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Abstract

The per-capita growth rate of a species is influenced by density-independent, positive and negative
density-dependent factors. These factors can lead to nonlinearity with a consequence that species may
process multiple nontrivial equilibria in its single state (e.g., Allee effects). This makes the study of per-
manence of discrete-time multi-species population models very challenging due to the complex boundary
dynamics. In this paper, we explore the permanence of a general discrete-time two-species-interaction
model with nonlinear per-capita growth rates for the first time. We find a simple sufficient condition
for guaranteeing the permanence of the system by applying and extending the ecological concept of the
relative nonlinearity to estimate systems’ external Lyapunov exponents. Our method allows us to fully
characterize the effects of nonlinearities in the per-capita growth functions and implies that the fluctu-
ated populations may devastate the permanence of systems and lead to multiple attractors. These results
are illustrated with specific two species competition and predator-prey models with generic nonlinear
per-capita growth functions. Finally, we discuss the potential biological implications of our results.

Keywords: Allee Effects Nonlinear Per-Capita Growth Rates Permanence Relative Nonlinearity
Two-Species-Interaction Population Models

1. Introduction

The per-capita growth rate of a population given by the symbol A = N;;:l ,orasr = InJ, is a summary
parameter that tell us trends in population density or abundance, i.e., it provides us the information on
whether density and abundance are increasing or decreasing as well as how fast they are changing (Sibly
and Hone 2002). In addition, it can be broken down into density-independent factors, negative and
positive density-dependent factors (Shreiber 2003): Negative density-dependent factors include resource
depletion due to competition (Tilman 1982), environment modification (Jones et al. 1997), mutual
interference (Arditi and Akcakaya 1990) and cannibalism (Fox 1975) while positive density-dependent
factors include predator saturation, cooperative predation or resource defense, increased availability of
mates, and conspecific enhancement of reproduction (Courchamp et al. 2009; Stephens and Sutherland
1999; Stephens et al. 1999; Kang and Lanchier 2011). The synergy of all these density-dependent factors
can result in the nonlinearity of a population’s per-capita growth rate with respect to its population
density, i.e., it can be below 1 in some range of population density and can be above 1 in some other
ranges. As a consequence, the population of a species may process multiple nontrivial equilibria in its
single state. The possibility that plant and animal populations have multiple positive equilibria (also
refer to alternative states sometimes) has received considerable attentions in the ecological literature.
Theory and observation indicate that natural multi-species assemblies of plants and animals are likely to
possess several different equilibrium points (May 1973). Ecological examples include fish (e.g., Peterman
1977; Spencer and Collie 1997), insects (e.g., Ludwig et al. 1978; Kuussaari et al. 1998; Solow et al.
2003), and phytoplankton (e.g., Beltrami 1989). Moreover, subtidal marine ecosystems in general, and
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reefs in particular, have several attributes which favor the existence of multiple stable states (Knowlton
1992). Studying how species with multiple stable states in its single state may affect the persistence
of other species and the coexistence of all species in a ecological community can provide us important
implications for the conservation and management of natural systems (Carpenter 2001).

Mathematical population models have been widely used by many ecologist to explore coexistence
mechanisms of species. For discrete time models, single species models with monotonic per-capita growth
rate (e.g., Ricker’s model) can exhibit complex dynamics, such as chaos, periodic windows (May 1973).
This makes the study of discrete-time two-species population models very challenging. Needless to say,
the difficulty increases when population models have multiple-species with nonlinear per-capita growth
rates in their single state. In this article, we propose a general discrete-time two-species population
model with nonlinear per capita growth rates for the first time and study sufficient conditions that give
the coexistence of two species (i.e., permanence) for such model.

Permanence, which guarantees convergence on an interior attractor from any strictly positive initial
conditions, is regarded as a strong form of coexistence. Permanence of dynamical systems has been
studied by many researchers using Lyapunov exponents (Shreiber 2000; Garay and Hofbauer 2003;
Salceanu and Smith 2009a&b) and average Lyapunov functions (Garay and Hofbauer 2003; Kon 2004;
Kang and Chesson 2010) have used Lyapunov exponents and the notions of unsaturated invariant sets
and measures for Kolmogorov-type discrete-time population models. Recent study by Kang and Chesson
(2010) make use of the ecological concept of the relative nonlinearity (Chesson 1994) to extend Kon’s
(2004) results beyond convexity and concavity conditions to arbitrary nonlinearities for two dimensional
discrete-time competition and prey-predator models. However, Kang and Chesson (2010) as well as Kon
(2004) make assumptions on the monotonicity of the per-capita growth rate of each species. In this
article, we will drop this assumption and derive a easy-to-check permanence criterion for a general two-
species interaction model with the nonlinear per capita growth rates by using the theory of Lyapunov
exponents and extending the ecological concept of the relative nonlinearity. The original concept of
the relative nonlinearity is a species-coexistence mechanism that results from different species having
different nonlinear responses to competition together with fluctuations in time or space in the intensity
of competition (Chesson 1994& 2000; Kang and Chesson 2010). This extended concept allows us to
fully characterize the effects of nonlinearities in the per capita growth functions, which are of major
significance in the presence of multiple nontrivial boundary fixed points.

The structure of the rest paper is organized as follows: In section 2, we propose a general two-
species interaction model and prove the important lemmas that are critical to derive sufficient criterion
for the permanence of such model; In section 3, we give a sufficient permanence criterion for ultimate
competition models; In section 4, we give a simple sufficient condition for permanence of ultimate prey-
predation models; In section 5, we apply our results to a competition model and prey-predator model
with nonlinear per-capita growth rates. In the last section, we conclude our results and discuss the
broader implications of our study.

2. Models and the preliminary results

We are interested in the dynamics of a general discrete-time two-species interactions model with
nonlinear per-capita growth rates that can be described by the following equations:

Ln41 = xnf(xnyyn) (1)
Ynt1 = Yng(Tn,Yn) (2)

where z,, and y, denote population densities of species x and y in season n respectively; f(z,y) and

g(z,y) are per-capita growth rates of these two species, which are nonnegative and twice differentiable

in Ri. In addition, at least one of %, g—{, %, % change signs in R?s—v i.e., the per-capita growth rates
c y’ Oz’ Oy

are nonlinear.



We first define the following important sets:
X={(z,y): x>0,y >0}, Sy ={(z,0) : x > 0}, Sy = {(0,y) : y > 0}

and
S=8:JSy, M=X\S={(z,y):2>0,y>0}.

Let H be a two dimensional discrete-time system described by (1)-(2), then it maps X to X and satisfies
H%z,y) = (z,y) and H"(x,y) = (2, yn). Then it is easy to check that X, S, S,, M and S are positively
invariant. The main goal of this paper is to find sufficient conditions on f and g such that System (1)-(2)
is permanent in X when f and g are nonlinear in X.

2.1. Ezternal Lyapunov exponents

Let {(xi,y:)}52, to be the positive orbit with an initial condition (xg,y0) € S. Then the average
per-capita growth rates of species x,y with initial condition (z9,0) € S, (or (0,%0) € Sy) after n — 1
generations can be represented as

Sy In f(ay,0)

(a0 = =G0 ®
e, 0) = im0 ()
o) - ZimloOw )
) = S/ )

Define 7% (xq,0), 7*(x0,0), 7¥¥(0,y0), 7¥(0,yo) as the limsup of the sequences

{T’lex ('TOv O)}?Lozlv {T’}/Ll (CL‘(), 0)}20:1, {T;Uzy (0, yO) %ozlﬂ {T’?Ly (Ov 3/0)}20:1
respectively. Moreover, we use

fmr(xo,yo)’ ,Fyr(xo,o)’ ’Fyy(xoayO)v 'me(ovyO)

instead if their limits actually exist.

Notice that the quantity 7% (zg,0) (or 74,(0,%0)) is the external Lyapunov exponent of Sy (or Sy),
which gives the average invasion speed of the invader y (or ) (Rand, Wilson and McGlade 1994). If both
7¥%(x9,0) and 74, (0,yo) are positive for all zy > 0,yo > 0, then species y and x are able to coexist. The
key question is that what kind of conditions on f(x,y),g(z,y) can guarantee this, therefore guarantee
System (1)-(2) is permanent in X. In order to answer this question, we need the following two lemmas
first.

Lemma 2.1. [Bounded population density/Assume that f(x,y) in System (1)-(2) is f(z,y) is positive
and twice differentiable in X. Then if there exists 0 < aoo < 1 such that

lim sup sup f(z,y) = Geo,
r—oo y>0

then the population density of species x is bounded by some positive constant. If, in addition, f(0,0) > 1
and any initial condition (xo,yo) € S, with xy > 0, then

7% (29,0) =0, xo > 0.



Proof. Define a;(z) = supy>of(x,y), then the condition limsup,_, o sup,>of(x,y) = as < 1 indicates
that for any € + ao < 1, there exists a number L. large enough such that

a1(x) < aoo +e<1forallz > L.
Since a1 (z) = supy>of(z,y), then we have
flzy) <a1(z) < asw+e<lforallz > L.,y > 0.

Now if an initial condition of species x is greater than L., i.e., xg > L., then there exists a positive
integer N such that xny < L.. Assume that this is not true, then for any positive integer n, we have
T, > L. In particular, we have

n—1
Ty = Tp—1f(Tn—1,Yn—1) = Zo H f(zi,yi) < zp(aco + €)™ — 0 as n — .
i=0
This is a contradiction to the fact that x,, > L, for all n € Z,. Therefore, there exists a positive integer
N, such that xn < L.
Define L, = L max(, yyejo,r.21f (7, y)}. We claim that if zy < L, then z,, < L, for alln > N.

Suppose that this is not true, then there exists some positive integer P such that xn4, > Ly,. Let
Pm =min{p + N : £n4p > Ly, }, then we have

Tpy > L and xp, 1 < Ly,

This implies that either
Lppm—1 <Lcor L. < Zp,,—1 < Ly,.

If xp, -1 < Le, then

Lpy, = ‘/I’.melf(xpm*hy) < Le (x,ygrel?o},(l/;]z{f(x7y>} = Lm

which is a contradiction to x,,, > L.
If Lc <xp,,—1 < Ly, then due to the fact that

f(z,y) < aso + € < 1 for all (z,y) € [L,,00) x [0, 00),
we have
‘T;Dm = :Cpm—lf(xpm—la y) S Ipm,—l(aoo + 6) < Lm

which is also a contradiction to x,,, > L,. Therefore, we have
T, < L,, for all n > N.

This implies that for any initial condition (x,yo) € X with z¢ > 0, there exists a positive integer p,,,
such that
T, < Ly, for all n > p,,.

Therefore, the population density of species x is bounded in System (1)-(2).
Next, notice that S, is positively invariant, then for any initial condition in S;, we have y, = 0 for
all future n > 0, i.e., we have the following boundary dynamics,

Znt1 = Tnf(zy,0) for all n > 0.

Then by applying Lemma B.1 (Kang and Chesson 2010), we can conclude that for any initial condition
(x0,0) with x¢ > 0, the following inequalities hold

0 < b <liminfx, <limsupz, < L,.

n—00 n—00



Let {(x;,0)}:2, to be the positive orbit v (x¢,0) starting at zo > 0, then we have

b Tn—1 Tn—1 Tn—1 B
lim —2 < liminf 0 < lim 0 < limsup 0 < limsup —=°
n—oo N n—o00 n n—oo n n—00 n n—oo n
This implies that for all ¢ > 0, we have
n—1 n—1y_ Tn_1
o In f (2,0 . Do m=2+
7% (20,0) = lim Lizo In f(2:,0) = lim =252~ % _,
n— 00 n n—r00 n
Therefore, we have proved the statement. O

Remark: Lemma 2.1 gives an easy-to-check sufficient criterion for the population of species x being
bounded. Most species in competition models or prey in prey-predator models can satisfy conditions of
the lemma, even for mutualism interaction population models as follows:

v12
_ vl a12Yn
T1—a11T + T
Tptl = Tn€ T et (7)
v22
— v21 4 221%Tn
re—a22y,%1 + T53
Yn+1 = Yn€ trew (8)

where all parameters 7, ai;,v;5,4,7 = 1,2 are strictly positive. In addition, from Lemma 2.1, we have
the following corollary:

Corollary 2.1. If System (1)-(2) is positive invariant in a compact set A where
A={(z,y) € S:2 >0,y >0},

then
7% (29,0) =0 and 7Y(0,y0) =0, xo > 0, yo > 0.

For convenience, define F(x,y) = In f(z,y),G(z,y) = lng(z,y) and F;,G;,i = x,y are the first
partial derivative respect to ¢; Fj;, Gy,t = x,y are the second partial derivative respect to ¢. Let
{(x;,0)}32, to be a positive orbit v+ (z,0) with 29 > 0. Then we have the following lemma:

Lemma 2.2. [The external Lyapunov exponent] Let (x*,0) € S, be a nontrivial boundary fized point
such that F(z*,0) = 0 and F,(z*,0) # 0. Then the following two cases hold if both f(x,y) and g(x,y)
are positive and twice differentiable in X and lim, o f(z,0) =a; < 1.

Case one: If f(0,0) > 1, then 7% (xq,0) = 0. In addition, the external Lyapunov exponent of S, is

7 (x0,0) = G(x7,0) + Ay(20), o > 0.

Case two: If f(0,0) < 1, then 7**(x9,0) < 0. In addition, if %((i*g)) < 0, then the external Lyapunov
exponent of S, satisfies follows

¥ (z9,0) > G(z*,0) + Ay(zo), o >0

where

n— * 1 Gy(z™, zz (Tit,
Yy (zi —a)? Jo 1=1) [Gf’“(x“’o) B W] dt

Ay = limsup
n

and xy = x* + (z; — x*)t.



Proof. The condition that lim, . f(x,0) = a1 < 1, indicates that the superior of the average growth
rate of the species x without species y is less than or equal zero by applying Lemma 2.1, i.e., for all
initial conditions xg > 0, we have

n—1
Zi:o F(z;,0) <0.

n—00 n

Doing exact 2"¢ order Taylor expansion on F(z;,0),G(x;,0) around x = x* gives:

F(z;,0) = F(z*,0)+ F.(z*,0)(z; — x*) + fo Fpr(244,0)dt
G(z:,0) = G(x*,0) + Gi(z*,0)(z; — x*) + fo Gro(mis,0)dt

where x;; = «* + (z; — 2*)t. Since F(z*,0) = 0, then we have

. (l'o 0) _ > F(zi,0)
- F (I* 0) Z?;gl(zi_z*) 4 E?:_ol($i_w*)2 fol (1—t) Fyu (x44,0)dt
This implies that we have
S @i—at)  _ ri(me) | iy (@i—a")? [y (1—t) Fuo(@s,0)dt
n — Fi(z*,0) nFy (z*,0)

This implies that we can rewrite r¥%(zq) as follows:

n—1 .
r%w(xo) Ei:o S(lt ,0)

n—1 * n=1cp _2*)y2 (1 Tit
G(.’ﬂ*,O) +Gx(l'*,0)21:0 (nwi_x ) + Z'— (%4 ) fo (1=t)G o (24:,0)dt

" % % (20,0 o (xi—x L lft Fro(xit,0)dt
= G($ 0) + G (i)’] ,0) |: FT,((.'E:,O)) z 0( nF{O(;*,O)) ( ) i|

4 i } (wi—a” fol(l )G (wir,0)dt

z0,0)Gg(z™,0
- G(a: 0)+—n(°(i T
’:0 T;—x* j (1—t) [ 2z (Tit,0)— %W]

+

Therefore, we have

Case one: If f(0,0) > 1, then by applying Lemma 2.1, we have

7% (29,0) = lim r5%(z,0) = 0.

n—oo

This indicates that

P (x0,0) = G(z*,0) 4+ Ay(xo)
Case two: If %*8)) < 0, then due to the fact that
lim inf 7% (o, 0) < #(z0,0) <0,
we have
7% (20, 0) G(2*,0) + liminf,, o 5 EeDT0 4 A ()

Vv v

G(z*,0) + Ay(zo)

A directly application of Lemma 2.1-2.2 is the following corollary:



Corollary 2.2. [Two positive invariant sets]Assume that all conditions in Lemma 2.2 are hold, i.e.,
(x*,0) € S, is a nontrivial boundary fized point such that F(z*,0) = 0 and F,(x*,0) # 0; both f(x,y)
and g(x,y) are positive and twice differentiable in X with im, o, f(z,0) = a1 < 1. If, in addition, the
following conditions hold

1. The omega limit set of Sy is contained in a compact set [0, A], i.e., w(S,) C [0, A].
2. £(0,0) <1 and the population of single species x converges to 0 for any initial values less than x..
3. The population of single species x persists in [z, A], i.e.,

liminf x,, > z. for any x¢ € [z, A].
n—oo

then the external Lyapunov exponent of S, satisfies follows

inf 77 (z9,0) > min {G(o,()), inf  [G(z",0) + Ay (x0)] }

z9>0 zo€lx1,A]

Remark: Corollary 2.2 applies to the case when a species suffers from strong Allee effects (see the
Fm(m*,O)

is the extended ecological concept of the relative nonlinearity from Kang and Chesson (2010). This

expression allows us to give an easy-to-check sufficient criterion for permanence applicable to a broad

range of situations and avoids checking the detailed information on w(S,) and calculating the external

Lyapunov exponent 7#¥%(zg,0). Depending on the signs of G(z*, 0) and A, (), there are four situations:

application in Section 5). Here, we would like to point out that the expression Gy, (x,0)—

Permanence: If both G(z*,0) and A,(zg) are nonnegative and at least one of them is positive for
all zp € R, then the external Lyapunov exponent 7¥*(xq,0) of S, is positive. Thus we can apply
Theorem 2.2 and its corollary 2.3 of Hutson (1984) to show that species y is permanent. We will
focus on this case in this paper.

Relative Permanence: Notice that it is possible that G(z*,0) < 0 but #¥*(zy,0) is still positive for
almost every g € S,. This is the case when permanence fails due to the nontrivial boundary
equilibrium point (z*,0) being saturated, which give a proper setting for the relative permanence
(Kang 2011; Kang and Smith 2011).

Boundary Attractor: The case when 7#¥*(x0,0) < 0 for all (z9,0) € S, represents the case when
fluctuations associated with the non-point attractor undermine permanence because then the in-
vasion rate is lower than that predicted by the point attractor (z*,0). Thus, the system has no
permanence due to existing attractors on the S,. There are many models (Kon 2006; Kang et al
2008) presenting this scenario under some proper parameter ranges.

Multiple Attractors: The case when 7¥%(zg,0) > 0 for a dense set of zy € S, is a mixture of case 2
and 3, which can generate rich dynamics such as riddled basin of attractions (Ashwin et al 1996;
Ferriere and Gatto 1995; Kon 2006).

3. Sufficient conditions for the permanence of a general two-species competition model

Let species x and y interact with each other in an ecology community and their population density
can be described by System (1)-(2). Then we call a two-species system (1)-(2) an ultimate competition
model if it satisfies the following conditions:

C1: Both f(z,y) and g(z,y) are strictly positive and twice differentiable in X with f(0,0) > 1 and
g(0,0) > 1.



C2: There exists a1, as such that

limsupsup f(z,y) = a1 <1 and limsupsupg(z,y) = as < 1.
r—o0 y>0 y—oo x>0

C3: Assume that species = has u nontrivial boundary equilibria in its single state and species y has
v nontrivial boundary equilibria in its single state. Let (x7,0), (y;,0) be any nontrivial distinct
boundary equilibria, then

f(0,y7) > 1 and g(z;,0) > 1, forall 1 <i<wu, 1 <j<w.

C4: For all z > 0,y > 0, there exists some boundary equilibrium (z},0),1 <i <w and (y;,0),1 < j <
v, such that the following two equalities hold

Gy (z},0)Fyp(z,0)

@) = Coa(,0)= Fy(2*,0) 20 (9)
Fy 0, ;k ny 0,
r(y) = Fyul0,y) - ( Gi()() y,f)( v) >0 (10)

Condition C1 guarantees that the population of species x and y will not be too close to the origin
(0,0), i.e., (0,0) is a repeller. Condition C2 implies that both species x and y suffer from large intra-
competition, which drops their per-capita growth rates below 1 if their population density is too large.
Condition C3 ensures that both species x and y are able to invade each other at the nontrivial bound-
ary equilibria. Condition C4 guarantees both species z and y have positive invading speed when their
population densities are rare. More importantly, it has a very important biological implications. In
fact, (9)-(10) can be associated with relative nonlinearity introduced by Chesson (Chesson 2000842009).
Relative nonlinearity is a species-coexistence mechanism that results from different species having dif-
ferent nonlinear responses to competition together with fluctuations in time or space in the intensity of
competition (Chesson 1994). Rewrite (9) as

G (x],0)Fps(x,0 o * Geo(z,0 Fopr(z,0
Gaa(2,0) = ST = Ga(ar,0) (Gm(cr,o; - Fm(c:,o;)

Goz(2,0)  Fpu(z,0)
Then Go(@r,0)  Fo(ar,0)

are non-invertible (Chesson 2000). More generally, we can consider r¥(z) (or r*(y)) as a contribution to
the invading speed of species y (or ) due to species x (or y) has fluctuated population in its single state,
e.g., if species  (or y) has only point attractors (x7,0),i = 1..,u(or (0,y5),j = 1,..,v), then r¥(z) = 0(or
r®(y) = 0). If the species  has non-point attractors, then the contribution r¥(z) can be positive or
negative (see the classification in the previous section). In this paper, we focus on the case when both
r¥(x) and r*(y) are nonnegative. The main goal of this section is to prove the following theorem:

can be treated as a general form of relative nonlinearity when F,.(z,0), G.(z,0)

Theorem 3.1 (Sufficient conditions on permanence of an ultimate competition model). If System
(1)-(2) satisfies Condition C1-C4, then it is permanent in X.

Proof. Since System (1)-(2) satisfies Condition C1-C2, then according to Lemma 2.1, there exists a
positive number L,,, such that for any initial condition (xg,yo) € X, we have

lim sup max{z,, yn} < L.
n—oo

This implies that System (1)-(2) is dissipative in X, i.e., the set M = [0, L,,,] x [0, L,,] is a compact
global attractor.
According to Lemma 2.1 again, Condition C1-C2 indicates that the following equalities hold

7% (2,0) = 0 and 7¥Y(0,yo) = 0 for all g > 0,y0 > 0.



Let
{(xivo) =0 {<0ayi)}(iﬁ0

are positive orbit with initial conditions x¢ > 0,1y > 0 respectively, and
xf € {xptior, zie =2+ (i — 2", yF € {yptiens vie =y + (v — YOt
Then by applying Lemma 2.2, we have
™% (20,0) = G(z},0) + Ay (o) and 7Y(0,yo) = F(O,y;) + Ax(yo)

where .
SohSo (k= ) fy (1= 1) [Gaulop, 0) — =i lenfonO) ] gy
Ay(zo) = limsup - : )

and
n—1 * 1 Fy (0, ;T)ny(O, )
k=0 (yk - yj)2 fo (1 - t) {Fyy(()?ykt) - éyTJ;)yk] dt

n

A, (yo) = lim sup
Therefore, according to Condition C3-C4 and Lemma 2.2, we have

inf FvT inf 7TV
xlonzfor (20,0) > 0 and ylonzfor (0,y0) > 0.

Define P(z,y) = zy, then we have

n—1 n—1
P<xnayn) F(z; y:))+G(z; .v;
— | I fzs,y) gz, y:) = I | e(F (@) +G (i i)

P(xo,Y0) =0 ( )9l ) i—o

_ 62?;01 (F(zi,9i)+G(ziy:) — e”[rﬁz(wmyo)-‘rﬂy(wo,yo)]

Therefore, the following inequalities hold

P nyIn Fre i P
sup lim inf (.’L‘ Y ) > e(r (,0)+inf ;>0 ryw(z,O)) >1 (11>
n>0 (z0,90)EM—(2,0)€S, P(x0,y0)
sup lim inf Plan, yn) > e(Tu(09)+infy20 72y (0.9)) (12)
n>0 (z0.y0)eM—(0,9)€S, P(xo,y0)
In addition, for all (z,y) € S, we have
P(z,y) = 0 (13)

Thus, according to Theorem 2.2 of Hutson (1984), we can conclude that System (1)-(2) is permanent in
X. O

Remark: Notice that Condition C1-C4 does not have restrictions on the number of boundary equilibria
and the signs of %, 2—5, %, g—g. Thus, it allows System (1)-(2) to model more realistic two-species
interactions, e.g., f(x,y) and g(x,y) may be above 1 for certain range of population density and be
below 1 for other ranges of population density. When we apply Theorem 3.1 to certain ecological
model, the permanence condition derived from Condition C1-C4 may provide us species coexistence
mechanism, which give us some insights on how different species with different nonlinear response to
different interactions (e.g., competition, predation or mutualism) together with fluctuations in time or
space in the intensity of interactions.

In addition, the proof of Theorem 3.1 indicates that Condition C3-C4 is enough to System (1)-(2)

when it is dissipative in X.



Corollary 3.1 (Convexity and Concavity). Assume that System (1)-(2) satisfies Condition C1-C}.
Then the following conditions can guarantee that it is permanent in X :
1. Both F(0,y) and G(x,0) are convez (or linear); and

2. Let (zF,0) be some nontrivial boundary equilibrium. F(x,0) is convez (or linear) and f“:((iig)) <0;

or F(z,0) is concave (or linear) and ?’:((;618)) > 0.

3. Let (0,y5) be some nontrivial boundary equilibrium. G(0,y) is convez (or linear) and g’((gZ’*)) <0;

or G(0,y) is concave (or linear) and gy((giii)) > 0.
» (0,95

Remark: The proof of Corollary 3.1 is straightforward, therefore we omit the details. We would like
to point out that when System (1)-(2) is discrete version of Lotka-Volterra model, then F(x,0),G(z,0)
and F(0,y),G(0,y) are linear functions in  and yrespectively. Therefore, according to Corollary 3.1, if
a discrete-time Lotka-Volterra model satisfies Condition C3, then it is permanent. Theorem 3.1 and its
Corollary 3.1 have extended our previous study in Kang and Chesson (2010), i.e., the results here can
apply to a much broader ecological competition models (or ultimate competition models in our definition)
with nonlinear per-capita growth rates. We will illustrate this in the application section.

4. Sufficient conditions for the permanence of a general prey-predator model

Let species x and y interact with each other in an ecology community and their population density
can be described by System (1)-(2). Then we call a two-species system (1)-(2) an ultimate prey-predator
model if it satisfies the following conditions::

P1: Both f(z,y) and g(z,y) are strictly positive and smooth in X \ {(0,0)} with f(0,0) > 1 and
9(0,0) < 1.

P2: System (1)-(2) satisfies Condition C2-C3.

P3: System (1)-(2) satisfies Condition C4 and the inequality CF;Z(((;‘ZQ)) <0.

Condition P1-P3 allows System (1)-(2) to model but not limit to the following non-overlapping two-
species interactions:

1. When predator species y is generalist and suffers strong Allee effects, e.g., g(0,0) < 1, with more
than one nontrivial equilibrium in its single state (i.e., S,). See an example provided in the
Application Section for details.

2. A traditional prey-predator models with ¢(0,y) < 1 for all y > 0. This condition implies that
the predator y goes to extinct without prey x, thus, System (1)-(2) has no nontrivial boundary
equilibrium in Sy. Condition P2 indicates that lim, o g(,y) = a2 < 1 for any given « > 0, which
implies that for a given population of prey x, the per-capita growth rate of predator drops below 1
due to its huge population density. Such behavior is normally described as predator interference,
i.e., predator individuals interact negatively with one another limiting their ability to hunt prey.
Alternatively, this condition might represent intra-specific competition for some other resource,
such as nesting sites, rather than for prey (Kang and Chesson 2010).

The main goal of this section is to show the following theorem:

Theorem 4.1. If System (1)-(2) satisfies Condition P1-P3, then it is permanent in X.

10



Proof. Since System (1)-(2) satisfies Condition P1-P2, then according to the proof in Theorem 3.1, we
can conclude that it is dissipative in X with the set M = [0, L,,,] X [0, L,,,] as its compact global attractor
where L,, is some positive large number.

From Condition P1, the fact that ¢(0,0) < 1, implies that the trivial boundary equilibrium (0, 0) is
a saddle. Since System (1)-(2) satisfies Condition P3, we can apply Lemma 2.2 to get that

inf #¥(0 0.

Jnf 7(0,50) >
Therefore, according to Theorem 2.2 of Hutson (1984), we have shown that species z is persistent in M,
i.e., for any (xg,yo) € M, there exists b, L,, such that

0 < b <liminfx, <limsupz, < L,.
n—00 n—o00
This implies that we can restrict the system on the compact space [b, L,,] x [0, B]. Then we can apply
Theorem 2.2 and its corollary of Hutson (1984) to the system again to show that species y is also
persistent in M. Therefore, System (1)-(2) is permanent in X. O

Remark: We can get a similar result as stating in Corollary 3.1 when the per capita growth functions
F,G are linear or satisfy some convex and concavity properties. In addition, we have the following
corollary from Theorem 4.1:

Corollary 4.1. System (1)-(2) is permanent in X if it satisfies Condition P1-P2 and Condition
P3 where

P3: The population dynamics of single species y satisfies conditions in Corollary 2.2 and System (1)-(2)
satisfies Condition C4.

5. Applications

In this section, we apply our results to an ultimate competition model and an ultimate prey-predator
model where predator is generalist and suffers from strong Allee effects.

5.1. An ultimate competition model

Multiple stable states occur when more than one type of community can stably persist in a single
environmental regime. Simple theoretical analyses predict multiple stable states for single species dy-
namics via the Allee effect. Dynamics for a single population showing an Allee effect, combined with
some recruitment from external sources (Yodzis 1989), can be modeled as

anrl — xner(xn_91)(92_271)(:371_1) (14)
where
r>0and 0 <6 < By <1.

The equation (14) models the reproduction of single species = has inverse density dependence, i.e.,
declining per-capita reproduction with declining abundance below a critical density 6>. The result is two
stable interior states: high density 1 and very low density #; maintained by recruitment from elsewhere.
These two states are separated by a threshold density 6s; populations just above the threshold may
increase to high abundance attractor, while those just below may decrease to low abundance attractor.

Let z, and y, represent the population of two competing species at generation n. Then their
population density can be modeled as

7"1[(zn701)(HQ*ITL)(Infl)*(alyn)vl} (15)

Tpn+l = Tnp€

Yn+1 = yn6r2[1_‘12%21(In—rc)—(agyn)%] (16)

11



where
r; > 0,v; > 0,2, >0,a; >0,i=1,2,7=1,2,3and 0 < 0; <8 < 1.

System (15)-(16) has two features:
1. Species x has multiple equilibria at its single state.

2. Species y benefits from species x when population density of species x is below a threshold z. and
competes with species  while population density of species z is above x..

First, it is easy to check that System (15)-(16) satisfies Condition C1- C2. The we solve the following
two equations,

r1(zn —01) (02 —xp) (xp —1) = 0=27=01,25=0525=1
ro[l = (azy)?] = 0=y* =

ag

to obtain the following nontrivial boundary equilibria:

(61,0, (62,0) (1,0) and (0, 1) .

as
Let
F(x,0) =7y (x—01) (0 —2) (x — 1), G(x,0) =3[l — aga®(z — z.)],
F(0,y) = r1[6162 — (a1y)"], G(0,y) = r2[1 — (azy)*?]
Then if
Either z. > 1 or min{G(6:,0),G(62,0),G(1,0)} >0
and

vy
F(0,y*) = 116,05 — <‘“> >0,
as

we can conclude that System (15)-(16) also satisfies Condition C3.

Since F(0,y) and G(0,y) have inverse functions in y > 0, then we can apply Theorem 4.1 and
Corollary 6.1 in Kang and Chesson (2010) to obtain that species x is persistent in X if 0 < v; < vy

In order to seek an sufficient condition that species y is able to invade species x, we should look at
the first and second derivatives of F'(x,0) and G(z,0) with respect to = in S, i.e.,

Fp(z,0)=r1 [0 —2)2z— 01— 1) — (x — 61)(x — 1)], Gu(x,0) = —reasz(3z — 2x.),

Frop(x,0) =271 (1 + 601 + 05 — 3z), Guz(x,0) = —2raas2(3z — x.).
Then we have
r9(z) = Gaup(z,0)— Ge(@7,0) Fae (2,0)

Fo(z},0)

= —2rsas (31’ — xc) —2r (]_ + 01+ 65 — 31,) G (z],0)

Fo(27,0)
6a (7“1 Ty - Tzaz) +2 [T2G2$c —r1 (1461 + 62) ?88;}

where xf € {61,02,1}. Thus, if there is a 2} € {1, 0,,1} such that the following inequalities hold

roas _ Gi(x,0)  reasz.
< L < 140, +0,). 17
r T Fy(zr0) T 0on (1401 +62) (17)
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Then System (15)-(16) satisfies Condition C4. Notice that

Gu(01,0)  _  7120201(301—2z)
FZ(HI,O) 7’1(1701)(02701)
GJ; (92,0) _ r2a202 (2:%7392)

FT(9270) - 7’1(1—92)(02—91)
Gu(1,0)  _  r2a20:(3—2z¢)
Fy(1,0) —  ri(1-62)(1—-61)

Thus, if one of the following inequalities holds,

Toa G (01,0 T2a2T ¢ 61(301 —2x.

s gz((zll,o)) s PR+ +0;) == 1< (191—(91)1(92—093) < we(1+01+02)

T = (02,0 T e 2x.—3

1292 < géeio? < Do (] 4 g 46y) &= 1< 7(193(92)(92_;1) <o (1+ 0, +0) (18)
roa z(1,0 T2a2T, 3—2x,

oS Fz((l,O)) s2EE(A4bit6) == 1< (1—2é2)(1—0)1) < @ (L4061 +062)

then (17) holds. Based on the discussion above, we can apply Theorem 3.1 to obtain the following
corollary,

Corollary 5.1. Assume that all the parameters of System (15)-(16) are positive. Then (15)-(16) is
permanent, if the following conditions hold

V1
Condition 1: r160102 > (Z—i) and 0 < v; < vs.

Condition 2: FEither . > 1 or min{G(61,0),G(62,0),G(1,0)} > 0.

Condition 3: One of the inequalities in (18) holds.

Remark: For example, if we take 61 = 0.4, 62 = 0.6, . = 1.2, then for any value of v;, a;,7r;,1 =1,2,75 =
1,2,3 such that

1
0< v £v9, a1 = ag, r1>—:25/6, ro >0, ag >0,
0105

we can conclude that System (15)-(16) satisfies Condition 1-3 in Corollary 5.1, thus it is permanent in
X.

5.2. An ultimate prey-predator model with a generalist predator subject to strong Allee effects

Let x,, and y,, represent the population density of prey x and predator y at generation n respectively.
Then a prey-predator model can be defined as

{En+1 — xnerl[17($'rL)U17((11:[/.”)1)] (19)
m ag (xzy)V2
Ynt1 = Yne (1= — 2t + R (20)

where 7, >0, m > 1, b>1,a >0, a; > 0,v >0, v; >0, i=1,2and (b+ 1)2 > 4bm. We can see
that System (19)-(20) has the following features:

1. Species = was eaten by species y, thus its population density decreases with respect to the pop-
ulation density of species y. At the mean time, the per-capita growth rate of species x decreases
with respect to its own population density.

2. Species y benefits from species z, or preys on species x.

3. Species y suffers from strong Allee effects induced by predator saturation in its single state when
min{b,m} > 1 and (b + 1)? > 4bm.

13



The fact that all the parameters are nonnegative and m > 1 implies that System (19)-(20) satisfies
Condition P1-C2. There are three nontrivial boundary equilibria if min{m, b} > 1 and (b+ 1)? > 4bm:

(+*,0) = (1,0), (y},0) = (o,b_l‘ (52:1)2—4?%) 0 = <O7b—1+\/(b2l—)k1)2——4bm>'

Let

Fz,0)=rm[l—2"],  G(,0)=rs |1—m+ ;35;;’32} ,

FO,y) =l =(ay)’], GOy)=ray|l-y— ﬁfby}
Then System (19)-(20) satisfies Condition C3 if the following inequality holds:

FOy)=ml—(ay))’]1>0 <= yi<g

F0,y5)=r1[1 — (a1y3)"] > 0 == oy < = (21)

G(z*,0) = rq [1—m—|—1‘fa} >0 == m<1l+ %2

Therefore, if y5 < chl and m < 1+ %2, then System (19)-(20) satisfies Condition C3.

b—14+/(b+1)2—4bm
25

Notice that y3 = , thus, if (b+ 1)? > 4mb and max{b, m} > 1, we have

(1 + bys)? — mb = (b+1+\/(b;r1)27—4brn) ? b (b+1)2+(b+1)\/W—4mb
VLR [ b+ 1)7 — 4bm + (b+1)} > 0.

Since

Go(2,0) = Zp2rss > 0, Fy(2,0) = —v1z" 71 <0

G, 0) = 02 l(Law s b2l (0 0) = oy (o — 1) 212

Gy(0,y) = ray [(1?7172)2 — 1] , F,(0,y) = —ria1v(a1y)'~t <0

Gyy(0,y) = —% <0, Fuy(0,9) = rv(l —v)(a1)’y" 2 >0if 0 < v < 1.
then if 0 < v < 1 and y > 0, we have

Fyy(0.9) - 500G (0,y) = rio(1 - v)ayy2 + Hedla) 2w g

(1+by3)?

Let A = maxy~0{yg(0,y)} = maxy>0{yer2(17y7%)}, then the population of single species y satisfies
conditions in Corollary 2.2 if

Ag(0,A) <yi, (b+1)* > 4mb and max{b,m} > 1.
Therefore, we can conclude that species x is persistent, i.e.,
7Y (yo,0) > 0 for all yo > 0
if

1
0<wv<l, y; <—, Ag(0,A) <yi, (b+1)® > 4mb and max{b,m} > 1.
ay
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On the other hand, from the fact that both F'(z,0) and G(z,0) have inverse functions in x > 0, then
we can apply Theorem 4.1 and Corollary 6.1 in Kang and Chesson (2010) to obtain that the sign of
r¥(x) is determined by the sign of the following expression,

Geo(2,0)  Fip(x,0) w140 209 _ 2up — (v1 +v2)(1 + ax®?)

Gy (z,0) Fo(z,0) x (1 + axv?) z(1+ az¥?)

Notice that the population of species x is bounded by (rlvl)_”fle“_”fl according to System (19)-(20).
Thus, we are able to show species y is persistent if

m<1+ 2
l1+a

and 2vs — [v1 + vo] [1 +a ((rlvl)*”fle”*”fl)w} > 0.

According to our discussion above, we have the following corollary:

Corollary 5.2. System (19)-(20) is permanent in X, if the following conditions hold

b—14+4/(b+1)2—4bm

Condition 1: b> 1, y5 < i and 1 < m < min{1 + -2 (b+1)* s

*
Tt ap } where y5 =

Condition 2: 2’[/2 — [Ul —+ UZ] |:1 +a ((Tll}l)_vflerl—vfl> 2] > 0.

Condition 3: 0 < v <1 and Ag(0,A) < yi where

*

Y1

o b—1-— (b+1)2—4bm . rz(l—y—$)
= % and A = I;lg())( {ye by }

Remark: For example, if we take ro = 6, m = 2,b = 8, then single species y has two interior equilibrium
yi = 0.18 and y; = 0.695 with its maximum population A = 0.917 obtained at y = 0.490. Since
Ag(0, A) = 0.364 > y7, thus the population dynamics of single specie y satisfies conditions in Corollary
22. Let 0 <v <1l =025,093=1,r1 =25,a =0.1,a1 = 1,a2 = 2, then we have

az

1
7:1>y§a1+

-1 —1\ V2
>2=m, and 2vs — {1 ( —vitgri—o; ) } —0.567 > 0.
o TTa m, and 2vy — [v1 +vo] |1+ a((r1v1) e

Therefore, we can conclude that System (15)-(16) satisfies Condition 1-3 in Corollary 5.2, thus it is
permanent in X.

6. Discussion

Many species in nature have seasonal life cycles. Data has been collected in discrete time intervals.
Thus, discrete-time population models have been favored by ecologists to exploit the mechanisms of
coexistence which has been an important ecological research question for many decades. Permanence is
a strong form of coexistence that ensures populations persist despite large perturbations of the initial
conditions, i.e., there exists some positive number such that the population of any species in the system
is not less than this number asymptotically for any initial value. Sufficient conditions that lead to
permanence of a population model can provide us useful insights on the mechanisms of coexistence.
Many mathematicians (e.g., Fonda 1988; Freedman and So 1989; Shreiber 2000; Zhao 2003; Salceanu and
Smith 2009a&b) have studied sufficient conditions on permanence of the dynamical systems. However,
these conditions in general are difficult to check, especially for discrete-time population models, since
discrete-time models tend to exhibit complicated dynamics like chaos even in one dimension (May 1973).
Recent paper by Kang and Chesson (2010) has applied the ecological concept of the relative nonlinearity
(Chesson 1994) to derive an easy-to-check criterion for the permanence of a traditional discrete-time two
dimensional competition and prey-predator models with monotonic per-capital growth rates. In this
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article, we focus on deriving a simple sufficient condition on permanence of a general discrete-time two
dimensional two-species interaction models with nonlinear per-capital growth rates for the first time.

We first derive an easy-to-check criterion (Lemma 2.1) for a species having a bounded population
where its population dynamics can be described by a general discrete-time two species interacting model
with nonlinear per-capita growth rates. Then we proceed to estimate the external Lyapunov exponent
of boundary systems of two cases (Lemma 2.2 and its corollary 2.2) by extending the work of Kang and
Chesson (2010). Based on these preliminary but important steps, we are able to give a simple sufficient
condition on the permanence of a general discrete-time two species interacting model with nonlinear per-
capita growth rates (Theorem 3.1-4.1 and its corollaries). A traditional competition model assumes that
the per-capita growth rate of a species is decreasing with respect to its own density and other species’
density while a traditional prey-predator model assumes that the per-capita growth rate of predator is
decreasing with respect to its own density and is increasing with respect to the other species’ density.
However, in reality, this may not be all the cases. For example, the per-capita growth rate of a species
is nonlinear when it suffers from Allee effects which is common phenomena in ecology. More naturally,
when two species interact with each other, their per capita growth rates tend to be a nonlinear function
of two species’ population density. Theorem 3.1-4.1 and its corollaries provide us a convenient tool to
study the mechanisms of two-species coexistence in the following context:

1. When one species has multiple steady states in its single state. For example, when it suffers from
Allee effects.

2. The per-capita growth rate of a species may be above 1 for certain range of population density
and be below 1 for other ranges of population density, i.e., these two species can have competing
relationship in certain range of population densities, have prey-predation relationship in some range
of population densities and have mutualistic relationship in other range of population densities.

We have applied these theoretical results to two typical ecological models with nonlinear per-capita
growth rates. These applications implies that our results allow us to explore the coexistence mechanisms
of two interacting species in much more realistic situations than traditional ones. Extending our current
method to study the permanence of higher dimensional discrete-time systems (i.e., a population model
with more than 2 species) can be our future work.
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Appendix A. Definitions
We call that H is dissipative, if there exists B > 0, for all initial condition (x,y) € X such that
lim sup max{x,,y,} < B.

This implies that H has a compact absorbing set in X. For convenience, when a system H is dissipative,
we will consider X is a compact metric space.

We call that H is permanent, if there exists two positive numbers 0 < b < B, for all initial condition
(x,y) € M such that
b < liminf min{x,, y,} < limsup max{x,,y,} < B.

This implies that H has a compact interior attractor B C M that attracts all the points in M.
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The boundary equilibrium (2*,y*) € S is unsaturated if

f(z*,y*) > 1 and g(z*,y") > 1.

The positive orbit of H with initial condition (xg,yo) € X is defined as

Y (@0, v0) = {(w4,9:) : (w4,9:) = H'(0,90), for alli € ZT}.

The omega limit set of (z,y) € R? is defined as

w(z,y) = {(&n) : HY (z,y) — (€, n) for some sequences t; — 0o}

The omega limit set of a subset S C X of X is defined as

w(S)= U ).

(z,y)eS
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