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Abstract We analyzed a model of phytoplankton competition for light in a well-
mixed water column. The model, proposed by Gerla et al. (Oikos 120:519-527,
2011), assumed inhibition of photosynthesis at high irradiance (photoinhibition). We
described the global behavior through mathematical analyses, providing a general so-
lution to the multi-species competition for light with photoinhibition. We classified
outcomes of 2- and 3-species competitions as examples, and evaluated feasibility of
the theoretical predictions using empirical relationships between photosynthetic pro-
duction and irradiance. Numerical simulations with published p—I curves indicate
that photoinhibition may often lead to strong Allee effects and competitive facilita-
tion among species. Hence, our results suggest that photoinhibition may play a major
role in organizing phytoplankton communities.
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1 Introduction

Light is an essential resource for photosynthesis and the major source of energy for
both terrestrial and aquatic ecosystems. Excess light, however, causes damage to
the photosynthetic machinery, and thereby lessens photosynthetic production. This
phenomenon, known as photoinhibition, is prevalent to all photosynthetic organisms
from cyanobacteria to higher plants. The molecular mechanisms have been inves-
tigated intensively (Tyystjarvi 2008), and unimodal photosynthesis and irradiance
(p-1I) relationships of algal species were observed in laboratories (Henley 1993).
The corresponding theoretical frameworks were proposed (Eilers and Peeters 1988;
Zonneveld 1998; Han 2002; Muller 2010), which are in good agreement with
measured p—I relationships. Field observations showed impacts of photoinhibi-
tion on ecosystem-level properties such as the magnitude and spatial variations
of primary productivity in aquatic ecosystems (Alderkamp et al. 2010; Baastrup-
Spohr and Staehr 2009; Basterretxea and Aristegui 2000; Bischof et al. 1998;
Elser and Kimmel 1985; Oliver et al. 2003). However, influences of photoinhibi-
tion on ecological community structure are rarely investigated both empirically and
theoretically.

One exception is Gerla et al. (2011), where they extended the classical light com-
petition model of phytoplankton (Huisman and Weissing 1994; Weissing and Huis-
man 1994) by including the effect of photoinhibition (see also Huisman 1997). Their
results suggested that phytoplankton population may exhibit a strong Allee effect and
competitive facilitation. A strong Allee effect is a phenomenon that population goes
extinct when the density is below a threshold, while it persists when the density is
above the threshold. Competitive facilitation is a phenomenon that a species that can-
not grow in monoculture can grow and take over the community under the presence
of another species. Their theory and predictions, based on previous results of Huis-
man and Weissing (1994), Weissing and Huisman (1994) and graphical approach,
indicated significance of photoinhibition in shaping phytoplankton community struc-
ture.

In this paper, we aim at analyzing the global dynamical behavior of a phytoplank-
ton competition model with photoinhibition proposed by Gerla et al. (2011), and at
evaluating feasibility of the theoretical predictions using empirical p—I curves com-
piled by Schwaderer et al. (2011). In doing so, we supplement the theory of Gerla
et al. (2011), and shed light on the significance of photoinhibition in elucidating phy-
toplankton community structure in nature.

2 The Model and Main Results

Consider a model of n phytoplankton species competing for light in a well-mixed
water column. The depth of the water column z ranges from O (the water surface)
to Zmax (the bottom of the water column). Let x;(¢) be the population density of
the ith species per unit surface area of water at time f. The governing equation
for the ith species takes the form: (see Gerla et al. 2011; Weissing and Huisman
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1994)

d . 1 Zmax
ﬁZ( / pi(l(z,l))dz—di)xi, i=1,2,...,n. (1)
dt 0

Zmax

The first term within the parentheses denotes the specific production rate av-
eraged vertically in the water column, where p;(I) is the specific production
rate as a function of light 7(z,¢). The second term d; denotes the specific loss
rate.

According to Lambert—Beer’s law, the light intensity at depth z and time ¢ is ex-
pressed by

](Z,t):Iinexp<—zijj(t)2/1max_Kbgz)a 2

j=1

where I is the incident light intensity at the top of the water column, &, the specific
light attenuation coefficient of j-th species, and Ky, the background light attenuation
coefficient. Division by zmax in the first term within the parentheses converts the
population density per unit surface area (x;) to population density per unit volume
(X j /Zmax)- Following Huisman and Weissing (1994), Weissing and Huisman (1994),
we define I, to be the light intensity at the bottom of the water column

Towt(@®) =1 (Zmax, 1) = Iin eXP(- ijxj @) — Kbgzmax>- 3)

Jj=1

The specific production rate p; (/) decays when the light is too strong, known as
photoinhibition (Schwaderer et al. 2011). General assumptions of such function are:
pi(I)>0and dp/dI < oo for I >0, p;(0) =0, and

api
dl
api
dl

>0 for0=<1I <oy,

<0 for I > Iy,

where Iop,; is the light intensity that attains the maximum specific production rate.
A commonly used example of functions that satisfy the above conditions is (Fig. 1A):

Pmax,i |
pil) = s TR )
C{[Iz‘ 12+(1_2a,‘10p£.i)1+ Oliy

opt,i
where pmax,i 1S the maximum production rate and «; is the initial slope of p; (I).

According to Gerla et al. (2011), we rewrite the depth-averaged production rate
in (1). Substitution of variables yields

/’ max pi (I (Z’ t)) dZ _
0

1

Tout aZ
i(I)—dlI. 5
/Ii pi( )81 )

Zmax Zmax
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From (2), we have

I -
i :_<Zk,~xj(t)/zmax+1<bg>1. )
j=1
By substituting (6) into the right-hand side of (5), we obtain

Tout 0 1 Tin i 1
f]‘ pi(l)(,)—;dlzZ / p; )dI. (7)

n
j=1 ijj 0+ KogzZmax J Iy

Zmax
We manipulate (3) and get
n
In(fin) = In(lou) = »_k;xj(t) + KbgZmax- ®)
j=1

By substituting (8) into the right-hand side of (7), we have

Zmax Iin .
1 / pi(lGn))de= — / i) . ©)
0 I

Zmax In [iy — In Zoy I

out

We define the right-hand side of (9) to be g;(lou), and the governing equation (1)
becomes
dx; .
— =L&i(lou®) —di]xi, i=1,2,....n. (10)

The function g; (Iouy) satisfies g; (0) =0, g; (fin) = p; (lin). When Iy > Iy, g (Iour)
is a unimodal function. In addition, when d; is less than the maximum of g; (Zoyt),
there are two points Ioy = XA;, p; such that: g;(A;) = gi(ui) = di; gi(low) > d;
for oy € (A, i); and g; (Iow) < d; for Ioy € [0, A;) U (u;, 00) (Fig. 1B; see the
Appendix for the proof).

We define Iy := Iipe KveZmax | and then (3) is rewritten as

Low(t) = Io exp(—ijxj(t)). (11)
j=1

We study (10) where Iy (¢) is defined in (11) with the initial condition:
xi(0)>0 fori=1,2,...,n.

From the mathematical analysis, we prove that the solutions are positive and bounded,
and that if A; > Iy, then the species i goes extinct as time ¢ becomes large (see the
Appendix). From now on, we simply assume

O<ti<Ay<---<Ay<lIp,
andy,l-;éy,j,kj, Iofori;éj.
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Fig. 1 (A) Specific production rate p; (1) of species i as a function of irradiance / expressed by Eq. (4).
The curve has a peak at the optimal irradiance Iop ; with the maximum production rate ppax ;- (B) The
corresponding production rate averaged over the water column g; (/out) as a function of Ioy, irradiance at
the bottom of the water column. Mathematical analysis shows g; (0) =0, g; (Ij) = p; (lin), and that the
curve has a peak at oyt which is lower than Iopt,;. When the loss rate d; is lower than the maximum of
gi, there are A; and p; such that g; (A;) = g; (nij) =d;

First, we consider steady state of (10) and the local property. Steady state can be
classified into three types:

Eo=(0,0,...,0);
E,, =(,...,0,x3,,0,...,0), r=12,...,m;
E, =(,...,0,x4,,0,...,0) for which r satisfies u, < Iy,
where x;, and x,, are expressed by
_ Inly —InA,
r = kr
Inlp — In p,
Xy, =——7.
tr k,

XA

’

For mathematical convenience, we introduce a positive cone
2= {(xl,xz,...,xn)eR" x>0, i= 1,2,...,n}
and set S as
n
S = U(?»i, Mi).
i=1

For some species i and j, intervals (A;, u;) and (A, u ;) may overlap. For example, if
Ai < Ajand u; < pj, the union will be (A;, ¢ ;). In a similar manner, S is expressed
as a disjoint union of several connected components:

S=pys g URpy, hg) U Up,, tg,),
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where m is the number of connected components, and A,; and w,;, respectively,
are the left and right endpoints of component j (j = 1,2,...,m). In addition, we
introduce two sets of steady state, Sy, and Sg:

St ={E,, : A, is a left endpoint of components of S} U {Eo} if Ip ¢ S,

Sgr ={E,, : 1, is aright endpoint of components of S}.

From linearization at steady state and the stability analysis, we can conclude that
the local property is related to the structure of S (see the Appendix). The results are
summarized as: steady state E € Sy, is locally stable; E € Sg is saddle with (n — 1)-
dimensional stable manifold (denoted by W*(E) for E € Sg), which intersects £2;
and other steady states are unstable, some of which are saddle with a stable manifold
which does not intersect £2.

By using mathematical methods similar to Butler and Wolkowicz (1985), we prove
that Iy () converges as ¢ goes to infinity. Based on the result and local stability of
steady state, we can describe the global behavior of system (10).

Theorem 1 All solutions with initial condition in 2\ (| EeSi WS (E)) satisfy
lim (x1 (1), x2(0), ..., %, (1)) = E € S,
—00

and the outcome depends on initial condition.

Theorem 1 tells us that all solutions from a positive initial condition converge
to a steady state in the set S; except when the initial condition lies in the stable
manifold W*(E) with E € Sg. The positive cone £2 is divided by UEeSR W*(E) into
several regions, and there is only one locally stable steady state E € Sy in each region
that attracts all solutions with the initial condition in this region. These statements
completely describe the global dynamics of the system investigated by Gerla et al.
(2011), and assure that the competition outcomes can be evaluated from the structure
of § and the position of Iy for any number of species. We shall investigate some
examples in the next section.

3 Feasibility of Theoretical Predictions

Gerla et al. (2011) showed diverse outcomes of 2-species competition including a
strong Allee effect, competitive facilitation, and multiple positive alternative stable
states. In this section, we demonstrate how mathematical properties of the system
can be translated to ecological phenomena in 2- and 3-species competitions. Then we
test feasibility of the theoretical predictions by applying empirical p—I curves to the
model.

In order to classify competition outcomes, we suppose our basic assumption
Ai < Iop holds for all species. Mathematical properties include the structure of S
and the position of Iy relative to S, the set of stable steady states, and the set
of saddles with the stable manifold in £2. The corresponding ecological phenom-
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Table 1 Mathematical properties and ecological phenomena for the eight possible cases of 2-species
competition. Mathematical properties shown in the table include structure of set S and the position of Iy
relative to S (Structure of §), set of stable steady states (Stable), and set of saddles with the stable manifold
in £2 (Saddle). Ecological properties include a strong Allee effect (AL), competitive facilitation (FA), and
the number of positive alternative stable states (ASS+)

Structure of S Stable Saddle AL FA ASS+
(A) (A, upDU@G,m2); IogS  Eo, Ex.Exy,  Ep Euy  + - 2
B) (A1, nD) UG, u2);  IoeS  Ex, E, Ep, - - 2
© (A1, 12); In¢S  Eg Ej, Eu, + 251 —
D) (A1, m2)s lpeS  Ej - - 2—>1 -
(E) (A1, 12); IpeS Ey - - - -
(F) (A1, 121)3 IpgS  Ep, Eyp, Euy + - -
G, H) (O, 1) IpeS  E, - - - -

ena include a strong Allee effect (AL), competitive facilitation (FA), and presence
of positive alternative stable states (ASS+). AL is defined as the case when the
system shows alternative stable states that include Ey (x; = 0 for all i). ASS+
is defined as the case when the system has multiple positive stable states. There-
fore, alternative stable states consisting of only one positive state and Ey do not
belong to ASS+ but are captured by AL. FA is distinguished by the case when
an interval of positive growth of a winning species overlaps, but does not com-
pletely cover, that of other species. In FA, a winning species i cannot persist
in the system for some I, where a losing species j can. As species j grows
in the system and reduce I,y, species i eventually takes over the system. This
case is described by j — i in tables. In 3-species competition, stable steady
state may be achieved through a sequence of competitive facilitation such as:
35>2—>1.
For 2-species competition, we have the following eight cases:

M)A <pur<r<pr<ly E)r <y <ly<pr <uz
B)rr<pmr<ra<lo<pu B r<r<pr<ur <l
Or<ta<pr<pa<lyo (Gr<rtz<pz<lo<p
D)r <ra<pur <lp<uz H) A <r2<lp<pz <
Mathematical properties and the corresponding ecological phenomena for 2-
species competition are summarized in Table 1. Based on backward trajectory and
Theorem 1, we can describe the global behavior of the solutions of system (10)
(Fig. 2). Note that the case (A) is equivalent to the intriguing case discussed in Fig. 6
of Gerla et al. (2011), where both species go extinct when they are initially abundant
in the system (Fig. 2A).
For 3-species competition, we have the following 48 cases:
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(A)
.”/u(EJ"J)

["—H(Em)
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E,, WH(E,,) /
. ry
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o - > T
Eq Ey,
@
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X - > )
Ey Ey,

(B)

Ty
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Exe
AN /
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E(I Eﬂl E/\l
D),
»
E;

_ -
Ex
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(F)

I2
Iy
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/'_\ /
. > )
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",
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. - > 7y
Ey Ey,

Fig.2 Phase plane (x1, x7) depicts global behavior of 2-species competition. The closed and open circles
are locally stable and unstable stable states, respectively. By reversing time, we draw the stable manifold
of saddle point in the set Sy,. (A) Two stable manifolds W* (£, ) and W¥(E,,) separate the positive cone
£2 into three parts, and there is an attractor in each part (Eq, Ey,, Ey,). (B) WS(EHI) separates §2 into
two parts, and there is an attractor (E} |, Ej,) in each part. (C) W#(E ) separates §2 into two parts, and
there is an attractor (Ey, E;,, ) in each part. A heteroclinic orbit runs from E;; to Ey, along W“(EMl ).
MD,E.G,H)E A is a global attractor. (F) WS (E ) separates §2 into two parts, and there is an attractor

(Eg, Ej,) in each part (Color figure online)
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ADA <pp<ry<pr<iz<uz<l
A2 A <pur <ty <puy<iz<lp<puj
BDA <pup<ry<iz<puy<puz <l
B2 A <pur<ry<iy<pur<lp<pus
B3IYA <pr <rp<iz<lp<pur <pu3
CDHAM <pp<ry<iz<uz<py <l
C2OrM<pur<rp<ry<puz<lp<pup
CAHAM <pur<rp<iyz<lp<uz<p
DDA <y <pr<pmr<iz<puz<ly
D2 A <rp<pur<pr<iz<ly<pus
EDA <iy<pr<pr <iz<pz <l
EDAM <y <pr<pur<rz<ly<ps
EDr<d<pr<i3y<pur<puz<liy
EDrM <ry<puy<iz<puy<lIlp<ps
FE3I)rM <ty <pr<ryz<ly<pr<pj
G DA <Ay <pup<iz<uz<pr <l
GO A<My <pur<r3<puz<lp<pup
G3)r <My <pur<i3<lp<puz<up
HD A <Ay <pr<iz<uz<pr <l
H2) A <ty <pr<iyz<puz<ly<pg
HI3) A <rpy<pur<iz<lp<puz<pg
ADA <M <pr<iz<pur<wpuz <l
A A <ry<pr <Az <pp <lp<puz
AN A <rr<pur<iz<lp<p) <pus

DM <M<y <puz<py<p; <l
DM <r<M3<puz<puy<ly<pp
M <r<iz<puz<lp<py<pg
JHr <ry<t3<lp<uz<pur<pg
KDrA <t <Az<pr<puz<pu; <l
K2 <y <iy<puy<pz<ly<p
K3 <ry<iz<pur<lyp<puz<pg
KA <ry<iz<lp<pr<puz<p
LCDAM <M<ty <pr<pur<puz<ly
LA <rp<Mya<uy<pu;<ly<ps
LA <ry<Mya<puy<lp<p <u3
LAHA < <M3<lp<pr<pu) <puj3
MDA <Ay <Az <pu) <pr <puz<lp
M)A <dy <Az <pup <pr<lp<pus
MI3)A <t <ty3<pp <lp<pr<pus
MDA <rp<ry3<lp<pr<py <pu3
(NDA <t <Az<puz<pr <py<lIy
N2 <My <Ay<puz<py <lp<pn
N3 <rr<Az<puz<lp<puy <pp
(N A <ty <A3<lp<puz<puy <pup
ODr <l <A3<pur<puz<py<ly
O A<t <A3<pur<puz<lp<pup
O3 <ty <iz3<pup<lp<puz<pup
O r<r<iy<lp<pr<puz<pup

Mathematical properties and the corresponding ecological phenomena for 3-
species competition are summarized in Table 2. Based on the mathematical analysis,
we can exactly describe the global behavior. We will not present each of 48 cases, but
classify all cases by the number of attractors and the structure of stable manifold of
saddle in £2, resulting in 8 classical types (Fig. 3).

As we have seen in 2- and 3-species cases, the light competition model with pho-
toinhibition shows a variety of dynamical behaviors. In order to evaluate feasibility
of these theoretical predictions, we applied empirical p—I curves to the model. In
Schwaderer et al. (2011) compiled empirical data of specific growth rate and irradi-
ance relationships for 56 phytoplankton species. Among them, relationships for 39
species indicated photoinhibition, and were fitted by Eq. (4). We considered these 39
species for our numerical experiments. The maximum production rate pmax.i (d_l)
of the species ranged from 0.09 to 2.48 with a median of 0.64; the initial slope «;
(umol photon—! m? sd~!), ranged from 0.003 to 0.099 with a median of 0.015; and
the optimal irradiance Iop,; (umol photon m~2s~!) ranged from 37.5 to 250.8 with a
median of 161.5. In numerical experiments, we set model parameters to combinations
of low or high loss rate (d; = 0.25, 0.5 [d_l]), and low, high, or a range of incident
light (Zin = 500, 1500, 02000 [umol photon m~2 s~ 1]) in a clear (Kpg = 0.2 [m~'])
and shallow (zmax = 1 [m]) water column.

Positive growth intervals (};, u;) are computed for the 39 species. Several species
cannot grow for any I,y at d = 0.25 due to the low ppax,; (Figs. 4AB). Positive
growth intervals of two species (Scenedesmus crassus and Chlorella pyrenoidosa)
ranged from < 10~* to I due to the high pmax,i (1.29 and 2.48) and the relatively
high «; (0.042 and 0.045). Among species that can grow for some Iy, several species
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Table 2 Mathematical properties and ecological phenomena for all possible cases of 3-species competi-

tion. Notation follows Table 1

Structure of S Stable Saddle AL FA ASS+
(Al) (A, pu)U @R, u2) U3, m3); Io¢S Eo, Ex, Esy, Exy Epy  Epy Efy + — 3
(A2) (A, ) UG, u2)U Qs u3); Io€S Eypy, Exy, Eng Euy, Ey, - - 3
B.1) (A, m1) U (A2, 13); Io¢S Eo, Ei. Ej, Epu, Ey, + 352 2
B.2) (A, 1)U (A2, 13); IheS Ey, E, Ey,, - 352 2
(B.3)  Gip) UG, pw3); IpeS E . E, E,, - - 2
C.1) (1, 1) U (2, 12); Ip ¢S Eo, Ex, Ex, Eu, En, + - 2
(C2-3) (A1, m1) U (A2, n2); lyeS Ey, E, E,, - - 2
D1 (1, u2) U3, 13); Io¢S Eo, E;,, Ei, Eu, Eyu + 21 2
D2) (A1, u2) U3, 13); IpeS Ej, ., Ej, E,, - 2-1 2
ED)  p, m) U Qs p13); lo¢S Eo, Ex, Ex Eyus Eys + - 2
(E2) (A1, u1) U3, p13); lheS Ey, E, Ey, - - 2
ED (A, pa); Io¢S Eo, Ej, E,, + 35251 -
(F2) (A1, pa); lhe$S Ej, _ 35251 -
(E3) (A1, p13); IheS Ej, - - 251 _
G (A1, pm2); Io¢S Eo, Ej, E,, + 251 _
(G.2-3) (A1, p12); IheS Ej, - - 251 _
HD R, ) Ip¢S Eo, Ej, E,, + - _
(H2-3) (A1, p1); IheS Ej, - - - _
LD (A1, 13)3 Io¢S Eo, Ej, E, + 351 _
(12) (A1, m3); IheS Ej, _ 31 _
@3) (A1, pa); IheS Ej, - _ _
Jd.n (A1, m1); Io¢S Eo, Ej, Ey, + - _
J.2-4) (A1, p11); IheS Ej, - o _
KD a,pm)s I ¢S Eo, Ej, E,, + - _
(K2-4) (1, )3 IheS Ey, - - - -
L. (A1, p43); I ¢S Eo, E;, E, + 351 _
L2 (A1, 43); IheS Ej, - 31 _
(L.3-4) (A1, 13); IheS Ej, - o _
M.1) (A1, 43); Ip¢ S Eo, Ey, Eu, + 351 _
M.2) (A1, p43); IheS Ej, - - 351 _
M.3) (A1, p43); IheS Ej, - - Qor3) =1 -
M4 (A1, p3); IheS Ej, - - - _
N.D) (A1, pm2); Ip¢S Eo, Ej, Ep, + 251 _
(N.2) (A1, p2)s IheS Ej, - ~ 251 _
(N.3-4) (A1, p12); IheS Ej, - ~ _
O.1) (A1, p2); Io¢S Eo, E;, E,, + 251 _
(0.2-3) (A1, p12); lheS Ej, - - 251 _
0O.4) (A1, 12); IheS Ej, - o _

showed a strong Allee effect at d = 0.25 and I;, = 500 (Fig. 4A). On the other hand,
most species showed a strong Allee effect (Figs. 4BCD) at high loss rate d = 0.5
and/or high incoming light f;, = 1500.

The intriguing ecological phenomena such as AL, ASS+-, and FA were observed
in the numerical experiments. For example, when Limnothrix redekei and Fragi-
laria rumpens compete under low light (500 umol photon m~2 s~ 1) and high loss rate
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(A)

Case(A.1)

Case(B.2)
EI'E EM
———————>

Case(D.2)

Case(k.2)

WLy

(8)

Case(A.2)

I

W(E,)

Case(D.1)

WLy

{F) Case(F.1)

(H)

Fig. 3 Phase plane (x1, x,x3) depicts global behavior of 3-species competition. The closed and the
open circles are locally stable and unstable steady states, respectively. Based on the structure of 2-species
cases, we can describe the behavior on the boundary planes of £2. (A) W*(Ey,,), W*(Ey.,) and W* (E5)
separate §2 into four parts, and there is an attractor (E, E, ro Exgs E A3) in each part. (B) W*(E,, 1) and
wS (Ep,) separate 2 into three parts, there is an attractor (Exys Enys Eng) in each part. (C) W* (Euy)
separates £2 into two parts, and there is an attractor (Ey , Ej, ) in each part. (D) WS (E ) and WS (E u3)
separates §2 into three parts, and there is an attractor (Eo, E;, |, Ej,) in each part. (E) W¥(Ey,) separates
£2 into two parts, and there is an attractor (E;, , E 23) in each part. (F) W*(E,;) separates £2 into two
parts, there is an attractor (Eq, E *1) in each part. (G) E M is a globally attractor. (H) WS (E w) separates
£2 into two parts, and there is an attractor (Eo, E;,| ) in each part
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Fig. 4 Ranges of oyt with positive net production are depicted for 39 species that exhibit photoinhibi-
tion. Closed and open circles indicate stable and unstable steady states, respectively. Solid lines indicate
intervals where net production is positive. Dotted lines indicate intervals where net production is negative.
(A) Low light (Z;;, = 500) and low loss rate (d = 0.25) condition. (B) High light (/;, = 1500) and low
loss rate condition. (C) Low light and high loss rate (d = 0.5) condition. (D) High light and high loss rate
conditions. Species with both closed and open circles show a strong Allee effect
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(0.5 d~1) condition, the competition outcome is either that both species go extinct, or
that one of the two species persists depending on the initial condition (Fig. SA). This
case corresponds to (A) of Table 1 and is classified as AL and ASS+. When Stephan-
odiscus neoastraea and Rhodomonas sp. were grown together under low light and
high loss rate condition from low initial biomasses, Rhodomonas sp. grew first, and
was eventually replaced by S. neoastraea (Fig. 5SB). This case corresponds to (D) of
Table 1 and is classified as FA, (Rhodomonas sp.)— (S. neoastraea), where the latter
species cannot grow from the low initial biomass by itself.

Figure 6 shows feasibility of theoretical predictions along the gradient of incoming
light I;;, with an increment A, = 1. In monoculture, a species either goes extinct,
persists regardless of the initial condition with the biomass converge to a positive
global attractor, or shows a strong Allee effect (Figs. 6AB). The number of species
whose biomass converges to a positive global attractor has a peak around the median
of Iopt, and the number of species that shows a strong Allee effect increases with
increasing [j. The trends are similar for d = 0.25 and d = 0.5. In 2- and 3-species
competitions, we consider combinations of species that have a positive growth in-
terval in monoculture for a given Ii,. For 2-species competition, we classified the
competition outcomes as in Table 1. For 3-species competition, FA is distinguished
whether 1 or 2 species play roles in facilitation (FA(1) and FA(2)), and ASS+, by the
number of positive stable states (ASS+(2) and ASS+(3)). For each case of competi-
tion outcomes, we computed the number of combinations relative to the total number
of combinations of species with a positive growth interval for a given [;,. When
d = 0.25, the relative number of combinations that indicated FA and AL showed in-
creasing trends with i, while ASS+ was not observed in both 2- and 3-species com-
petitions (Figs. 6CE). When d = 0.5, FA and AL showed similar increasing trends,
and ASS+ was observed in a few combinations at relatively low I;, (Figs. 6DF). For
3-species competition, 3 positive alternative stable states ASS+(3) and sequential
facilitation FA(2) were also possible in several combinations.

When d = 0.25 and d = 0.5, about 60 % and 40 % of species showed an strong
Allee effect at high I, (Figs. 6AB), which is >70 % and >80 % of species that have
a positive growth interval, respectively. As a result, a strong Allee effect is common
in 2- and 3-species competition at high [, (Figs. 6CDEF). FA is commonly observed
as well, about 25 % and 50 %, respectively, when d = 0.25 and d = 0.5 in both
2- and 3-species competitions (Figs. 6CDEF). Facilitation by more than one species
was observed only in a few cases when d = 0.5 at relatively low [j, (Fig. 6F). ASS+
was not observed except for very limited combinations when d = 0.5 (Figs. 6DF).
These phenomena are less likely to occur in more turbid and deeper water (results
not shown).

4 Discussion

In this study, we analyzed the dynamical behavior of a light competition model with
photoinhibition proposed by Huisman (1997) and Gerla et al. (2011). We proved that
light at the bottom of the water column I, (¢) converges as ¢ goes to infinity, which

excludes possibility of limit cycle, and hence excludes possibility of coexistence in
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Fig. 5 Trajectories of the 2-species competition on phase plane, and the corresponding time courses in the
inset panels. Biomasses shown in figures are multiplied by the specific light attenuation coefficient (k;x; ).
The open triangle and the closed circle on each trajectory indicate the initial condition and the stable steady
state, respectively. (A) Competition between Limnothrix redekei and Fragilaria rumpens. Parameters of
p—I curves can be found in Schwaderer et al. (2011). Other parameters are: [;;, = 500, dy =dy = 0.5,
Zmax = 1, and Kpe = 0.2. The competition outcome is either (I) both species go extinct, (II) L. redekei
wins, or (/II) F. rumpens wins, depending on the initial condition. (B) Competition between Stephan-
odiscus neoastraea and Rhodomonas sp. Parameters are the same as in (A). When the initial biomasses
are small, Rhodomonas sp. increases first, and subsequently outcompeted by S. neoastraea (Color figure

online)
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Fig. 6 Results of numerical experiments. Monoculture growth with low (A) and high (B) loss rates;
2-species competition with low (C) and high (D) loss rates; and 3-species competition with low (E) and
high (F) loss rates. Other model parameters are: Kpg = 0.2 and zmax = 1. Outcomes are evaluated by the
relative number of species or species combinations for each [j,. AL indicates a strong Allee effect, FA,
competitive facilitation, and ASS+, presence of multiple positive stable states. In 3-species competition,
FA is distinguished by the number of species that participate in the facilitation, and ASS+, by the number
of positive stable states (Color figure online)

competition between any number of species. This property is similar to the model
without photoinhibition (proof was given by Weissing and Huisman 1994). Theo-
rem 1 states that the positive cone §2 is separated into regions by the stable manifolds
of saddle points in the set Sg. In each region, there is only one stable steady state in
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the set Sy, which attracts all trajectories in the region. Therefore, there are alterna-
tive stable states and the competition outcomes depend on the initial conditions. Our
mathematical results are consistent with results of Gerla et al. (2011), and augment
them by a more general theory and analytical approach to the question of light com-
petition with photoinhibition. In addition, we employed empirical p—/ curves, and
evaluated feasibility of the theoretical predictions.

Resources are beneficial at the limiting amount, yet occasionally show inhibitory
effects on growth when supplied at the excessive amount. Indeed, inorganic and or-
ganic nutrients can be inhibitory at the high concentrations. Resource competition
models that incorporate inhibitory effects of nutrients were proposed by Andrews
(1968) and rigorously analyzed by Butler and Wolkowicz (1985). Such high nutrient
concentrations are rarely observed, however, except for artificially fertilized environ-
ments or for a few specific species in typical in situ conditions. Light, on the other
hand, can be inhibitory in normal conditions for all phototrophs, thus the inhibitory
effects are relevant to ecosystem processes. Yet, effects of photoinhibition on light
competition and community structure are not well understood, and most ecological
theories of light competition do not consider photoinhibition. This study, in concert
with Gerla et al. (2011), gives fundamental theory of light competition with photoin-
hibition.

Inhibitory effects by excessive amount of resources cause a strong Allee effect,
alternative stable steady states, and competitive facilitation in resource competition
models (Butler and Wolkowicz 1985; Gerla et al. 2011). Our numerical experi-
ments suggest that a strong Allee effect and competitive facilitation are common
in competition for light when we consider empirical p—I curves (Fig. 6). The in-
fluence of photoinhibition may be more severe in natural phytoplankton communi-
ties. Empirical p—I curves are obtained in nutrient replete conditions at temperature
around 20 °C. Because recovery from photodamages largely depends on the nutri-
tional conditions of cells as well as the ambient temperature (Bouchard et al. 2006;
Muller 2010), phytoplankton species may be more susceptible to strong light in field
conditions. In addition, fluorescent lamps used in experiments do not emit as much
ultraviolet (UV, 290-400 nm in wavelength) radiation as sunlight, while UV radi-
ation exerts greater photodamages than photosynthetically available radiation (PAR,
400-700 nm) (Bouchard et al. 2006). With exposure to UV in addition to PAR, phyto-
plankton species may show lower maximum growth rate pp,x and optimal irradiance
Iopt (Litchman et al. 2002; Litchman and Neale 2005). On the other hand, we ex-
clusively considered species that show photoinhibition in our numerical experiment.
Such selection of species may result in overestimation of the effect of photoinhibition
on phytoplankton communities. However, we think this selection is fair, though not
the best, because most p—/ relationships were not evaluated at high irradiance levels
where photosynthesis is inhibited and photoinhibition is detected (Schwaderer et al.
2011). Thus, we conclude that photoinhibition takes an important role in shaping
phytoplankton community structure.

Our mathematical analysis confirmed that coexistence is not possible in competi-
tion for light with photoinhibition in a well-mixed water column. For coexistence of
species, we need to consider additional factors. For example, differential responses of
phytoplankton to different wavelengths of PAR (Stomp et al. 2007) and of UV (Litch-
man et al. 2002; Litchman and Neale 2005) are possibilities. Incomplete mixing of a
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water column may allow niche segregation along the light gradient (Yoshiyama et al.
2009). Including a limiting nutrient to the model (Huisman and Weissing 1995), ver-
tically heterogeneous mixing (Yoshiyama and Nakajima 2002; Ryabov et al. 2010;
Mellard et al. 2011), or taxis behavior (Klausmeier and Litchman 2001) are possible
extensions to the light competition model with photoinhibition.

Trait-based approaches are being increasingly used to explain community organi-
zation along various environmental gradients in both terrestrial and aquatic ecology
(McGill et al. 2006; Litchman and Klausmeier 2008). Light utilization traits are con-
sidered to be among the primary factors that structure plant communities (Kohyama
1993; Huisman and Weissing 1994; Schwaderer et al. 2011). Among the light utiliza-
tion traits, photoinhibition has been dismissed in theoretical ecology. Our study at-
tempted to evaluate whether photoinhibition has significant effects on phytoplankton
community ecology through mathematical analysis and numerical experiments of a
light competition model. Our numerical experiment showed that a strong Allee effect
and competitive facilitation are commonly observed in 2- and 3-species competitions,
and indicated such specific ecological phenomena to inhibitory responses to strong
light may be common in natural phytoplankton communities. Our results, in turn,
suggest the need for better empirical and theoretical understandings of physiological
responses to light along environmental gradients in order to elucidate phytoplankton
community structure.
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Appendix

A.1 Basic Properties

We will demonstrate the shape of function

(x) 1 /lmp(l)dl for x € [0, I;n]
= Or 9 i 9
g Inflj, —Inx J, 1 x n

where p(I) satisfies p(0) = 0, p(I) € (0,00) for 0 < I < Ly, dp/dl < oo,
dp/dl >0 for 0 < I < Iopt, and dp/dl < O for Iopy < I < Ijn. We claim that
g(0) =0 and g(I;n) = p(Iin), and there is a unique point X such that dg(x)/dx =0,

and dg/dx > 0 for x € [0, X); dg/dx < 0 for x € (x, Iiy].
The proof of g(0) = 0 is straightforward:

Iin pr 1
lim g(x) =f PD oy gim — o,
x—0 0 1 x—=0Inlijp —Inx
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because foli“ # d1 is bounded and lim,_,o(In f;; — Inx) = oo. Likewise, g(ljn) =
p(Iin) can be proved by

[l 2@ g _pw
lim = lim 2L "~ — lim X — lim = p(lip).
x—)Iing(X) xl>1in Infiy —Inx  x—1In _% x— I p(x) = p(fin)

Next, we prove that g(x) is a unimodal function with a peak at & € (0, Iyp). The
derivative of g(x) is

dg 1 pP() 1 /’ pU)
a8 _ - Infin —1 - EXar
dx (Inl —Inx)? [ X (In fin =1nx) + x Js I
1 In p(I)
_m[—p(}c)(lnlm—lnx)—l—/;C le].

Let

g1(x) = px)(nlj, —Inx) >0,
Iin
gz(x)=f @dlzo,

Because p(0) = 0 from the assumption, we have

In /i, — Inx
1

lim g1 (x) = lim p(x)(In[j, —Inx) = lim
x—0 x—0 )

x—0

_1 P&x)

= lim —X*— = lim 2 x)=0.

x—>0 _P/) x—0 p’(x) P
p2(x)

Therefore, g1(0) < g2(0) and g1 (Zin) = g2(fin) = 0.
The derivatives of g1 (x) and g>(x) are:

g1(x) = p'(x)(n Ly —Inx) — @, (12)

gé(x)=—&.

(13)
Because p’(x) < 0 for x € (Iopt, fin], we have |g} (1, )| > |g5(I;)|. Since g1 (Iin) =
g2(Iin), it follows that g1(x) > g»(x) for x near [;;. By the intermediate value theo-
rem, there exists a point X € (0, Ijp) such that g1 (X) = g2(%).

From g;(x) = g2(X), g1(Iin) = g2(1in), there exists a point x € (X, [iy) such that
g1 (X) = g5(x) according to Rolle’s theorem. From (12) and (13), we have p’(x) = 0.
From assumption of p(x), it follows that X = I,p;. Hence, X< Topt < Iin.

Suppose there exists another point X' € (0, ) with g1 (X') = g2(x). If X' €
(%, Iopt], then by Rolle’s theorem there exists a point s € (X, ") such that p’(s) =0.
It contradicts to that p’(1) > 0 for 0 < I < Iop. If X" € (Iopy, fin), then by Rolle’s
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theorem there exists a point s € (opt, Iin) such that p’(s) = 0. It contradict to that
p'(I) <0for0 < Iy < I < Iiy. Thus, X is the only point with g; (¥) = g2(%).

Next, we prove the following theorem. In the following, we let L(¢) = Iy (?) for
convenience. From (11),

L(t) =Ioexp<—2ijj-(t)>. (14)
j=1

Theorem 2 The solutions of (10) are positive and bounded.

Proof Assume there exists #; > 0 and some i € {1, 2, ..., n} such that
x;(t1) =0, x;(t) >0 forrel0,1),
xj(®)>0 fortel0,1]if j #i.

By reversing time, let T = —¢ and we consider backward behavior of the solution of
(10) with initial data x; (0) =0, x;(0) = x;(#1) > 0. It follows that x;(z) = 0 for all
T < 0. By the uniqueness of ordinary differential equations, we have x;(—#1) =0, a
contradiction. Thus, the solutions are positive if the initial condition is in £2.

To prove the boundedness of solution, we consider the differential inequalities

x; = [gi(L) —di]xi <[Gi(L) —di]xi <[Gi(loexp(—kix;)) — di]xi,
i=1,2,...,n,
where

Gi(s) = gi(S), forOSSSLmax,ia
i(5) =
maxge(o, /o] & (5), fors > Lmax,;

with g; (Lmax,i) = maX,e[o,1,] & (). Let y(¢) be the solution of

¥ =[Gi(loexp(—kiy)) —d;]y.
Then lim;_, » ¥(¢) = y;, where y; satisfies G;(lpexp(—k;y;)) — d; = 0. Hence, for
given small €, x; (t) < y; 4 € for all ¢ large. Hence, x;(¢) is bounded for all time ¢ for

i=1,2,...,n. 0

The next theorem says that if the light intensity is weak enough, then some species
die out.

Theorem 3 If 1; > Iy, then lim;_, o x; () = 0.

Proof Since L(t) < Iy forall t > 0, we have L(t) < A; forall ¢+ > 0. From g; (L(¢)) <
Gi(L()),

x;
= =gi(L®) —di <Gi(L(1t)) —d; < Gi(lp) —d; <O,
1
then x;(t) — 0 as t — oo. O
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A.2 Local Stability of Equilibria
For simplicity, let
fi(x1(@0), x2(0), ..., %0 (1)) = [&i (L)) — di ] xi (1).
We denote the Jacobian of (10) at an equilibrium E is J(E) = [m;;] € R"*", where

dfi

mii = o= =[gi(L) = di] = kigi (L) Lxi,
1
f; .
mij = ﬁ = —kjg/(L)Lx;, forj#i.

J

For the equilibrium E, the Jacobian at Ey is

g1(lp) — di 0 0 ... 0
0 ey —d, 0 ... 0
J(Eo) = .
0 0 0 gn(o) —dy

Obviously the eigenvalues of J(Ey) are g; (lo) —d;, fori =1,2,...,n.

If Ip ¢ S, then g; (Ip) — d; < 0 for all i and E| is locally asymptotically stable.

If Iy € S, then there exists some i such that Iy € (A;, ;). Hence, g; (Ip) —d; > 0,
and Ey is unstable. If there exists some j such that Iy ¢ (A}, i ;), then J(Ep) has
negative eigenvalues and E is saddle with the local stable manifold

n
Wil (Eo) = Zciei :¢; =0 except some j with In ¢ (A, ij). ¢,
i=1

where ¢; is the eigenvector corresponding to the eigenvalue of (g;(lp) — d;). Hence,
the dimension of W*(E), the stable manifold of Ey, is at most (n — 1) and

W*(Eo) C {(x1,...,xp) s x; =0if Ip € (b, i) }.-

Therefore, W*(Eg) N 2 = .
For the equilibria E,_, the Jacobian evaluated at Ej, is

_mll 0 0 ]

0 myp O e ... 0

J(E )_ 0 0 my—1,r—1 0 0
M ey Mpr—1  Mpr  Mpppl  eee oo Mgy |’

0 0 My41,r+1 0 0
. 0 oo 0 myy, |
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where
mjj=gjA)—dj, forj=1,2,...,r—1,r+1,...,n,
mri == _kixk,g;()‘r))‘ra forl = 1725 "‘5”'

The eigenvalues of J(Ey,) are —k,x;, g (Ar)Ar <0, and gi(Ay)—dj, forall j #r.
When 2, is the endpoint of a component of S, we have that g;(A,) —d; < 0 for
J #r.Hence, E,, is locally asymptotically stable.
If A, is not the endpoint of a component of S, then there exists j such that A, €
(A, i j). The eigenvector corresponding to the negative eigenvalue —k; x;,, g (A )Ay
is

v, =(0,...,0,x-,0,...,0), x> 0in the rth component,
and the eigenvectors corresponding to the negative eigenvalues g; (A,) — d; are
v;=(0,...,0,k-,0,...,0,—k;,0,...,0),

where k., k; > 0 are in the ith , and rth component of vector v;, respectively. We
know that E;, is saddle and the local stable manifold is

n
Wlf)c(Ekr) =1E + Zcivi : ¢; =0 except ¢, and some j with A, ¢ (Aj,uj)}.

i=1
Hence, the stable manifold of E;, is
WH(Ey,) C{(x1,....x0) 1 = 0if Ar € (N, i)},

and WS(Ey, )N 2 =0.
For the equilibria E,,, the Jacobian evaluated at E,,, is J(E, ), the structure is
similar to J(E},) and

mjj=gj(u)—dj, forj=1,2,....r—1,r+1,...,n,
myi = —kixy, g (wpr, fori=1,2,....n.

The eigenvalues are —ermg;(ur)/xr >0,an g;(u,) —dj, forall j #£r.
For the case i, is the endpoint of a component of S, then g;(u,) —d; < 0 for all
Jj #r.Hence, E,, is saddle with one dimensional unstable manifold

W“(Eﬂr) = {Eﬂ, +sv v, =(0,...,0,x,.,0,...,0), x, > 0in the rth component}.

The eigenvectors corresponding to the negative eigenvalues g;(A,) —d; forall j #r
are

v;=(0,...,0,k.0,....0,—k;,0,...,0),

where k., k; > 0 are in the jth, and rth components of the vector v;, respectively.
E,,, is saddle which stable manifold W*(E,,,) is tangent to

n
Wine(Ew) ={Ep, + cjvjic, =0,¢;#0, for j#rt,
j=1
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at £, . Thus, the (n — 1)-dimensional stable manifold of E,,, satisfies
WS (E,,) C {(x1,x2, ..., Xp), x; > 0for all i},

and W¥(E,,) N2 #0.

For the case p, is not the endpoint of a component of S, then there exists j such
that 1, € (Aj, ;) and g;(A,) —d; > 0. If there exists some i such that 11, € (A;, i),
then E,,, is saddle which stable manifold W*(E,,) is tangent to

n

Wi (Ep) = {E,Lr +) cjvjicj=0exceptc; with pr ¢ (ki i) ¢
j=1

at £, . Hence, the stable manifold of E,,, is
W (Ey,) C{(x1, ... x0) 1 x = 0if pr € (0, i)},
and W¥(E,, ) N2 =0.

A.3 The Proof of Theorem 1

To prove Theorem 1, we need the following three lemmas. We note that the following
proofs are similar to those in Butler and Wolkowicz (1985). We present them for the
sake of completeness of the paper.

Lemma 4 Iflim;_ oo x;(t) > 0, then lim; oo L(¢) = A; or p; and lim;_, 5o x;(t) =0

for j #i.

Proof Since lim;_, o, x; () exists and it is positive, and |x'(¢)| is bounded, then x;(7)
converges to 0 as ¢ goes to infinity, i.e.,

g,-(L(t)) —d;i —0 ast— o0.

Therefore, lim;—, oo L(¢) = A; Or [;.

For j # i, we prove lim;,,x;(t) = 0 by contradiction. First, we assume
lim; oo x;(t) > 0, then by the similar argument as above, we obtain that
lim; 00 L(t) = Aj or puj, a contradiction. Thus, lim;_» x;(¢) does not exist and
limsup,_, o, x;(¢) > 0. Then there exists a subsequence 7, increases to infinity as m
goes to infinity, and x(#,) converges to limsup,_, ., x;(¢) and x} (tm) = 0. Hence,
gj(L(ty)) —dj =0 and L(t,) = A; or uj, a contradiction to lim;_, oo L(t) = A;
or u;. Thus, we have lim; . x;(t) =0. O

Lemma 5 Iflim;_. L(t) =y, then y € {ly, the endpoints of a component of S}.

1. If y =1y, then Iy ¢ S, and lim;_, , x; (t) =0 for all i.
2. If y = Ai or u;, the endpoint of a component of S, then y < Iy and lim;_,  x; () =
Xy, or Xy, and lim, 0o xj(t) =0 for j #1i.
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Proof We prove by contradiction. If not, then y ¢ {Iy, the endpoints of a component
of S}. There are two possibilities: y € Sand y ¢ S.

If y € §, from the assumption lim;_, 5, L(¢) = y, then for € > 0 there exists some
i and T, > O such that L(¢) C (A;, u;) for r > T,. It follows that xl.’(t) >0fort > T,
and from the fact x;(¢) is bounded above, then lim;_,  x;(#) > 0. By Lemma 4,
we have that y = lim;_, o L(t) = X; or p;. Since y is not endpoints of S, there exists
Jj #isuchthaty € (A;, u;). It follows that L(t) C (A}, ;) for all large t. By similar
argument as above, we have lim; o L(¢) = A; or i, a contradiction.

If y ¢S, then for € > 0 there exists T > 0 s.t. L(t)e(y —€,y +€) C S

x/(1)

for t > T.. Hence == = g;(L(t)) — d; < 0 for all i for ¢+ > T.. Therefore,

lim; 5 x; (1) =0 forngf i, and lim;_, o, L(¢) = Iy, a contradiction.

1. Let y = Ip. Assume Iy € S and from the convergence of L(#), there exists i such
that L(r) € (A;, u;) for all ¢ is large. By similar argument as above, we have
lim;— o x; (£) > 0 and lim;_, oo L(t) = A; or u;, it is a contradiction. Thus, Iy ¢ S.

Now we prove lim;_,  x; (¢) = 0 for all i by contradiction. First we assume
that there exists i such that lim;_ o x; () > 0. Then lim,_, o L(¢) = A; or u;,
a contradiction. Assume lim;_, , X;(¢) does not exist and limsup,_, o, x; () > 0.
Then there exists a sequence {t,} increases to infinity as ¢ goes to infinity
such that x(t,,) = 0 and lim,,_ 0 X; (t,) = limsup,_, o, x; (7). It follows that
gi(L(ty)) —d; =0 and L(t,) = X; or u; for all m, a contradiction to y = Iy.
Thus, lim;_, 5, x; () =0 for all i.

2. Itis clear that y < Io, since L(t) < Ip forall z. lim,_, o x(¢) = 0 for j #i follows
from the above argument. Thus, it follows that lim;_ oo L(#) =
limy_, so[Toe %% ] = A; or p;, or equivalently lim;_, o0 x; (1) = Xp; OF Xy, . O

Lemma 6 L(t) converges ast goes to infinity.

Proof If not, then there exist increasing sequences {f,,}, {7} such that

L'(ty) =0, lim L(t,)=limsupL(t) =L,
m—0Q

t—0o0

L'(t,;) =0, lim L(t,)=IliminfL(t):=L.
m—00 t—>00

Note that there are some i € {1, 2, ..., n} such that x; (¢) do not tend to zero. Since
n
L' (tn) = —L(tm) [Z k,-x;(zm>] =0,
i=1
for each m there are some j,, € {1, 2, ..., n} satisfies x}m () = 0. There exists some

J such that j,, = j for infinitely many m. For this j, we choose a subsequence of
{t,;n}, also named {#,,}, such that x} (tm) = 0. It follows that L(t,) € [A}, u;] for all
m and L € [A j» pj]. Similarly, we can find some k and a subsequence of {1}, also
named {7,,}, such that L(t,,) € [Ak, ug] for all m and L € [Ag, gl

If L elAj,ujl ClAp, g ] and L € [Ag, px] C [Ap,, g,] Where (Ap,, 1g,) and
(Ap,, Mg, ) are two disjoint components of S. Then there exists an increasing sequence
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{s;) with t,, < s,, < T, such that L'(s,,) <0 and L(s,,) € (Hgy» Apy) N S for all m.
Hence, xlf (s;) <O foralli and L'(s,,) > 0, a contradiction.

Thus, [A}, u;] and [Ak, ui] belong to the same set [Ap, (4], that is, Land L
belong to [Ap, 14], where (A, py) is a component of S.

If there does not exist y € I', I' = {A;, i :i =1,2,...,n}, st. y € (L, L),
then there exists some 7 s.t. L(t) € [A,, u,] C [Ap, ug] for all large t. Then we have
x).(¢) > 0 for all large 7. From the boundedness of x;, it follows that lim;_, o x,(#) =
x> 0and lim;_, o L(¢) = A, or u,, a contradiction.

Thus, there exists some y € I' s.t. y € (L, L), let y;, y» be two consecutive ele-
ments of I" such that y; < L < y». Since L(t) oscillates, there exists 77 < T, such
that L(Ty) = L(T2) =y, y1 < L(t) <y, fort € [T}, Th] and L'(T}) < 0 < L' (T»).
From

L'(t) =—L(1) [Z kix;(t)},

i=1

we have

n n
Zkix;m) >0> Zk,»x;(rz).

i=1 i=1

We divide the above summation into two parts, one is xlf(Tj) <0, 1ie. gi(yn) <d;,
the other is xlf(Tj) > 0, i.e. g; (y2) > d;. Therefore, we have

Yo kx{(To+ Y kxi(Ty> Y kx{(T)+ Y kixj(Ta),
8i(y2)<d; 8i(y2)>d; 8i(y2)<d; 8i(y2)>d;
and

- Z ki[gi(y2) — di | (xi (T2) — xi (T1))

gi(y2)<d;

> > ki[gi(n) — di](xi(T) — xi(T1)). (15)

gi(y2)>d;

For the case g;(y»2) < d;, i.e., y» ¢ (A;, Li), then L([T}, T»]) is disjoint from (A;, i;).
Hence, xi’(t) < 0 for t € [T, T2] and x;(T>) < x;(T1). For the case g;(y») > d;, i.e.,
Ai < y2 < ui, we have L([T1, T»]) C (Ai, ui). Hence xlf(t) > 0 for t € [T1, T>] and
xi (T2) > x;(Ty). Thus,

— > kifgir) —di](xi(T2) — xi(T1)) <0

gi(r2)<d;
< Y. kifgin) —di](xi(T2) — xi(T1)),
gi(y2)>d;
a contradiction to (15). Hence, the theorem holds. Il
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