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Abstract A complete classification for the global dynamics of a Lotka—Volterra two
species competition model with seasonal succession is obtained via the stability anal-
ysis of equilibria and the theory of monotone dynamical systems. The effects of two
death rates in the bad season and the proportion of the good season on the competition
outcomes are also discussed.
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1 Introduction

Temporal variation of environmental conditions is important for growth and survival
of species. Seasonal forcing in nature is a common cause of environmental change,
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which not only affects species growth but also composition of communities (DeAngelis
et al. 2009; DuBowy 1988). The growth of species is in fact driven by the combina-
tion of external forcing and internal dynamics. In temperate lakes there is a growing
season for the phytoplankton and zooplankton during warmer months after which
species die off or form resting stages in the winter. It has been a fascinating sub-
ject for plankton ecologists to study the modeling of non-equilibrium food chains
dynamics by means of seasonal succession. Litchman and Klausmeier (2001) studied
a mathematical model of competition of two genera, Nitschia (opportunist) and Sph-
aerocystis (gleaner), under fluctuating light with season succession in a well-mixed
water column. Klausmeier (2008) applied the Floquet theory to several mathemati-
cal models including structured populations and food chains to obtain some analytic
results. Klausmeier (2010) also chose the well-known Rosenzweig—McArthur model
as a prototypical predator-prey system to study the effect of season succession. In their
numerical simulations, they found that in addition to the expected periodic oscillations,
chaos may happen in some parameter range. In Steiner et al. (2009) and Hu and Tessier
(1995), there are some experimental data about the effect of season succession on the
competition of phytoplankton species. In a much earlier paper, Koch (1974) studied
numerically a two species competition model, where he assumed the Lotka—Volterra
competition dynamics in good seasons from spring to autumn, and the reduction of
populations by some constant factors due to adverse conditions in bad seasons from
autumn to spring through winter. Koch (1974) also considered a model of exploitative
competition with the type II functional responses and investigated effects of seasonal
harvesting. However, there are few analytic results on these ecological models with
season succession. Mathematically, the vector fields of these models are discontinuous
and periodic in time 7, but the associated period maps are continuous. In this paper,
we choose two species competition model of Lotka—Voltera type as starting point to
study analytically the possible effect of season succession. Indeed, this model is phe-
nomenological and even conceptual, but we are able to give a complete mathematical
classification for its global dynamics in terms of the involved parameters. From these
analytical results, we further gain insights into effects of season succession on the
competition outcomes.

The organization of the paper is as follows. Section 2 is devoted to the study of
the long-time behavior of solutions of our two species competition model. We first
establish a series of results on the global convergence of forward orbits, stability of
semitrivial and positive fixed points, and nonexistence and uniqueness of positive fixed
point for the discrete-time dynamical system generated by the period map of the two
species competition model of Lotka—Volterra type with season succession. Then we
use these results to obtain a complete classification for the global dynamics. More
precisely, we give several sets of sufficient conditions for the global extinction of both
species (Theorem 2.1), the competitive exclusion (Theorem 2.2), the competitive coex-
istence of two species (Theorem 2.3), and the saddle-point structure (Theorem 2.4),
respectively. It turns out that four possible outcomes of the classical Lotka—Volterra
two species competition model are preserved by the period map of our competition
model with season succession. In Sect. 3, we discuss in detail the effects of two death
rates in the bad season and the proportion of the good season on the competition
outcomes.
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2 Global dynamics

Let Ry := [0, 00), Z be the set of all nonnegative integers, and w > 0 be given. We
first consider the logistic equation with seasonal succession:

dx

E:—Ax, mw <t <mw+ (1 -—¢)w,

x _ [1 x] FA—Ppo<t<@m+1) @.1)
dt_rx %l maw w=<t=<(m w, .
x(0) =x9 € R4,

where m € Z4, A, r and K are positive constants, and ¢ € (0, 1].
For any yo € Ry, let y(¢, yo) be the unique solution of the logistic equation

dy y
Z=mi-%]. Y0 =yekr. 22)

It then follows that the solution x (¢, xp) can be determined uniquely as follows:

—A(t—mw)

x(t,xg) = e x(mw, xg9), Vt € [mw, mo + (1 — ¢)w],

x(t,x0) =yt —[mo+ (1 -¢)o], x(mow+(1—-¢)w,xp)),
vVt € [mw+ (1 —P)w, (m+ 1)w],

where m € Z,. This implies that the solution x (¢, xo) exists globally on [0, co). We
further have the following threshold dynamics for (2.1).

Lemma 2.1 (Threshold dynamics) Let x (¢, xo) be the unique solution of system (2.1).
Then the following two statements are valid:

1) Ifrg —xr(1 —¢) <0, then lim;_, o x(t, x9) = 0 for all xo € R...
@) Ifrg — (1 — @) > O, then system (2.1) admits a unique positive w-periodic
solution x*(t), and lim;_, oo (x(t, x9) — x*(t)) = 0 for all x9 € R4 \ {0}.

Proof This threshold type result is a straightforward consequence of Zhao (2003,
Theorem 2.3.4), as applied to the period map M associated with system (2.1), that is,
M (x9) = x(w, xp), Yxo € R;. Here we provide a more elementary proof. It is easy
to see that M (xg) = y (¢a), e_)‘(l_q’)wxo). Clearly, M(0) = 0, and M is increasing
on R, . Note that the solution y(¢, yo) of the logistic equation (2.2) has the following
explicit expression:

Kyo
y(, yo) = , V>0, yoeRy. (2.3)

(K —yo)e " + yo

Then the period map M of system (2.1) can be expressed as

](er*)»U*@w
(K _ er—A(l—q&)m) e~ + xoe—k(]—q})w ’

M (xo) = Vxo € Ry
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A simple computation shows that M has no positive fixed point in the case where
r¢ — A(l — ¢) < 0, while M has a unique positive fixed point

K (1 _ ek(l—¢)w—rd)w)

1 —eroe

x* =

in the case where r¢ — A(1 — ¢) > 0. Thus, conclusions (i) and (ii) follow from the
convergence of the monotone sequence M" (xp). O

Now we consider the Lotka—Volterra two species competition model with seasonal
succession:

dxi .

I:—kixi, mow<t<mo+{(1-9@w, i=1,2,

d

sl R r1xq [1 — x—]} —axix2, mo+ (- <t <m+ o,

dt K 2.4
dx; X2

— =nx|l——|—-3x1x2, mo+ ({1 —-—¢)o <t <(m+ 1o,

dt K>

(x1(0), x2(0)) = x° € RY,
where m € Z, A;, ri, K;, o and B are all positive constants, and ¢ € (0, 1].
By a similar way of induction as in system (2.1), it follows that for any x* € RZ
system (2.4) admits a unique nonnegative global solution x (¢, x9) on [0, c0). Since

system (2.4) is w-periodic, it suffices to investigate its associated the period map S on
R?, that i,

S(xo) = x(w, xo), vl e Ri_.
We define a linear map L : Ri by
L(x1,x) = (e_’\l(l_‘z’)wx],e_’\Z(l_q))wxz), V(x1,x2) € R2.

Let {Q;};>0 be solution semiflow associated with the Lotka—Volterra competition
system:

dX1 X1
— =rx; |l — — | —axixy,
K

dt
2 1= 2] - 2.5)
dt =Xy K2 X1X2, .

(x1(0), x2(0)) = x* e RZ,

that is, Q;(x%), as a function of ¢, is the unique global solution of system (2.5) on
[0, 00). It then easily follows that S(x%) = Qg (Lx?), ¥x° € R? ie., S = Qpwo L.
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Forx,ye]Rz,wewritex§yify—xeR%r;x <yify—xeR2+\{0};andx Ly
if y —x € Int(R%). Let K := {(x1,x2) € R? : x; > 0,x, < 0}. Then we write
x<gyify—xeK;x<gyify—xe K\{0});andx <k yify —x € Int(K).

2.1 The period map S

To describe the long-term behavior of solutions of the model system (2.4), we first
study the discrete-time dynamical system {S"},>0, which is generated by the period
map S.

Lemma 2.2 (Monotonicity and convergence) The map S has the following properties
onRZ:
+

() Ifx =k y, then S(x) =k S(y).
() IfS(x) < S(y), thenx < y.
(iii) For any x° € R2, the sequence of points S" (x°) converges to a fixed point of
Sasn — oo.

Proof By the comparison theorem of competitive systems (see, e.g., Smith and Walt-
man 1995, Theorem B.4), it follows that Q,(xo) <k Q,(yo), Vi > 0, x9, yO € Ri
with x0 <g yo, and hence, the property (i) holds for the map S. For any given 7y > 0,
and x,y € R%r with Qs (x) < Q4 (y), it is easy to see that u(t) := Q—;(x) and
v(t) = Q—:(y) are two solutions of a two dimensional cooperative system for
t € [0,15]. Since u(0) = Qy(x) < Oy (y) = v(0), the comparison theorem of
cooperative systems (see, e.g., Smith and Waltman 1995, Corollary B.2) implies that
x = u(ty) < v(tp) = y. By this property of the semiflow {Q;},>0 and the expression
of the linear map L, it then follows that the property (ii) holds for the map S. Now
the property (iii) is a consequence of (i), (ii), and the same arguments as in Smith
and Waltman (1995, Theorem 7.4.2) (see also the proof of, de Mottoni and Schiaffino
1981, Theorem 4.1). O

Lemma 2.3 (Stability of semitrivial fixed points) Assume that ri¢p — 11(1 — ¢) > 0
and let x{(t) be the unique positive w-periodic solution of system (2.1) with r = r,
and K = K. Let x* = (x{(0), 0), DS(x*) be the Jacobian matrix (i.e., the Frechét
derivative) of S at x*, and r(DS(x*)) be the spectral radius of the linear operator
DS(x*). Then following statements are valid:

Q) Ifradg —r(1—9¢) > ’i% (rig — A1 (1 — @), then r(DS(x*)) > 1, and hence,
x* is an unstable fixed point of S.
() Ifryd — (1 —9¢) < 1:251 (rig — 21 (1 — @), then r(DS(x™)) < 1, and hence,

r1

x* is an asymptotically stable fixed point of S.

An analogous stability result also holds for the case where ra¢p — do(1 — ¢) > O.

Proof Let f(x) be the right-hand side vector field of system (2.5). Then we have

2r;

Df(x) = [” kTR e ] (2.6)

2
—Bx2 ry— ¥ex2 — B
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Let u(t,x) := Q:(x), and V (¢, x) := Dyu(t, x). It then follows that for any given
X € Ri, the matrix function V (z, x) satisfies

dV ()
dt

=Df(u(t,x)VE), V) =I

Since S = Qg o L, the chain rule implies that

. . [e -9 0
DS(x*) = DQgu(Lx )[ 0 e)»z(l¢)w:|

Thus, D Qpw(Lx*) = Dyu(pw, Lx*) = V(pw, Lx*).Letx* = (x], 0). Then Lx* =
(e7M1=Px¥ 0). By the expression (2.3), we have u(t, Lx*) = (u}(t), 0) with

leike*)u(l*tb)w

=1 @7)

K| — xi‘e*ll(lﬂb)w) e~ Tt & x’lkef)q(lfq))a)’
and hence,

2ry % *
Df(u(t, Lx*)): I:gl _K_:M](t) r—za_l’”’;;)*(t)}
1

It then follows that

pw 2r
b (r1 —K—lluT(l))a't «

V(pw, Lx*) =
¢ efod)w(rz—ﬁuf(t))dt

Thus, the matrix DS(x™*) has two positive eigenvalues | and py given by

w 2r1 % b
= e (f’ (rl—K—}u](t))dt ~e_)‘1(1_¢)“’, o = ef(? (r2—Buj))dr e h(=do
By the formula (2.7) and elementary computations, or by integrating the logistic equa-
tion for uT(t) (see, e.g., the proof of Lemma 2.5(i)), it then follows that

go * %,
/ul(t)dt = (r¢ =11l —9¢) w.
0

A straightforward calculation further shows that

(ne—120-)-EL (1g—21(1-9)) )

— oMo _ o, ,

1

which implies that the statements (i) and (ii) hold. O
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Lemma 2.4 (Stability of positive fixed point) Let X be a positive fixed point of S,
and r(DS(x)) be the spectral radius of the linear operator DS(x). Then following
statements are valid:
@) If% < af, thenr(DS(x)) > 1, and hence, X is an unstable fixed point of S.
G If [g:;?z > af}, then r(DS(x)) < 1, and hence, X is an asymptotically stable
fixed point of S.

Proof Let f(x),u(t, x) and V (¢, x) be defined as in the proof of Lemma 2.3. It then
follows that

i  [eM(-p)o 0
DS(x)=V(¢w,Lx)[ 0 e—M(‘—W}

Letu(t) = (u1(t), ua(t)) := Q;(Lx) and V(t) := V (¢, Lx). Then

dv(t)
dt

= Dfa)V(t), V(0) =I.

Let

1
= 0
P(t) := |:"”(§l) 1 :|
u (1)

By the expression of Df (x) in (2.6) and a straightforward computation, it then fol-
lows that under a change of variable w = P (¢)v, the linear equation ‘2—;’ = Dfu(t))v
becomes the following one:

g e
dw _ | mrRm @O mem® 2.8)
dt —Bur(t)  —gua(r)

Let W(¢) be the monodromy matrix of system (2.8), that is, W (¢) satisfies

dw (1)

=AW (@), W) = 1.

Thus, we have W) = PV ()P~1(0), and hence, V() = P L)W () P(0),
vVt > 0. Let x = (x1, x2). Note that

i(0) = Lx = (e*)»](lﬂﬁ)wjl’ 6*12(1*@0})}2) ,

and i(pw) = Q¢ (LX) = S(x) = x. It then follows that

e)‘l(lf‘b)w 0
P0) = |:O o 21— j| , Ppw) = |:

X2

><||,_.

1

(=]
5= o

|
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and hence,

i e M1=p)o 0
DS(x) = V(pw) [ 0 ex;(lqﬂw}

B M 1=9)o 0
= P~ (pw) W (¢pw) P(0) [ 0 eh(qu;)w]

_|x 0 x1 O -
_[0 )Ezi|W(¢w)|:0 fzi| ’

which implies that D S(x) is similarto W (¢w). Thus, we have r (DS (x)) = r(W (¢pw)).

Let
-1
Z(t):[(l) (il]W(t)[(l) _Ol] .

Then Z(t) satisfies

dz [ =g aia )
dr | B — i)

] Z:=Bt)Z, Z(0)=1 (2.9)

Since the matrix B(t) is cooperative and irreducible, it follows from Smith and Walt-
man (1995, Theorem B.3) thatforeachr > 0, every element of Z (¢) is positive. Clearly,
W (¢w) is similar to Z (¢w), and hence, r (W (¢pw)) = r(Z(¢w)). By Perron—Frobenius
theorem (see, e.g., Smith and Waltman 1995, Theorem A.4), p» := r(Z(¢w)) is a sim-
ple eigenvalue of Z(¢w) with a positive eigenvector e = (e1, e2)”. Let p; be another
eigenvalue of Z(¢w). By Liouville’s formula, we have 0 < p1p2 = detZ(¢pw) =

elo” trace(B)ds _ | and hence, 0 < p; < pa. Let 2(1) = (z1(1), 22(t)T 1= Z(t)e.
Then z(¢pw) = Z(pw)e = pre, and z;(t) > 0, Vt >0, i = 1, 2. Since

d
d
Zd2t(t) — Bii1(21(1) — ;—zﬁz(%(’)’

it follows that

e

dzi(t) r1 dza(t) rire \ -
dt + K| dt ((X,B Kz) w2(022(0) -

Integrating the above equation for # from 0 to ¢w, we then obtain

dw
i _ _nn _
(,361 + Eez) (oo —1) = (Oéﬂ KIKZ)/Mz(t)Zz(t)dl-
0
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Since (,Bel + %ez) > 0and [§“ u2(t)z2(1)dt > 0, we see that py — 1 has the same

sign as aff — Ig;gz This implies that the statements (i) and (ii) hold. O

For the sake of convenience, we introduce the following notations:

_[® « _[rig—md-¢)o
A"[ﬂl K—} B"[(rm—xz(l—@)w]

Then we have the following observation.

Lemma 2.5 (Uniqueness of positive fixed point) The following two statements are
valid:

(1) If S has a positive fixed point X, then y := f0¢w Q:(Lx)dt is a positive solution
of the linear algebraic system Ay = B.
Gi) If IQ??Z # af, then S has at most one positive fixed point.

Proof Let x(t) = (x1(t),x2(t)) := Q;(Lx) and y; := 0¢wxi(t)dt,i = 1,2.
Then x(¢pw) = Qpu(LX) = S(x) = ¥, and x;(t) > 0, ¥Vt > 0, i = 1,2. Since
(x1(2), x2(¢)) satisfies equation (2.5), it follows that

r |:l — x;((lt)i| —ax(t) = il

xi (1)’
x2(1) x50
“[1_ K }_ﬂx‘(”_xz(r)'

Integrating the above two equations for ¢ from O to ¢, we then obtain

.
rigw - -y —ayy =In% —In (e7M107995)) =101 - p)o,
1

rn

r2¢w - Kz

y2 = By =Inf —In (¢ 720795) = 25(1 - p)o.
This implies that the statement (i) holds.

Now we prove the uniqueness of the positive fixed point of S. Suppose, by contradic-
tion, that S has two distinct positive fixed points x and y. Since det A = ,ergz —af #0,
the linear system Ay = B has a unique solution. By the statement (i), it then follows
that

26 (020}
/Qt(Li)dtz/Q,(L)_))dt. (2.10)
0 0

Since any two points in R? are ordered with respect to one of two orderings < and
<k, we can assume, without loss of generality, that either y < X, or y <k X. In
the case where y < X, we have Qg,,(Ly) = y < X = Qgpu(LX). By the com-
parison theorem of two dimensional competition systems in the negative direction
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(see, e.g., the proof of Lemma 2.2(ii)), it then follows that Q;(Ly) < Q:(Lx), Vt €
[0, pw]. Since Ly < Lx, we see that Q;(Ly) # Q;(Lx) on [0, ¢w]. Thus, we
have f(;ﬁw Q/(Ly)dt < [§“ Q/(LX)dt, a contradiction to (2.10). In the case where
y <k X, we have Ly <k Lx. By the comparison theorem of two dimensional com-
petition systems (see, e.g., Smith and Waltman 1995, Theorem B.4), it then follows
that Q;(Ly) <kx Q:(Lx), Vt € [0, ¢w]. Since Ly <k Lx, we have Q;(Ly) #
0;:(Lx) on [0, ¢pw], and hence, foqm 0 (Ly)dt <k f(;’sT Q;(Lx)dt. This also contra-
dicts (2.10). O

2.2 Long-term behavior

With the help of Lemmas 2.1-2.5, we are now ready to give a complete classification
for the global dynamics of the model system (2.4).

For the sake of convenience, we also use the notations 0 = (0, 0), C; := {(x1,0) :
x1 € Ry}, and Cr := {(0,x2) : xp € R4}. A vector function f(¢) is said to be
asymptotic to an w-periodic function g(¢) provided that lim; .~ | f(t) — g(t)| = O.

Theorem 2.1 (Global extinction) The following statements are valid:
A1) Ifrig —ri(1 —¢) <0, Vi = 1, 2, then the zero solution is globally asymptot-
ically stable for system (2.4) in Ri.
1) Ifrig —r(l —¢@) > 0andry¢p — Ay (1 — @) < O, then any solution of system
2.4)in Ri \ C3 is asymptotic to (x{ (1), 0).
(i) Ifrig — a1 —¢@) <0andrygp — Ay (1 — @) > O, then any solution of system
2.4)in Ri \ C1 is asymptotic to (0, x5 (t)).

Proof In three cases (i), (ii) and (iii), at least one component of the vector B is neg-
ative, and hence, Ax = B has no positive solution. By Lemma 2.5(i), it then follows
that the map S has no positive fixed point.

In case (i), Lemma 2.1(i) implies that S has no nonzero fixed point on the boundary
of Rﬁ_. By Lemma 2.2(iii), it follows that every forward orbit of S” in Ri converges
to 0. As in the proof of Lemma 2.3, it is easy to see that

e (1—p)o 0
DS(0) = DQyw(0) 0 e—r2(1=p)o
prio—1(1-¢))o 0
= 0 p(nd—r2(1-¢)w

Thus, we see that »(DS(0)) < 1, and hence, 0 is a linearly stable fixed point of S.
Consequently, we obtain the global asymptotic stability of the zero solution for the
periodic system (2.4).

In case (ii), Lemma 2.1(i) implies that S has exactly one nonzero fixed point
(x7(0), 0) on the boundary of Ri. Note that DS(0) has two positive eigenvalues:
one is greater than 1 and the other is less than 1. Thus, 0 is a saddle fixed point of S.
By Lemma 2.2(iii), it then follows that every forward orbit for S in Ri \ C converges
to (x{(0), 0). This implies that the statement (ii) is valid. By symmetric arguments,
we see that the statement (iii) also holds. O
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Theorem 2.2 (Competitive exclusion) Assume that ri¢p — A; (1 — @) > 0, Vi =1, 2.
Then the following statements are valid:

Q) Ifragp — Ml = ¢) < BB — 11— ) and g — (1 — ¢) >
ar_liz (r¢ — A2 (1 — @), then the solution (x](t), 0) is globally asymptotically
stable for system (2.4) in Ri \ Ca.

i) If rn¢p — 2l — ¢) > ﬂ,—Ifl(V@—M(l —¢)) and ri¢p — 1 (1 — @) <
o‘r—fz (r2¢ — A2(1 — @), then the solution (0, x5 (1)) is globally asymptotically
stable for system (2.4) in Ri \ Ci.

Proof We consider two lines on y-y» plane

rl

I :
1 IR

yi+ay=@F¢—rd—-¢)o >0,

and

rn

I :
2 ,3)’1+K2

y2 = (rn¢ — A1 —¢))w > 0.

It is easy to verify that the y; and y, intercepts of /; are greater than those of / in
case (1); and the y; and y, intercepts of [, are greater than those of /] in case (ii). This
implies that both /1 and /; do not intersect in R%r. Then Lemma 2.5(i) implies that S
has no positive fixed point. By the expression of DS(0) as in the proof of Theorem
2.1, it follows that 0 is a unstable fixed point of S in both x| and x, directions. From
Lemma 2.3 and its proof, we further see that in case (i), (x](0), 0) is an asymptotic
stable fixed point of S and (0, xik (0)) is a unstable fixed point of the saddle type. By
Lemma 2.2(iii), it then follows that (x{(0), 0) globally asymptotically stable for S in
Ri \ C2, which implies the statement (i). The statement (ii) can be proved in a similar
way. O

Theorem 2.3 (Competitive coexistence) Assume that rip — Ai(1 — ¢) > 0, Vi =

L2 If g — (= @) > Ky (1 —9)) and g — 1 - ¢) >
oK

X(), and x(t) is globally asymptotically stable for system (2.4) in [ nt(Ri).

2 (ry¢p — Ao (1 — @), then system (2.4) admits a unique positive w-periodic solution

Proof As in the proof of Theorem 2.2, 0 is a unstable fixed point of S in both x| and x3
directions. By Lemma 2.3 and its proof, it follows that both (x}(0), 0) and (0, x5 (0))
are two unstable fixed points of the saddle type. Thus, Lemma 2.2(iii) implies that for
any x° € Int(Ri), 5" (x%) converges to a fixed point of S in Int(Ri) asn — oo.
Since rp¢p — Ax(1 — ¢) > 0 and

BK1
rg =il =) > =L (19— 1(1 = 9)
K K
o BKL K (=),
r r
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riry
K1 K>

point x, and hence, x is globally attractive for S in 1 nt(R%_). Further, Lemma 2.4(ii)
implies the local stability of the fixed point x. Consequently, we have the above stated
conclusion for solutions of system (2.4). O

we then have

> af. In view of Lemma 2.5(ii), S has a unique positive fixed

Theorem 2.4 (Saddle-point structure) Assume that ri¢p — (1 — ¢) > 0, Vi =
L2 0f g — 2ol — @) < EXL(rigp =211 —¢)) and rgp — (1 — ¢) <
% (r2¢p — A2 (1 — @), then system (2.4) admits a unique positive w-periodic solution

x (1), and there exists a continuous, unbounded and one-dimensional curve I' C Ri
such that both 0 and x(0) are in ", and the following statements are valid:

(a) Ifx0 € I''\ {0}, then the solution x(t, x0) is asymptotic to x(t).
() Ifx° >k y° forsome y° € T, then the solution x (t, x°) is asymptotic to (x}(®),0).
(¢) Ifx" <k 2% for some z° € T, then the solution x (t, x°) is asymptotic to (0, x5 (1)).

Proof In view of Lemma 2.3, both (x(0), 0) and (0, x3(0)) are asymptotic stable
fixed points of S. Let By and B, be the basins of attraction of (x}(0), 0) and (0, x5 (0))
for S in Ri, respectively. It then follows that By and B, are relatively open in Ri.
Now we claim that S has at least one fixed point x in Int (Ri). Otherwise, Lemma
2.2(iii) implies that Ri \ {0} = B; U Bj, which contradicts the connectedness of
REL \ {0}. Note that the existence of the positive fixed point x is also a straightforward
consequence of Hsu et al. (1996, Proposition 2.1) on connecting orbits for abstract
competitive systems. Since ¢ — A2(1 — ¢) > 0 and

BK1
g —i(l—-¢) < ; (ri¢ — 2 (1 —9))
BK1 akp
< — —— (n¢ — (1l —9)),
ri r
we then have % < af. Thus, Lemma 2.5(ii) implies that x is a unique positive fixed

point of S. Further, we see from Lemma 2.4 and its proof that D S(x) has two positive
1

eigenvalues pj and py such that pjpy < 1 and py > 1. Since p; = (p102) - 5 < 1,
the fixed point x is of the saddle point type. As in the proof of Lemma 2.4, we see that
detDS(x) = p1p2 > 0. Since S is invertible, it follows that S(x) = x only for x = x.
Thus, condition 3 (b) in Kulenovic and Merino (2006, Theorem 5) is satisfied. For any
given (x1, 0) >k (x7(0), 0), we have S(x1, 0) = (M;(x1), 0), where M is the period
map of system (2.1) with L. = A1, = r; and K = K. We claim that M{(x;) < x;.
Otherwise, M{ (x1) is a strictly increasing sequence of points, and hence, we obtain
lim,, , oo M} (x1) > x1 > x{(0), which contradicts the global attactivity of x(0) for
M7 on Ry \ {0} (see Lemma 2.1(ii)). It then follows that S(x1, 0) <g (x1, 0). Simi-
larly, we can show that S(0, x2) > (0, x2) for any (0, x2) <k (0, x5(0)). Thus, two
conditions in Kulenovic and Merino (2006, Theorem 6 ii. and iv.) are satisfied. Define
I:= Ri \ (B1 U By). It is easy to see that 0 € I". Now conclusions (a), (b) and (c)

follow from Kulenovic and Merino (2006, Theorems 5 and 6). m]
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3 Discussions

Seasonal environmental change has effects on individual physiology, species growth,
and strength of interactions. Alternation of seasons, a common phenomenon in nature,
includes quantitative and qualitative fluctuation of environment (Hu and Tessier 1995;
Schmitt and Holbrook 1986). The alternations may be fast (e.g., daily light change,
Litchman and Klausmeier 2001), intermediate (e.g., tidal cycles and annual seasons,
DeAngelis et al. 2009), or slow (e.g., EI Nino events). In the present study, we assumed
a Lotka—Voltera competition model with periodic succession of environmental forcing
on species growth. We should point out that the dynamics in bad seasons is not the
exponential decay in Koch (1974), although the Lotka—Volterra competition dynamics
in good seasons is assumed there. Both the numerical results of Koch (1974) and our
analytic results show that the alternation of good and bad seasons, implicitly defined
by resource availability, can reverse the prediction made by the original Lotka—Voltera
model. Below we provide detailed explanations.
Consider the following classical Lotka—Volterra two species competition model:

dX1 1 X1
=rix — — | —ax1xy,
1X1 K 1X2

dr |
de N 1 X2 ,3 (3 1)
T rXx) 5 X1X2, .

(x1(0), x2(0)) = x* e R2.

It is well-known that there are four cases of the competition outcome in model (3.1)
(see, e.g., (Murray, 1989, Section 3.5)), namely:

A IfK| >
B. If K| <
C. If K| <
D. If K| > %2 and K, > %, then the bistability occurs for two species in the sense

and K, < %1 then species 1 wins the competition.

and K» > L, then species 2 wins the competition.
and K, < %, then two species coexist at a stable equilibrium.

=3 =S =S

that there exists a separatrix curve I connecting (0, 0) to the infinity in ]R?|r such
that species 2 wins whenever the initial distribution is above I', while species 1
wins whenever the initial distribution is below I'.

In this paper, we studied the Lotka—Volterra two species competition model with
seasonal succession (2.4). The results can be summarized according to five cases,
namely:

E. Two species go to extinction.
I. Species 1 wins the competition.
II. Species 2 wins the competition.
III. Two species coexist at a stable periodic state.
IV. Bistability occurs for two species.

From Theorem 2.1(i), we first see that if

rip —ri(l—¢) <0, Vi=1,2, (3.2)
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then the outcome E occurs. By Theorem 2.1(ii) and Theorem 2.2(i), it follows that
the outcome I occurs provided either

rg —ri(l =) >0, rn¢—21(l-9¢) <0, (3.3
or

rig —Ai(l—¢)>0, Vi=1,2,
BKi
¢ — il —¢) < (ri¢ — A1 (1 — ¢)), 34

ri

K
g —a(l — ) > “r—zz (r2p — Ja(1 — §)).

In view of Theorem 2.1(iii) and Theorem 2.2(ii), the outcome II occurs provided
either

rg —ii(l =¢) <0, r¢ —212(l —¢) >0, (3.5
or

rip—ri(l—¢) >0, Vi=1,2,

BK

¢ — il —¢) > " (r1¢ — A1(1 — ¢)), (3.6)
aKy

rig — il —¢) < ” (r2¢ — A2(1 — 9)).

Theorem 2.3 implies that the outcome III occurs provided

rig —Ai(l1—¢)>0, Vi=1,2,
K
rag—aa(—d) > PXL g — 211 = 9, 3.7)

r

K
g — (1 —¢) > “r—; (r2p — Ja(1 — §)).

Finally, we see from Theorem 2.4 that the outcome IV occurs provided

rig —ri(l—¢)>0, Vi=1,2,
K
rag—aa(l = @) < PXL (g — 211 = 9, (3.8)

ri

K
g —a(l — @) < “r—zz (r2p — 2o (1 — §)).

In order to give biological interpretations of our analytic results on periodic system
(2.4) and to compare them with those on the autonomous system (3.1), we introduce
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the following discontinuous w-periodic functions:

bi(t) = —Ai, Vte[mo,mo+ (1 —¢)w), meZ,
LA O Vi € [mo+ (1 — @)oo, (m+ Dw), m € Z,
|0, Viemw,mo+(1—-9¢)w), mel,

G =11 Viemot (1 - @, (m+ Do), meL.
- 0, Vte[mw,mo+ (1 —-¢)w), mel,

() = a, Vie[mo+(1—-¢)ow, m+ Dw), m € Z,
A= 0, Vte[mw,mo+ 1 —-¢)w), mel,

P = B, Vie[mow+ (—@w,(m+ D), meZ,

where i = 1, 2. It then follows that system (2.4) can be written as the nonautonomous
system with discontinuous w-periodic coefficients:

e bi()x1 — a1 ()xy — a(t)xyx2,

(3.9
dxy 5
i by ()xy — ax(t)x; — B(t)x1x2.

Taking the average values of these w-periodic coefficients on [0, @], we then obtain
the following averaged autonomous system:

d _
% =bix; — 511x12 — axX1X3,
! (3.10)
de - - 2 =
o baxy — arxy — Bxix,

where b; = ri¢p — A (1 — @), a; = %,i =1,2,& = a¢, and B = B¢. It is easy to
see that system (3.10) is of form (3.1) with r;, K;, o and B replaced by

- - K= PRI
ri¢

@ and S, respectively. Thus, 7; and K; can be regarded as the seasonal averages of the

intrinsic growth rate and the carrying capacity for the i-th species, respectively.

Under the assumption that ;¢ — A;(1 — ¢) > 0, Vi = 1, 2, we can easily see that
conditions (3.4), (3.6), (3.7) and (3.8) are equivalent to those in cases A, B, C and D,
respectively, for the averaged autonomous system (3.10). In other words, we can use
the averaged autonomous system (3.10) to determine the competition outcome for the
model (2.4) in the case where two averaged intrinsic growth rates are positive.

We should remark that our analytic results in Sect. 2 show that the above averaged
method can be employed to predict the competition outcome only for the specific
periodic system (2.4). But we cannot use it to prove the existence, uniqueness and
stability of the positive periodic solution. Even for continuous periodic systems, we
cannot expect that the qualitative properties of solutions of the averaged autonomous
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system can be carried over to the given periodic system. For example, the existence
of a positive equilibrium for the averaged autonomous system does not imply that of
a positive periodic solution of the periodic system. Further, we cannot use the known
results on periodic Lotka—Volterra competition systems with continuous periodic coef-
ficients (see, e.g., Cushing 1980; Namba and Takahashi 1993 and references therein)
to obtain the conclusions for the periodic system (3.9) with discontinuous periodic
coefficients.

There are four parameters A1, Az, ¢ and w related to the season succession. Our
analytic results show that the period w is independent of any outcome in the effect
of season succession. Theorem 2.1(i)—(iii) states that if the death rate A; of the i-th
species in the bad season is too large, i.e., A; > %, then the i-th species becomes
extinct as time becomes large. Thus, in the rest of this section, we always assume that

0<Ai<%,w=1,2,

3.1 The effect of A1 and A,

In this subsection, we fix all parameters except A1 and A,, and let L and L, represent
two lines in the A1—X, plane with their equations given, respectively, by

BK;
ry

Li:rng—»>10—-9¢)= (r¢ — 21 —9¢)),

and

aKy
Ly:ri¢g—r(l—¢)= Y (r¢ — A2(1 = 9)).

%

Case A r1 > Ky and rp < BK. In this case, if ¢ = 1, i.e., there is no bad season,
then species 1 wins the competition. Let 0 < ¢ < 1 be given, and define

Plzz(mb,())’ Pz::(o,ﬂ), Rl::(mp []_ r2:|’0)’
1—¢ 1—¢ 1-¢|l  BKi

and
Ry = ( rié [1 — “Kz} ,o).
1—¢ r

Then we have two subcases.

Subcase Al KKy > % In some parameter regions in the 11—, plane, we may
have bistability case, or the competition outcome may be reversed to the case where
species 2 wins the competition, see Fig. 1.

Subcase A2 K 1Ky < % In some parameter regions in the A1—A, plane, we may
have the stable coexistence case, or the competition outcome may be reversed to the

case where species 2 wins the competition, see Fig. 2.
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Fig. 1 Subcase Al A2
P,
L,
Ly
1
v
11
« ¢ A
R, R R
Fig. 2 Subcase A2 Ao
Py
Ly
Ly
I
IIT1
1I
¢ ¢ A
Rl RQ Pl '

Case B ri < Ky andry > BK.Inthis case, if ¢ = 1, i.e., there is no bad season,
then the species 2 wins the competition. Let 0 < ¢ < 1 be given, and define

. r¢ _ BKi
Ql'_(0’1—¢[1 r D

and

Then we have two subcases.

Subcase Bl KK, > % In some parameter regions in the A1—A; plane, the bi-
stability may occur, or the competition outcome may be reversed to the case where
the species 1 wins the competition, see Fig. 3.

Subcase B2 KK, < % In some parameter regions in the Aj—A, plane, we
may have the stable coexistence for two species, or the competition outcome may be

reversed to the case where the species 1 wins the competition, see Fig. 4.
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Fig.3 Subcase B1

Fig. 4 Subcase B2

Fig.5 Case C

A2
P, -
Ly
@ 1y
Ql' I
A
P !
A2
P, ;
Loy
@
Qo9 11
A
P, !
A2
P
2 I
Ly
0,8 I
I
‘ A
R, Pr

Case C r1 > aKy andr, > BK;.Inthis case, if ¢ = 1, i.e., there is no bad season,
then we have the stable coexistence for two species. For ¢ € (0, 1), the competition
outcome may be reversed to the case of the competitive exclusion, see Fig. 5.

Case D ri < aKpandry < BK1.Inthis case, if ¢ = 1, i.e., there is no bad season,
then we have the bistability case. For ¢ € (0, 1), the competition outcomes may be
reversed to the case of the competitive exclusion, see Fig. 6.
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Fig. 6 Case D )\2
P
2 L2
I Ly
Q- IV
1I

P -\
Ry Py

3.2 The effect of ¢

In this subsection, we fix all parameters except ¢ € (0, 1]. Define two functions f (¢)
and g(¢) by

. BK1
f(@) = (¢ — 221 =) — —— (r1¢p — A1 (1 — ¢)),

r
and

aK
r

g() = (r1p — M (1 — ) — —= (r2p — Ao (1 — 9)).

Without loss of generality, we assume that

A2 - Al
i Tt A

(3.1D)

This is because the analogous conclusions can be obtained for the reversed case of
(3.11) by an exchange of the positions of two competing species x; and x;. It is easy
to see that the assumption (3.11) holds if and only if % < % Biologically, this means
that the death rate A, of species 2 is smaller than A; in comparison with intrinsic
growth rates.

We note that rj¢p — A;(1 — ¢) > 0 if and only ¢ > r,»—kiri)»,«’ i =1,2.Itis easy to
verify that the following statements are valid:

G) Ifr > BK, then f(¢) > 0 forall ¢ e [rli'h : 1].
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(i) Ifry < BK), then f(¢) > O for all ¢ € [ﬁ ¢ ) and f(¢) < 0 for all
¢ € (qbf;., 1], where f(d)}) =0and

BK A
(5 — )

(BK1 —r2) + (ﬂK}M - )»2)‘

¢f =

(iii) If r; > oKy, then g(¢p) < O for all ¢ € I:rl)';‘l)tl oF ) and g(¢) > 0 for all
¢ € (¢3, 1], where g(¢;) = 0 and

()\'1 . Oth)»z)
2

(r1 —akp) + ()»1 — %)

¢, =

@iv) Ifr; < aKy,then g(¢p) < Oforall ¢ € [r o 1]

Case A r1 > aKp andrp < K. Inthis case, if ¢ = 1, i.e., there is no bad season,
then species 1 wins the competition. It is easy to verify that qb;f < ¢>;§ if and only if
aff KKy < rirp. Thus, we have two subcases.

Subcase Al K1 K> > % It then follows that the following statements are valid:

1. Ifg e (r] vyl qbf) then f(¢) > 0 and g(¢) < 0, and hence, species 2 wins the

competition.

2. Ifgp e (qb}’:, d);,‘), then f(¢) < 0 and g(¢) < 0, and hence, the bistability occurs
for two species.

3. If ¢ € (qb;", 1), then f(¢) < O and g(¢) > 0, and hence, species 1 wins the
competition.

Subcase A2 K1 K> < % It then follows that the following statements are valid:

1. Ifg € (r1+)»1 ¢g) then g(¢) < 0 and f(¢) > 0, and hence, species 2 wins the

competition.

2. If¢ € (¢F, ¢>*) then g(¢) > 0 and f(¢) > 0, and hence, two species coexist at
a stable equlhbrlum

3. If ¢ € (¢ , 1), then g(¢) > 0 and f(¢) < 0, and hence, species 1 wins the
competition.

Case B ry < aKj and r, > BK;. In this case, if ¢ = 1, i.e., there is no bad
season, then the species 2 wins the competition. It is easy to verify that g(¢) < 0 and
f(¢) > Oforall ¢ € [r vyl 1]. Thus, species 2 still wins the competition.

Case C ri > aKy and r, > BK;. In this case, if ¢ = 1, i.e., there is no bad
season, then we have the stable coexistence. Given ¢ € (0, 1), we have f(¢) > 0;

and g(¢) < 0 whenever ¢ € (r1+A1 ¢g) and g(¢) > 0 whenever ¢ € (¢Zf, 1). It
then follows that the following statements are valid:
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1. Ifgpe (rl vy ,¢>*) then species 2 wins the competition.
2. Ifg e (¢>g, 1), then two species coexist at a stable equilibrium.

Case D ri < aKpandr, < BK.Inthis case,if ¢ = 1, i.e., there is no bad season,
then the bistability occurs for two species. Given ¢ € (0, 1), we have g(¢) < 0; and

f(¢) > 0 whenever ¢ € (r1+/\1 qbf) and f(¢) < 0 whenever ¢ € (d:;i, 1). It then
follows that the following statements are valid:

1. Ifgpe (r1 vl ) f)’ then species 2 wins the competition.
2. Ifgp e (qb}‘i, 1), then the bistability occurs for two species.

Our study gives a consistent result with Litchman and Klausmeier (2001) that the
length of good season is important for species coexistence. We also arrive at the
conclusion that mortality rate in bad season affects species persistence and coexis-
tence. We show the importance of both factors on species composition analytically.
Namba and Takahashi (1993) discussed the possibility of multiple stable states in the
Lotka—Volterra two species model with continuous w-periodic coefficients. In our
model (2.4), we treat the case where the Lotka—Volterra model has discontinuous
w-periodic coefficients. In contrast, we show that if system (2.4) admits a positive
w-periodic solution, then it is unique (see Lemma 2.5), and is either stable or of saddle
type (see Lemma 2.4).

Our model is based on the Lotka—Volterra system and featured with no spatial con-
text. Spatial heterogeneity is gaining more and more attention in the study of sessile
organisms such as plants and reef animals and large-sized organisms in past decades.
Although many studies stressed the interchangeable properties of temporal fluctuation
and spatial heterogeneity, it is suggested in Chesson (2000) that temporal nonlinearity
arises more easily.
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