point of the reduced system (1.1)) and X, =
—A2_21 (rp + A21X)) > 0, thenX > 0 is an equilibrium point of (1.1).

(b) IfX > 0 is an equilibrium point of (1.1) satisfying X, > 0, thenX; > 0 is an
equilibrium point of the reduced system (1.1)?. Furthermore, for any i € J with
X =0, rij + (A'X)); is the external eigenvalue of (1.1) evaluated at X with
respect to the x;-direction.

Proof Consider case (a). By assumption, X| and X; satisfy

% + (AN =0, i€l (4.1)
r) + AyX) + Anx; = 0. “4.2)

Substitution of X, = _Az_zl (ry + A1X)) into the first equation yields
Xi(ri + (AnX1)i + (ApX2)) =0, i€l (4.3)

Hence, by (4.2) and (4.3), we see that X is a nonnegative equilibrium point of (1.1).
Consider case (b). Every equilibrium point X of (1.1) with X, > 0 satisfies (4.2)
and (4.3). Equation (4.2) leads to X, = _A2—21 (r> + A»1X)) and its substitution into
(4.3) yields (4.1), which is the equilibrium equation for the reduced system (1.1,
Fori € J, we have
] 4+ (A'R); = (r1 — ApAy 1) + (Al — AnAy AR
=r; + (AX);,

where (4.2) is used. This implies that if X; = 0, then rl.J +(A7X)); denotes the external
eigenvalue of (1.1) evaluated at X with respect to the x;-direction.
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Qualitative permanence of Lotka—Volterra equations 871

4.2 Average Liapunov functions

One of the powerful tools for proving permanence of (1.1) is an average Liapunov
function. The function P(x) = xf’ lxg ... x}" is often used as an average Liapunov
function to show that the boundary of R’} is repelling (see [4]). However, in this paper,
we adopt the function P(x) = x;,i € I, as an average Liapunov function to show
that the face S; = {x € R : x; = 0} is repelling. More precisely, by using this
function, we show that, in a given compact forward invariant set X C R”, there exists
a compact absorbing set X' C X\S; for X\S; (i.e., X’ is forward invariant and for
every X € X\S; the semi-orbit y T (x) satisfies y T (x) N X’ # #). By the combination
of some known results (e.g., see Corollary 2.3 of [7] and Theorem 2.5 of [5]), we can
obtain the following lemma.

Lemma 4.4 Suppose that X C R” is a compact forward invariant set. If there exists
ani € I such that

ri + (AX); > 0

for all equilibrium points X € S; N X, then there exists a compact absorbing set
X' c X\S; for X\S;.

Proof Let § = S; N X and define P : X — R4 by P(x) = x;. The theory of average
Liapunov functions [4,7,8] ensures that the conclusion of the lemma follows if

(a): P(x)=0ifandonlyifx € S,
(b): Foreveryx € S
T

sup / ri + (Ax(1));dt > 0, “4.4)
T>0
0

where x(¢) is a solution of (1.1) with x(0) = x.

The condition (a) is obviously satisfied. Let us check the condition (b). We first claim
that if (4.4) holds for every x € w(y) (w(y) is the omega-limit set of y), then (4.4)
also holds for the solution starting aty. For 2 > 0 and T > 0, define

T
UhT)y={xeX: /r,- + (AX(t));dt > h}.
0
Then U (h, T) is open. Lety € S and y(¢) be a solution with y(0) = y. Suppose that
(4.4) holds for every x € w(y). Then the sets U(h, T), h > 0, T > 0, form an open

cover of w(y). Since w(y) is compact, there exist h>0and Ty, Do, ..., T, > 0 such
that

o(y) CUL UM, T;) = W.
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Note that U (ha, T) D U(hy, T) if hy < hy. Since W is a neighborhood of w(y), there
exists a fp > 0 such that y(¢) € W for all ¢ > #¢. Therefore, for some t1,t2,...,1 €
{11, T, . .., T;y}, the following inequality holds

0 i

/r,- + (Ay(t));dt +l_thj > 0.

0 j=l

This implies that the integral of (4.4) for y becomes positive at ¢ = lezo tj.

Let k(x) be the number of positive components of x. By induction on k, we show
that (4.4) holds for all x € S. If k&(x) = O (thus x = 0 and § contains the origin), then
(4.4) holds since r; > 0. Suppose that (4.4) holds if 0 < k(x) <m — 1. Letx € §
with k(x) = m. Then (i): 0 < k(y) < m — 1 holds for every y € w(x) or (ii): there
exists a point y € w(x) with k(y) = m. In case (i), the induction hypothesis and the
claim proved above yields (4.4). In case (ii), the averaging property of solutions of
(1.1) implies that there exists a sequence s; — oo and an equilibrium point X € §
such that

Sj

1
lim —/x(t)dt =X

Jj—00 S

(e.g., see Theorem 5.2.3 of [4] and Lemma 2.4 of [5]). Therefore, by assumption,
sj
1
—/ri + (Ax(1));dt > 0
Sj
0

holds for j sufficiently large. This implies that (4.4) holds.

5 Proof of Proposition 2.2 and Theorem 2.3

In this section, we prove the necessary conditions for qualitative permanence: Propo-
sition 2.2 and Theorem 2.3. Proposition 2.2 and condition (C1) follow from known
necessary conditions for permanence of (1.1) (see Lemmas 5.1 and 5.2). On the other
hand, the condition (C2) is obtained by constructing an attractive heteroclinic cycle
located in the boundary of R’ (see Lemma 5.4).

First, we list two lemmas utilized to obtain Proposition 2.2 and condition (C1).

Lemma 5.1 (Theorem 13.5.2 of [4]). If system (1.1) is permanent with interior equi-
librium x*, then (a) 3" a;ix} < 0 and (b) det(—A) > 0.

Lemma 5.2 Suppose that a;; < 0 for all i. Ifdet(—g) > 0 for every A € Qy, then
(C1) holds.
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Qualitative permanence of Lotka—Volterra equations 873

Proof Let A be an n x n matrix. Then, by assumption, we have

det(—A) = (=1)" > (sgn 0)dio(1@20(2) ** *dnon) > O-

oeS,

where S, is the set of all permutations of {1, 2, ..., n}. Let T be a cyclic permuta-
tion (i1 ip ... ir) of length k > 2. Then sgn T = k — 1. Suppose that the cycle
Qi1 i, Qiyiy - - - Gjyqy 18 positive. Choose g;; as follows:

aij =—1, i el\{i1,i2, ..., 0}
ajj = —e, ieflit, iz ... i}
Gj=e djel jAT). i# )
Then
det(_g) = _Eiu'zaizi_g o ~aiki1

+ (D" z (88N 0)d14(1)d26(2) - * * no (n)»
o#1, 0€S,

where the first term does not contain any e, but each term in the summation contains
at least one €. If € is sufficiently small, then det(—A) becomes negative. This is a
contradiction, thus any cycle of length > 2 is nonpositive.

Lemma 5.2 is essentially Theorem 3.1 in [16]. For convenience we included a proof
here. Now Part (a) of Lemma 5.1 immediately implies Proposition 2.2 while condition
(C1) follows by combining Part (b) of Lemma 5.1 with Lemma 5.2.

In order to construct an attractive heteroclinic cycle, we define a specific matrix.

For n > 3, define a matrix D(«1, a2, ..., a,) by

-1 0 -+ 0 a

o —1 --- 0 O

D(ap, @, ocyom) = | .. o

o 0 - «a, —1
Note that this matrix has a cycle «jo - - - oo, The matrix D(«q, oz, . .., ory) has the
following property.
Lemmas53 Let s = (ri,r,..., r,,_M)T, B = D(aj,az,...,00—y) be an
(n — w)-dimensional vector and an (n — 1) x (n — jt) matrix. Then the n-dimensional
vectorr = (r — je1, 12, ..., ru—p, 1, ..o, 1)—r and the n x n matrix A = D(ay, oy,
v Oy, L, 1) satisfy s = ril2n=u} gna B = AL2on—p,

Proof This lemma follows from the definition of the reduced systems (see
Definition 4.1).
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Let J = {1,2,...,n — u}. Let r; and A;;, i, j € {1,2}, be the same as in
Definition 4.1. Then they are given as follows:

r= (1 — g, ey, =11, DT,
-1 0 --- 0 0 0 - 0 o
w -1 -+ 0 0 0 -0 0
Al = : : : N E Ap = R
0 0 Oy —1 0 0 0
0 0 1 -1 0 0 0
0 00 1 -1 0 0
Ay = s An =1 .
0 00 0 0 1 -1

-1 0 0
4 -1 -1 0
Ay = : J
-1 -1 —1
it is clear that r/ = r; — A12A;2]r2 = (r1, 13, ...,rn,M)T and AT = Ay —

A1nAy) Ayl = D(ar, 2, . ..., ay—y,) hold.

The important point of this lemma is that the positive entries in the matrix A are
removed in the reduction process.

The following lemma provides an example of a matrix A leading to an attractive
heteroclinic cycle contained in the boundary of R’ . The system is related to the
repressilator [19]. In the statement of the lemma and its proof, F;, J C I, denotes the
equilibrium point x of (1.1) satisfying x; > Oforalli € Jandx; =O0foralli € I\J.

Lemma 5.4 Let m be an odd integer with3 < m < n, and let J~— = {i1,i2,...,0im}
be a subset of I withiy < iy < --- < iy. Define p;,, Wiy, - .., ki, and J7T as follows:

iy =n—im 41— 1,
/,L,'j=ij—ij_1—1, j=2,3,...,m,

Jt=1NJ".
Suppose that
14+ pic ieJ™ —c ieJ”
ri = o =
1 ieJt, 1 ieJt,
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Qualitative permanence of Lotka—Volterra equations 875

where ¢ > 1. Then (1.1) with A = D(o1, a2, ..., o) has a heteroclinic cycle T" :
F;, — F, > --- — F;, — Fy,, where

Iy = {i1, i3, i5, ..., im—} UJT
12 = {i37i57i7’ "'7im} U J+
Ln = {im—1.11,03, ... im—a} U J T,

This heteroclinic cycle is attractive if c > (m + 1)/(m — 1).

Proof We shall employ Theorem 1(b) of [3] to prove this theorem (see also Theorem
17.5.1(b) of [4]).

First we consider the existence of the equilibrium points Fy,, Fy,, ..., F,. By
Lemma5.3,r/ = (1,1,...,1)Tand A/ = D(—c, —c, ..., —c) hold. Itis straight-
forward to show that the reduced system (1.1)’ has the equilibrium points

Fliyisis,ima)s Flissis,iz,cim)s - - o> Flim1,i1,i30000sim—a}-

By Lemma4.3(a), we shall show that Fy,, Fy,, ..., Fj, are equilibrium points of (1.1).
Let r, be the vector composed of r;, i € J* and A, and Ay, be the submatrices of
A with respect to the indices i € JT, j € J~ and i, j € J7T, respectively. Then
rp is a positive vector and A, is a nonnegative matrix. Furthermore, we see that
—Aj> is a nonsingular M-matrix (all off-diagonal entries of —A»; are nonpositive
and all principal minors of —A»; are positive). By the M-matrix theory, we can show
that —A2_21 > 0 (e.g., see Chap. 6 of [1]). Additionally, the sign pattern of —A>»
implies that all diagonal entries of —Aj, are positive, all diagonal entries of —A2_21
are positive. Hence, —Ale I is positive, and thus —A;zl (r2 + As1x1) is positive for
all x; € R} Consequently, by Lemma 4.3(a), system (1.1) has the equilibrium points
Fr,F,..., Fp,.

Let us consider the existence of the heteroclinic orbit I'y connecting F;,, and Fy,.
Since the heteroclinic orbit I'y is contained in the face S;, := {x € R} :x;, =0},
we consider the dynamics of (1.1) on S; . On the face S§;, , system (1.1) is
reduced to the (n — 1)-dimensional Lotka—Volterra system with the interaction matrix
D(ay, ..., o, -1,0, 0, 42,...,a,). Note that this matrix satisfies the qualitative
VL-stability criterion (1.2). By the VL-stability theory (e.g., see Sect. 15.3 of [4]
and [23,24]), this subsystem has an equilibrium point p which is globally asymptoti-
cally stable in the sense that every solution x(¢) with x(0) € R'_’[l and x; (0) > O for
all i € supp(p) converges to p. Since the Jacobi matrix evaluated at F, has a single
positive eigenvalue corresponding to the x;,,-direction and n — 1 negative eigenval-
ues (see Table 1), Fy, is asymptotically stable within §;, . Thus p = Fy,. Similarly,
we can show that the Jacobi matrix evaluated at F;, has a single positive eigenvalue
corresponding to the x;, ,-direction and n — 1 negative eigenvalues. Therefore, by
the unstable manifold theorem, we can construct a heteroclinic orbit connecting Fj,
and Fy,. By the similar argument, we can also construct the heteroclinic orbits I';,
i =2,...,m,connecting F;._, and F,. Therefore, the heteroclinic cycle I" exists.
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Table 1 The eigenvalues of F

Xij Xip+1 Xip—1 Xiy Xip+1 Xiz—1 Xim Xim+1 Xip—1

-1 -2 e =1 1= —1 T Hig 1 —1 e TGy

Itis obvious that a small neighborhood of " within the boundary of R’} is contained
in U; ;- S;. The dynamics in U, ;- S; implies that the heteroclinic cycle I is asymp-
totically stable within the boundary of R’} .

By Theorem 1(b) of [3], we see that the attractivity of this heteroclinic cycle is
determined by the eigenvalues of the Jacobi matrix of (1.1) evaluated at the m equilib-
rium points. In our case, it is sufficient to show that the sum of the external eigenvalues
at each F, is negative, then the heteroclinic cycle becomes attractive. Let us focus
on Fy,. There are (m + 1)/2 external and n — m + (m — 1)/2 internal eigenvalues
associated with Fy,. (m — 1)/2 of the external eigenvalues are 1 — ¢ < 0 and the
remaining one, which corresponds to the x;, -direction, is 1. Since every equilibrium
in the heteroclinic cycle has similar eigenvalues, the heteroclinic cycle is attractive if

m—1
— ({1 —-0)+1<0
2
2
l—c< ——
m— 1
m+1
C>1+—:—

Proof of Theorem 2.3 By Lemmas 5.1 and 5.2, it is clear that the condition (C1) is
necessary for qualitative permanence.

Consider the condition (C2). Let r and A be the same as in Lemma 5.4. Then
system (1.1) has an attractive heteroclinic cycle on the boundary of R’} if ¢ is large.

Furthermore, since the reduced system (1.1)7 " has a positive equilibrium point

1 1 1
l+c’14¢ " 14+c¢)’

Lemma 4.3(a) shows that system (1.1) also has a positive equilibrium point. Therefore,
the matrix A is not permanent. It is straightforward to show that this result still holds
even if we slightly perturb the matrix A (e.g., we replace the zero entries of A by
€ ~ () since our proof of Lemma 5.4 is robust against a small perturbation to the
parameters. This implies that an n x n matrix with a negative cycle of length #n is not
qualitatively permanent if the cycle contains multiple negative entries.

Finally consider the case where an n x n matrix A contains a shorter negative cycle of
length k < n that consists of multiple negative entries. It is clear that system (1.1) with
the following matrix A can have an attractive heteroclinic cycle on the boundary of R :
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B 0 0

0 -1 0
A= . b

0 0 —1

where B is a k x k matrix with a negative cycle of length & that consists of multiple
negative entries. Similarly to the above, this result is robust against a small perturba-
tion to the parameters. Hence every matrix with a negative cycle containing multiple
negative entries is not qualitatively permanent. This completes the proof. O

6 Proof of Theorem 2.5

In this section, we prove Theorem 2.5. Before its proof, we introduce some useful lem-
mas utilized in the proof. The lemmas are closely related to the concept of P-matrices,
which is defined as follows:

Definition 6.1 (P-matrix) A matrix A is said to be a P-matrix if all its principal minors
are positive. A matrix A is said to be a qualitative P-matrix if every A € Q4 is a
P-matrix.

A qualitative P-matrix is characterized as follows.

Lemma 6.2 (Theorem 3.1 of [16] and Exercise 15.5.5 of [4]). A matrix —A is a
qualitative P-matrix if and only if a;; < 0 for all i and (C1) holds.

When we apply Lemma 4.4 to (1.1), we have to construct a compact forward
invariant set X. By the following lemma, the existence of such a compact set is ensured.

Lemma 6.3 (c.f. Theorem 15.2.1 and Exercise 15.4.3 of [4]). If —A is a P-matrix,
then there exists a compact absorbing set X C R’ for R’}

The equilibrium point X of (1.1) is said to be saturated if r; + (AX); < 0 whenever
X; = 0. A positive equilibrium point is necessarily saturated. By definition, if X is not
saturated (unsaturated), then there exists an i € I such thatx; = 0 and r; + (AX); >
0. The following lemma shows that, under the condition that —A is a P-matrix, all
boundary equilibrium points are unsaturated if (1.1) has a positive equilibrium point.

Lemma 6.4 (Theorem 15.4.5 [4]). System (1.1) has a unique saturated equilibrium
point for every r € R, if and only if — A is a P-matrix.

Now we are ready to prove Theorem 2.5. We use a sequential method to prove
permanence, similar to [10-13].

Proof of Theorem 2.5 By Lemma 6.3, system (1.1) has a compact absorbing set X C
Rﬁr for R’i. Therefore, we focus on the orbits in X.

Hereafter, we shall show that there exists a sequence iy, i2, ..., i, such that each
UIEZIS,-I., k=1,2,...,n,isrepelling. Let J = I\{iy,i2,...,ixk—1} and J # @, I.
For the induction hypothesis, we suppose that there exists a compact absorbing set
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Xy C X\ Uieny i for X\ Uiepy S;, and the matrix A’ has the same sign pattern
as (2.2) (note that Ay, which is the principal submatrix of A with respect to 7\J, is
nonsingular since —A is a P-matrix). Then system (1.1) has a boundary equilibrium
point X such that X; > 0 fori € I\J andX; = O for i € J since the subsystem of
(1.1) on N;¢y S; is permanent (e.g., see Theorem 13.5.1 of [4]). By Lemma 6.4, X is
unsaturated, i.e., rl.J =r; 4+ (AX); > 0 holds for some i € J. Choose an i; such that

r! > 0and rl.J < Oforalli € J withi > i;. Since X is a unique equilibrium point

ik
located in N;ey S; N X\ 7, Lemma 4.4 with rl{ > (O implies that the subsystem of (1.1)
on N;e (i) Si is permanent. Therefore, the subsystem has a positive equilibrium point,
i.e., system (1.1) has an equilibrium point X satisfying X; > 0 fori € (I\J) U {i;} and
Xi = 0 for i € J\{ix}. By the relationship of equilibrium points between (1.1) and
(1.1)7, we obtain rii + ai]kikiik = 0. This implies aijkik <0.

We claim that each equilibrium point X of system (1.1) on X;\; N §;, satisfies
x; = O0foralli € J withi > i;. Suppose not. Then, by Lemma 4.3, the reduced
system (1.1)7 has an equilibrium point X; such thatx; > 0 forsomei € J withi > i.
Since all elements below the sub-diagonal of A’ are zero and X;, = 0, the equilibrium
equation
(] + AR =0, ielJ 6.1)

still holds even if we replace all X;,i € J,i < iy, by zero. Therefore, we can construct
a vector X such that

x; =0, ield, i<i

x; >0, ield, i>i
and both (6.1) and
ri+(AX); =0, iel\J

are satisfied. Note that X is an equilibrium point of (1.1). Since both X and X are
saturated equilibrium points in the subsystem composed of species i € supp(X), we
have a contradiction to Lemma 6.4. This completes the proof of the claim.

By the sign patterns of X and A7,

J J — _
ri, + E aiij/—rik>0
jeJ

holds for every equilibrium point X € X;\; N §;, . Therefore, Lemma 4.4 implies that
S;, is repelling in X\ s, thus U';.:lS,-j is repelling. By Lemma 4.2 and aijkik < 0, the
reduced system (1.1)/\*} can be defined and the matrix A7\*} has the same sign
pattern as (2.2).

Similarly to the above, if we choose iy € I suchr;; > 0andr; <Oforalli > iy,
then we can show that S;, is repelling. This completes the proof. O
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7 Proof of Theorem 2.7

Proof of Theorem 2.7 1t follows from Theorem 2.3 that the conditions (C1) and (C2)
are necessary for qualitative permanence.

Let us consider the sufficiency. It is obvious that an n x n matrix A withn < 2
is qualitatively permanent if (C1) holds. Indeed such a matrix satisfies the sufficient
condition given in Theorem 2.6.

Let us consider the case n = 3. By listing all the sign patterns satisfying (C1) and

(C2), we see that such sign patterns are categorized into at least one of By, By, ..., Bs
listed in Sect. 3 (up to permutation). Therefore, in order to prove the theorem, we shall
show that every sign pattern B;,i = 1, 2, ..., 5, is qualitatively permanent.

By Theorem 2.6, the sign pattern Bj is qualitatively permanent. To show that the
remaining sign patterns are qualitatively permanent, we construct a sequence i1, i2, i3
such that S;,, §;; U S;, and S;; U S;, U S;; are repelling. This is the same method used
in the proof of Theorem 2.6.

First, we shall show that S is repelling in all cases. On the face S, there are at
most four equilibrium points, which have the following sign patterns:

0 0 0 0
p={(0), pp=(+], p2=|+], p3=1{0
0 + 0 +

Since the first rows of all B; are nonnegative, the existence of a positive equilibrium
point implies 7; > 0. Therefore, the origin pg is unstable in the x;-direction. Further-
more, since every boundary equilibrium point is unsaturated, r; + (Ap1)1 > 0 holds.
The inequalities 1 + (Ap2)1 > 0 and r1 + (Ap3)1 > 0 can be shown as follows. Let
x* be a positive equilibrium point. Then r + Ax* = 0 holds. Let p = (0, y,0) " and
p3 = (0,0, Z)T. Then y and z satisfy

r+ (Ap2)2 = —(AX*) +any =0,
r3+ (Ap3)3 = —(AX")3 + a3z = 0.

Thus y = (Ax*)y/ap; and z = (Ax*)3/as3. By these equalities, we have

ri + (Ap2)1 = —(AX™)| +any

= —(AX")| + a12(Ax™)2/an

ajndaz] ajzdanj

= (—ai + )Xy + (—aiz + )X3,
ann ann
1+ (Ap3)1 = —(AX")1 +ai3z
= —(AX")1 + a13(Ax")3/a33
ajzaszy ajzaszz
= (—an + )XY+ (—ain + )X
ass ass
It follows from the sign patterns of By, ..., Bs that these two numbers are positive.

Therefore, S is repelling (i.e., i} = 1).
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We can choose i> and i3 as follows. Since r; > 0, the x-axis always has an
equilibrium point (4, 0, 0). Since this equilibrium point is unsaturated and every
equilibrium point on the interior of S and S3 are also unsaturated, at least one of
S> and S3 are repelling in Ri\S 1. The interior of the remaining face S; contains
one equilibrium point, which is unsaturated. Therefore, the sequence 1, 2,3 or 1, 3, 2
completes the proof. O

8 Concluding remarks

In this paper, we have investigated permanence of Lotka—Volterra equations from a
qualitative, structural point of view. When does the structure of a community, i.e.,
the signs of the interaction matrix, guarantee permanence of the system, assuming
only the existence of an interior equilibrium? Theorem 2.3 provides two necessary
conditions (C1) and (C2) for such qualitative permanence which we believe to be
also sufficient. Theorem 2.7 proved that they are necessary and sufficient if n < 3.
This theorem is proved by listing all possible sign patterns satisfying (C1) an (C2) and
examining qualitative permanence of each pattern. Unfortunately, if n = 4, the possible
sign patterns satisfying (C1) and (C2) are categorized into 60 maximal sign patterns
(up to permutation). It remains open to question whether (C1) and (C2) are sufficient
for qualitative permanence if n > 4 (see Conjecture 2.4; Theorem 2.6).

Let us compare the conditions (C1) and (C2) with the ones for qualitative
VL-stability. By definition, the concept of qualitative permanence is weaker than
that of qualitative VL-stability. Indeed, the class of qualitative VL-stability is a proper
subset of the class of qualitative permanence. For example, consider the following
sign pattern:

Bi=|+ - -
0 + —

Since Bj is a special case of By, Bj is qualitatively permanent. However, it is not
qualitatively VL-stable since it has a cycle of length 3, i.e., aj3a3zaz; < 0. This cycle
can destabilize the matrix Bj. In fact, since qualitative VL-stability is equivalent to
qualitative stability (or sign stability) under the assumption @;; < O for all i (e.g.,
see [14,22]), we can choose the parameters 7; and g;; leading to a permanent system
with an unstable positive equilibrium point (note that the Jacobi matrix evaluated at a
positive equilibrium point x* is given by (x/a;;)). Note that B| gives a special case
of a system with intra-guild predation, which is known as a system with oscillatory
dynamics [6].

We can expect that interaction strengths in food webs of real ecosystems have
patterns. For example, we can expect that the effect of an insect feeding on a tree
is very small, but the converse is very large [21]. In fact, an increasing number of
studies find a pattern in food webs of real ecosystems. For example, de Ruiter et al.
[2] found that the effect of a predator on its prey is relatively large at lower trophic
level, while the effect of a prey on its predator is relatively large at higher trophic
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level. Furthermore, Neutel et al. [20] found the pattern that a long cycle comprises
relatively weak links. These studies examine patterns for stability of steady state in
ecosystems (thus the patterns are observed in community matrices, which correspond
to the Jacobi matrices evaluated at a positive equilibrium point, constructed from data
of real ecosystems). As the stability theory does, our results of qualitative permanence
would provide a pattern that we expect to be ubiquitous in real ecosystems.
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