Evolution of dispersal toward fitness*

Yong-Jung Kim!, Ohsang Kwon?* and Fang Li’

!Department of Mathematical Sciences, KAIST, 291 Daehak-ro, Yuseong-gu, Dae-
jeon 305-701, Korea; E-mail: yongkim@kaist.edu

2The Center for Partial Differential Equations, East China Normal University,
Shanghai 200241, China; E-mail: ohsangkwon80@gmail.com, fangli0214@gmail.com

* Corresponding Author

April 15, 2013 / August 1, 2013

Abstract. It is widely believed that the slowest dispersal strategy is
selected in the evolutional if the environment is temporally invariant
but spatially heterogeneous. Authors claim in this paper that this
belief is true only if random dispersals with constant motility are
considered. However, if a dispersal strategy with fitness property is
included, the size of the dispersal is not such a crucial factor anymore.
Recently, a starvation driven diffusion has been introduced by Cho
and Kim [7], which is a random dispersal strategy with a motility in-
crease on starvation. The authors show that such a dispersal strategy
has fitness property and that the evolutional selection favors fitness
but not simply slowness. Such a conclusion is obtained from a sta-
bility analysis of a competition system between two phenotypes with
different dispersal strategies of linear and starvation driven diffusions.

Key words. evolution of dispersal, fitness, local stability, starvation
driven diffusion

1. Introduction

Dispersal strategy is one of the key elements in the evolution of biolog-
ical species and each species has developed its own way. An existing
dispersal strategy of a biological species is a result of an exceptionally
long history of evolution and hence it is important to understand the
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key ingredients of a dispersal strategy that provide a species a chance
to survive. It is widely believed that the spatial heterogeneity of en-
vironments disfavors dispersal. However, this is a narrow perspective
obtained from theories based on linear dispersal. The purpose of this
paper is to show that the spatial heterogeneity of environments fa-
vors the fitness of dispersal. Therefore, there is no confliction with
the well-accepted belief that the temporal fluctuation favors the size
of dispersal.

The evolution of dispersal rates has been studied by many authors.
Since the modern experimental techniques are limited to study such a
foundation of ecology, numerical computations and theoretical anal-
ysis of mathematical models have been useful tools to understand it.
Readers are referred to [4,8,20,25-27] for comprehensive discussions
of discrete and continuous models. It is well-accepted that spatial and
temporal heterogeneities of environments occur in all scales and such
heterogeneities play a key role in the evolutional selection of disper-
sal rates. Numerical simulations and theoretical analysis of discrete
and continuous models indicate that spatial heterogeneities reduce
dispersal rates [12,13,19-21,24] and temporal changes increase dis-
persal rates [12,17,19,20,29]. If habitats are spatially heterogeneous
and temporally fluctuating, then the dispersal rate is selected by the
interaction between the two [12,19]. These studies are mostly based
on uniform random dispersals, which is usually modeled by a linear
diffusion with a constant diffusivity in continuous cases. However, bi-
ological organisms may increase the motility to find food if food is
consumed. Such a starvation driven diffusion is an example of a non-
uniform random dispersal and has been modeled by Cho and Kim
[7]. Even though the biological organisms do not know the place with
more food, such a motility increase produces an advection toward a
better environment, i.e., a better fitness.

We will consider a Lotka-Volterra type competition model:

ut A(vi(s)u) +ulm(z) —u —v],

A(72( )’U) [ ( )—u—v], (1)
0=n Vn(s)u] =mn-Vya(s)o],
0 <wu(z,0) =up(z), 0 <wv(x,0)=wv(x).

In this model, the zero flux condition is given on the smooth bound-
ary 02, where n is the outward unit normal vector to the boundary.
Unknown solutions u(z,t) and v(x,t) are population densities of two
phenotypes of a species. The population dynamics for both pheno-
types is identical in the model. Hence, one of them can be considered
as a mutant of the other with a different dispersal strategies 7;’s. The
variable s is the satisfaction measure on the environment, which is

defined by
m

= (2)
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Then, s = 1 is the case that food supply m is exactly same as the
food demand u + v. Hence, if s < 1, then the organisms suffer for a
food shortage and, if s > 1, there is surplus food and everybody is
satisfied.

The main feature of the model is that the motility functions v,
and o are decreasing functions of the satisfaction measure s. In other
words, if species are satisfied with the environment, they just reduce
their motility to stay at the favorable place. However, they increase
their motility to find food if species are starved. Throughout this pa-
per, we consider this starvation driven diffusion under two assump-
tions

m(x) > 0 is a non-constant smooth function in {2, (3)

~71(8),72(s) > 0 are decreasing smooth functions for s > 0. (4)

The spatial heterogeneity of environment is represented by a noncon-
stant function m(z). Remember that having a nonconstant m(x) is
not a technical reason, but is an essential requirement of the analy-
sis. The stability analyses in this paper are property of the spatial
heterogeneity and fail if m(z) is constant.

The nonlinear diffusion operator in the equations is based on a
non-isothermal diffusion and readers are referred to [7] for more dis-
cussions and biological examples. For a single species case,

up = A(y(s)u) + u(m(z) —u), ()

the global asymptotic stability of its unique positive steady state
6 (x) has been obtained in [22, Theorem 2] under an extra assumption
on the motility:

y(s) —s(s — 1)y (s) >0 for 0<s<1. (6)

The motility function mostly considered in this paper is

o, Jhif 0<s<1,
’Y(S)—{eif1§s<oo, (7)

where 0 < ¢ < h are constants. This discontinuous motility function is
approximated by a smooth motility function defined by a convolution,

7€ =" xS, (8)

where 0 < € is small and 7n° is a smooth symmetric mollifier with
suppn® C (—€,€) and [n(x)dx = 1. Then, y*(s) = h for s < 1 — ¢,
7é(s) = L for s > 1+¢€, 7¢ — % as € — 0, and ¢ satisfies (6). The
discontinuous motility v° does not satisfy the regularity assumption
(4). Hence, the case with a discontinuous motility function is always
considered as the approximation sense with ¢ — 0. We may also
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choose the mollifier ¢ on our convenience. For example, suppn® C
(—€,0) is assumed in Theorem 2 so that v¢(s) = ¢ for s > 1.

This paper contains three theorems and the first two are proved
in Section 3. These two are for the case that the first phenotype has a
constant motility v1 = d > 0 and the second one has a non-constant
motility v9 = €. In the first theorem it is shown that, if the motility
of a phenotype jumps when the food is not enough, then its survival
against a slower diffuser is guaranteed at least.

Theorem 1 (Survival of SDD is guaranteed!). Let vy = d > 0
be constant, v = 7, and 0y be the positive steady state of (5) with
v =d. If m(x) is not a constant, e > 0 is sufficiently small (depending
on h,{,m and d), and

maxg m(x) < h ()

ming m(z) — £’

then the semi-trivial steady state (64,0) of (1) is unstable.

If the dispersal rate d goes to zero, then the fitness increases
since the weight of the population reaction term increases. Hence,
the steady state converges to # = m for the single equation case.
However, Theorem 1 implies that the starvation driven dispersal with
7¥ as its motility function can guarantee a survival of a phenotype
no matter how small linear diffusivity the other phenotype has. This
phenomenon is related to the fact that 8 = m is also a steady state
for (5) even without the reaction term if (9) is satisfied (see [7, Propo-
sition 1] and [22, Section 5]).

In the second theorem we will see that a starvation driven diffuser
may have an advantage over a slower linear diffuser.

Theorem 2 (Spatial heterogeneity favors SDD!). Let v; = d >
0 be constant, vo = ¢, and (0,0~¢) be a semi-trivial steady state of
(1) with a mollifier such that suppn® C (—e¢,0). Then,

(i) There exists 0 < wa = wa(m, h,l,€) < such that, if d < wa, then
(0,0.¢) is linearly unstable and if wo < d, then (0,0¢) is linearly
stable.

1) If £ < d, then (0,0~¢) is the unique stable steady state.

g

The linear dispersal does not provide any fitness property. However,
if £ < h, the starvation driven dispersal does. Theorem 2 implies that,
if a phenotype increases its motility when food is not enough, this
phenotype obtains a fitness property and can invade the colony of
the linear diffuser.

The wy in Theorem 2 is the boundary of the stability regime for the
semi-trivial steady state (0, 6<). One may consider a similar bound-
ary, say wi, for the stability regime of (64,0). Theorem 1 implies that
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wi = 0 if (9) holds and € > 0 is small enough. The positivity of such
wy seems true when (9) fails. However, its proof seems tricky and is
open. It was conjectured from computational observations that there
exist 0 < di < dp < oo such that (0,64<) is the globally asymptoti-
cally stable if d > da, (64,0) is if 0 < d < dj, and two species may
coexist if di < d < da (see [7, Conjecture 1 and Figure 3]). It is nat-
ural to guess that such w; and wo would be these two. However, we
are still far from such a conclusion for the following reasons.

First, it should be shown that (0, <) is the unique stable steady
state for all d > wy and (64, 0) is the one for d < w;. Theorems 1 and
2 provide them partially. For a 2 x 2 monotone system, the uniqueness
of a stable steady state gives the globally asymptotic stability (see
[18]) among nonnegative and nontrivial solutions. However, since the
equation for the second species involves the second derivative of the
concentration of the first species, the monotonicity of the system does
not come easily and is not obtained yet. Hence authors could not
claim that SDD is selected because of that even though they believe
so. Hence, finding a way to overcome the lack of monotonicity is the
second requirement.

In the last theorem in Section 4, we consider the case that both
phenotypes follow starvation driven diffusions.

Theorem 3 (Spatial heterogeneity favors fitness!). If y1 and v,
satisfy (6), v1(s) < ya(s) for 0 < s <1, y1(s) > y2(s) for 1 < s < oo
and y1 # 2 in a small neighborhood of s = 1. Then, (0,0.,) is the
unique stable steady state.

The relation between the two motility functions in the theorem
indicates that 71 (1) = 72(1) and 72 changes more sharply before and
after s = 1. If the mollifier is symmetric and ey < €1, then v =
and 5 = 2 satisfies the relation in the theorem. If the motility
changes more sharply at s = 1, then the dispersal gives a better
fitness (see Figure 2). The extreme case is v with (9), where the
steady state gives the perfect fitness, i.e., § = m is the steady state.
Hence, we may conclude that a dispersal that gives a better fitness is
favored by the evolution. Furthermore, the sensitivity of a species to
the environments can be measured by the amount of motility change
of the species. If 72 is bigger than ~; for s € (0,1), this indicates that
the second phenotype v is more eager to leave the area if the food is
less than the amount to support the colony. On the other hand, if v,
is smaller than 7, for s € (1,00), this indicates that v is more eager
to stay at the area if the food is enough. Hence the second phenotype
v in Theorem 3 is more sensitive to the change of environmental
conditions. One may easily guess that the sensitive phenotype will
have a better fitness which has been tested in Figures 1 and 2. In
the model, there is no cost for the movement and no delay effect.
Theorem 3 claims that the phenotype which is more sensitive to the
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environment makes a stable colony and hence the less sensitive one
cannot invade them. However, the colony of less sensitive phenotypes
is vulnerable since it does not make a stable colony.

The proofs of the three theorems are based on the classical eigen-
value analysis of the linearized problems. The difference is that the
model of this paper contains nonlinearity not only in the zero-th order
reaction term, but also in the second order diffusion term. Hence, the
analysis is more complicated. However, for the stability test of a semi-
trivial steady states to (1), we could obtained a simplified stability
criteria in Lemma 1 and Lemma 2. These stability criteria are used
repeatedly in this paper since the first step in studying global asymp-
totic behaviors of system (1) are to understand stability properties
of semi-trivial steady states. Extension of the theories to the cases
that allow stable coexisting solutions such as a strong competition
situation will be more challenging.

2. Fitness by dispersal

Suppose that organisms are located in a way that each individual
has the same reproduction rate with the highest rate possible. Then,
the organisms may have better chance to grow. Such a state is called
the ideal free distribution and the fitness is the ability to obtain it
(see [9,14,15]). In nature, the population density is usually higher
in a place with more food than in a place with less food. Is such a
fitness of organisms a result of dispersal or population reaction? The
answer would be both. However, one may see from many examples
that the time scale of fitness is shorter than the one of the population
growth. Hence the dispersal should be one of the main dynamics for
the fitness.
The population dynamics for a single phenotype is given by

up = u(m — u).

For a numerical test we consider a resource (or environment) function,

2, 0 <ax<0.5,
7“”‘{@ 05 <z <1, (10)

where the domain is 2 = (0,1) and the carrying capacity of the
environment is [m(z)dz = 1. In this case the ideal free distribution
of a fixed total population A > 0 is

2A, 0<z<0.5,
M@:{ 0, 05<z<l. (11)

In this section we will discuss the fitness property of dispersal pro-
cesses with or without the population reaction and compare them
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numerically using the above example. We will see that the pheno-
types that have a better fitness has more chance to survive in other
sections.

2.1. Fitness by linear diffusion

In this section we will briefly review the well-known fitness property
of linear diffusion. However, this discussion provides a clear view for
the nonlinear diffusion case in the next section. Consider a single
species case without a population dynamics:

U = duge, 0<ax<1,t>0, (12)

where the initial mass is [ug(z)dz = A > 0 and the zero flux con-
dition is given on the boundary. Then, the steady state u® satisfies
0 = (u®)z, which gives u® = A for all d > 0. Hence, the solution
u(x,t) converges to the constant A, i.e., u(z,t) — A as t — oo for
all d > 0. It is clear that this linear diffusion does not provide any
fitness dynamics to the species even if d > 0 is small. Now consider
the same problem with population dynamics, i.e.,

up = duge +u(m — u). (13)

In this case the steady state is independent of the initial value as
long as it is nontrivial and nonnegative. The steady state satisfies
0 = Ugy + Ju(m — u). Hence, the nonnegative nontrivial steady state
converges to m as d — 0, i.e., 83 — m as d — 0. In other words,
even if the linear diffusion does not give any fitness, the equation
with reaction has fitness properties which increases as d — 0 (see
the graphs in Figure 1 corresponding to h = 1). Notice that the
linear diffusion with a constant diffusivity does not give any fitness
behavior and hence this fitness properties comes entirely from the
population reaction term. In fact, the smaller diffusivity only gives
a bigger weight to the population reaction and hence increases the
fitness. Hence the selection of a smaller dispersal rate with a spatial
heterogeneity can be understood as a selection for fitness.

2.2. Fitness by advection

One way to add fitness to the linear dispersal is adding an advection
term:

uy = div(dVu — cuVP) +u(m(z) —u), t>0, z € . (14)

The advection term, —cuV P, models the migration of the organisms
toward food, where ¢ > 0 is a scaling coefficient. In chemo-taxis
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individual organisms are assumed to sense the gradient of chemo-
attractants, which justifies the case with ‘P = m’. However, having
such advection is guaranteed to be advantageous only if ¢ > 0 is small
enough. If ¢ > 0 is large, the population becomes concentrated only
near the maximum points of m, which gives a better chance to their
competing species (see [2,3,11,16,23]). If the advection is given with
‘P=m—1u or ‘P =Inm’, then such an advection always gives a
species an advantage in a competition against other species (see [1,
5,6,9,10]). In particular, the case with ‘P = Inm’ is based on the
Weber-Fechner law and commonly used in the theory of chemotaxis
(see [28]).

In many cases, it is not clear how species sense the gradient of
m, Inm or m — u. Species, including human beings, often do not
know where to go until they arrive at the right place even if they
have a clear intension for migration. Of course, if they find food, they
usually stay with the food until the food is consumed. Hence the dis-
persal of organisms could be understood as a random dispersal with
non-constant eagerness to move. The advection produced by such
a conditional random dispersal may play the key role in advection-
diffusion models. In fact, the starvation driven diffusion has used in
a chemotaxis modeling without a gradient-sensing mechanism (see

[30))-

2.8. Fitness by starvation driven diffusion

Let a resource distribution be

1.9, 0<x<0.5,
m(z) = {0.1, 05<w<l, (15)

and a motility function be

o,y [hif 0<s<1,
%(8)—{1 if 1<s< o0, (16)

which is the same discontinuous motility function in (7) with a fixed
£ := 1 for an easier comparison with the linear diffusion case. Consider
a case with starvation driven diffusion without population dynamics,

vy = d(’yg(s)v)m, 0<z<l1,t>0, (17)

where the satisfaction measure is s = 7*. The steady state v® of the

problem satisfies 0 = (yg(s)v)m and hence 79(s)v = const. Hence,
the steady state with total population A > 0 is

e )_ 2hA/(h+1), 0<z<0.5,
vi(@) = 24/(h+1), 05<z<1
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(a) steady states of (17) or d = oo (b) steady states of (18) with d =1
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(c) steady states of (18) with d =0.1 (d) steady states of (18) with d = 0.01

Fig. 1. Fitness by dispersal [z-axis: space, y-axis: concentration density]

(a): Steady state solutions of (17) with unit total population. (b-d): Steady state
solutions of (18) with different diffusivity d > 0. The steady states converge to
m(z) in (10) as h — oo with a fixed d > 0 or as d — 0 with a fixed h > 0.

2

2
77777777 m(x) = m(x)
\ — —&=0.05 | — —&=0.05
15 £=0.2 | £=0.2
“ e=1 15 e=1
1 ‘ 1
|
0.5 \ 0.5
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

(a) steady states of (20) or d = 0o (b) steady states of (20) with d = 0.002

Fig. 2. Fitness by dispersal [z-axis: space, y-axis: concentration density]

(a): Steady state solutions of (20) without the population reaction. (b): Steady
state solutions of (20) with d = 0.002’s. Here, h = 5 and | = 1. As ¢ — 0, the
motility function becomes sharper at s = 1 and obtains more fitness.

(see [7, Proposition 1] or [22, Thoerem 1]). In Figure 1(a) the graphs
of the steady states are plotted with several h’s. The population den-
sity in the region 0 < =z < 0.5 is h times bigger than the one in
0.5 < x < 1. In other words, the starvation driven diffusion has such
a fitness property by itself. If h = /(= 1), then we obtain the con-
stant steady state of the linear diffusion case which does not give any
fitness. If h — oo, the steady state converges to the ideal free distri-
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bution. Notice that the steady state is independent of the coefficient
d > 0. In other words, the fitness obtained from the dispersal is not
related to the actual size of dispersal but to the ratio of the dispersal
Jump.

Now we consider the problem with the population dynamics:

Ut:d(’yg(s)v)m—i—v(m—v), 0<z<1,t>0. (18)

In this case both the reaction and the diffusion have fitness property.
Furthermore, as the diffusivity coefficient d > 0 converges to zero,
the fitness effect of the population reaction increases. The steady
state satisfies 0 = (v)(s)v)  + 1v(m — v). The global asymptotic
stability of the problem has been shown in [22, Theorem 6] for lim-
ited cases. Suppose that there exists a globally asymptotically stable
steady state 0}, q4(x). Then it is expected that

Qh,d(x) —m

as h — oo with a fixed d > 0 or as d — 0 with a fixed h > 0. See
Figures 1(b)—(d).
Now consider a continuous motility function:

h7 0<s<1— €,
Th(s) = L, 1+e<s<oo, (19)
S_lee + 1+2€€_3h, otherwise.

Then the corresponding reaction-diffusion equation is
vy = d(v(s)v), +o(m—v), 0<z<1, t>0. (20)

The steady states are given in Figure 2. One can clearly observe that
the fitness increases as € — 0.

3. Starvation driven diffuser versus linear diffuser

The purpose of this section is to prove Theorems 1 and 2. These
theorems are cases that the motility function for the first species is
constant, v; = d, and the second one is not, v = . Therefore, the
equations in this section are

up = dAu + ufm — u — vl,

v = Aly(s)o) +vlm —u — 1],

0 =n-V[(s)v] =n- Vu,

0 < u(x,0) =up(z), 0 <wv(z,0)=uvy(z),

(21)

where the first two equations hold for £ > 0 and = € {2, the Neumann
boundary conditions in the third line are for ¢ > 0 and x € 92, and
the initial conditions in the last line are for z € (2. The domain of
variables and boundary conditions are always like this throughout
the paper and will not be mentioned again.
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3.1. Linearization and eigenvalue analysis

First, introduce the diffusion pressure V for the second species v:

m
V= ith = . 22
sy with = (22
If w = v = 0, then the satisfaction measure s is not well-defined.
However, since the motility v is bounded, we may define the diffusion
pressure as V = 0 if v = 0. Define

F(m,u,v, V) :=~(s)v -V,

which is identically zero under the relation (22). This functional gives
a relation among unknowns. Since the resource distribution is as-
sumed to be invariant in time, i.e., m = m(z), we have

OF OF oF OF OF
ft——ut+7vt+ Vt:—ut+—vt—1/}:0

ou ov v ou ov
Furthermore, since
oF / v oF p v
_— = — _— = — 2
gy = Vs >0 S =) = (s)s >0, (23)

the unknown function v can be completely decided by m,u, and V' by
the implicit function theorem. Hence, we may write v = v(m,u, V),
and (21) is rewritten as

dAu—l—u[ —u— ),
—8u{dAu+u[ —u—v]}+ F{AV + v[m — u — 0]},
0=n-VV =n-Vu,
0 < u(zx,0) =up(z), 0 <V(x,0)=Vy(z),
(24)
where

V::( )
0 7U0+UOU0

Let (u®,v°) be a steady state solution of (21). The stability of
(u®,v°) is equivalent to that of the steady state (u¢, V) of (24) for
Ve = ~(s°)v°. Whenever a linearized problem is considered at a
steady state, say (uf,v®), the satisfaction measure is always

e

m
R
Let u=u®+ ¢ and V = V¢ + ¥ with |¢| and || small. Then,

ov ov
_ e ey vv
v=v(mu®+¢,Ve+¥)=0v"+—¢+ FTa

ey ——V¥ + higher order terms,
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where the implicit function theorem implies

v % ! mv 17
v - [ws)—v(s)(ww } |
ov % ! o I m
Tl s (GGl I

Substituting these perturbed quantities to (24) gives the following
linearized problem after deleting higher order terms,

¢y = dAP + (m — v — ueg” 2u)p — ueg—‘l}!l/,
U, = BJ:{ALT/—}—m 20°¢ —u)%}@—}—[( — 0° — )@—v]gi)}
+9E {dAG + (m — v° —ufdL — 2u)p — uc ST},
0=n-V¥=n-Vo
(25)
A steady state (u®(z),V¢(x)) of (24) is stable if the eigenvalues of
the following eigenvalue problem are strictly negative,

Ao = quﬁ + (m — v — uegg 2u°)p — uc Jow,
N = ZZ LA + (m — 20° e)@u'ur [(m — 20° —u®) 2L —v°]p}
+%{j {dAd)+ (m — uegz 2u®)p — ea”@}
0 =n-V¥ =n-Vé.
(26)
Consider the semi-trivial steady state (64(x),0) of (21). Then, at
the steady state,

v _ 1 M _, aif(s) OF o ™
oV qy(sq) Ou go VW gy T T g0

and the eigenvalue value problem for (24) at (64(z),0) becomes

(0
A = dAd + (m — 204)d — (Lw
A = ~(s,) [Aw ., u‘x] (27)
0 =n-V¥ =n-Ve,

where 6, satisfies

0=dAl,; + Gd[m — ed],
0O=n- V&d

Let (0,60 (z)) be the other semi-trivial steady state and hence

m
Vy i=7(84)0y, sy = o
g
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Then, similarly, the eigenvalue problem corresponding to the steady
state (0, V;(x)) becomes

Ap =dA¢ + (m —6,)9,

N = ZZ LAY + (m — 20,) Jo0 + [(m — 20,)8° — 6,]¢}
+ 55 {dAp + (m — 6,)}

0 =n-V¥ =n- Vo,

(29)

where 0., satisfies
{0 = A(V(sy)0y) + 0,[m —6,], (30)
0=mn-V(v(sy)0).

In the following lemma we derive stability criteria for semi-trivial
steady states.

Lemma 1. Let 04 and 0., be the unique globally asymptotically stable
steady solution of (28) and (30), respectively.

(i) Let py be the largest eigenvalue of

v(sa)

P = AW + by
{ 0 =n-VV¥ (31)

If uy > 0, then the semi-trivial steady state solution (04,0) is
linearly unstable; if uy < 0, then (04,0) is linearly stable.
(ii) Let vy be the largest eigenvalue of

{V¢ = dAd + (m —by)9,

0 =n-Vo. (32)

If vy > 0, then the semi-trivial steady state solution (0,6,) of (21)
is linearly unstable; if v1 <0, (0,0,) is linearly stable.

Proof. (i) First, suppose p1 > 0. Consider an eigenvalue problem

v(s4) v(sq) "’

W= AP "y A g
0 =VV¥ - -n.

and denote the largest eigenvalue by £7. When \ = 0, clearly ¢} =
w1 > 0. Moreover, Ei\ will be negative when A becomes large enough.

Thus, there exists A; > 0 such that Ei‘l = 0. Due to (28), it is easy to
see that the operator

ﬁv:dA—F(m—di)—)\l

is invertible. This yields that A\; > 0 is an eigenvalue of the linearized
problem (27), which implies that (64(z),0) is linearly unstable.
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Next, assume that p; < 0. Suppose that the linearized problem
(27) has nonnegative eigenvalue \; > 0 with the corresponding eigen-
functions (¢1,%;). If ¥; = 0, then a contradiction follows due to (27),
(28) and the assumption that A\; > 0. Hence ¥; # 0. However, this
yields that

I [—|VW|2 m— 93@2](1

p1 = sup

weH (Q)\{0} Jo Wd:’«"
2 m—043,2 A
o IV 2+ 2w da ot
B f(z W%da: fn W%dx N

This is a contradiction. Therefore, (64(x),0) is linearly stable.
(ii) Consider the linearized eigenvalue problem of (30) at V5, which
is written as

A = (A+( — 20 )g‘i)w

Since 6 (x) is a stable solution of (30), the linear operator A+ (m —
297)3—‘1} has nonpositive eigenvalues. Thus, if v1 > 0, because of (23),

the operator
Ov OF\
L:=A+(m—20 )OV v <80)

has strictly negative eigenvalues and thus it is invertible. Let {v1, ¢1}
be an eigen-pair of (32) and ¥, satisfy

) OF\-10F
Lo = —[(m—=20,) 5" 0,101~ (5-) T {dAd1+ (m—0,)1}

Then, {v1, (¢1,%1)} is an eigen-pair of the linearized problem (29),
which implies that (0, V,(x)) is linearly unstable.

Since an eigenvalue of (29) is also an eigenvalue of (32), eigenvalues
of (29) are all strictly negative if 1 < 0 and hence (0, V, (x)) is linearly
stable. O

3.2. Survival of SDD is gquaranteed!

It is well-known that the slower diffuser prevails over a faster diffuser
for the constant diffusivity case (see Dockery et al. [13]). From that
point of view, Theorem 1 gives a rather striking conclusion that the
starvation driven diffusion may guarantee the survival of a species no
matter how slow the other competing species spreads with a linear
diffusion. The proof of the theorem is based on the stability criteria
in Lemma 1.
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Proof (of Theorem 1). Clearly, (64,0) is a semi-trivial steady state
of (24). Thanks to Lemma 1, the stability of (64,0) as a semi-trivial
steady state of (21) is determined by the signs of the largest eigen-
value, denoted by 1, of the following eigenvalue problem

7€(s)

p = AW 4 mlay
0 =n-VVY,

where s = m/6,.
On the one hand side,

p1 = sup (/ [!VWIQ + I HdsPQ] da // Lll2d$>
weH (2)\{0} \J2 v<(s) 0

L1 [m=t,
2] Jo ve(s)
1 m—9d 1 m—9d
= — —dr + — dr + A, 33
@Sy € @ Sy h (33)
where
1 1 1
A= — <—> m — 0g)dx < 0.
90 S econy \yes) 1) %)

Since |m — 04| < €f; in the domain {1 — e < s < 1}, we have A, — 0
as € — 0.
Recall that 6, satisfies

0 = dAu+ u[m — uj,
0=Vu-n.

Thanks to the maximum principle and the Hopf boundary lemma, it
is standard to derive that

mfizn m(x) < 4(x) < max m(z). (34)

Moreover, obviously [, 0q[m(x) — 04]dz = 0. Thus

/ Hd(m — Hd)d.%' = / 9d<6d — m)dx > 0,
{s>1} {s<1}

where the integrands are nonnegative. Applying (34) yields that

max m(x) / (m — 64)dx > minm(z) / (04 — m)dz.
los {s>1} Q {s<1}
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Therefore, there exists ¢y > 0 such that

1 1 1 ming m(x)

— —(m —0y)dx > / (0g —m)dx + Ae
192] Jss1y £ {s<1}

0 max s m(z)

for all € < €p. Finally, the relation (9) gives that, for € < ¢,

1 1 1 1
> — —(m —60y)dx + — —(m —6y)dx + A,
PR ey 192 Jys<y B
1 1 mingm(z) 1
— - S RS- I}
2101 @0 () ~ ) 20

Hence, the semi-trivial steady state (64,0) of (21) is unstable if the
motility function is given by ¢ with € < €. O

Since the semi-trivial state (64,0) is not stable, the species dis-
persed with the starvation driven diffusion with motility function d
can always survive no matter how small d is. The condition (9) im-
plies that the motility variation depending on the environment is
larger than the variation of the environment itself, i.e., m(z). This
condition indicates that the species with starvation driven diffusion
reacts sensitively enough to the environment. Notice that this is the
condition that gives the ideal free distribution for a single species case
in [22] with the motility function d in (7). The above theorem shows
that this condition guarantees survival in this competition model.

3.8. Linear diffuser cannot invade starvation driven diffuser!

Theorem 2 gives the range of the diffusion rate d where the phenotype
with the starvation driven diffusion has more chance to survive than
the linear diffuser, i.e., £ < d. However, for the range wo < d < £, we
have obtained the linear stability of (0, 6, ), but not global asymptotic
stability. The proof of this theorem is also based on the stability
criteria in Lemma 1.

Proof (of Theorem 2). (i) To show the instability of (0,6.c) we com-
pute the sign of the largest eigenvalue of (32). Since m—6,« is positive
in a region, we obtain for a sufficiently small d that

2 2
S - o o W G [

> 0.
peHL(2)\{0} Jo¢?dx
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Moreover, v decreases as d increases. Let d = ¢ and (v1, ¢1) be the
largest eigen-pair of (32). Then

[o—dIVe|? + (m — 0,c)p*dx
v = sup 5
peH(2)\{0} Jo¢?dx
_ Jo—dIVr + (m — 0, )¢Pda
fQ ¢2dx
fQ —UV1]? + (m O.4c)p3dx fQ ,Y Oc)p3dx
fQ ¢2dac fQ gbzdx ’

where s = m/0..

Since the operator A+~ 7 ”) has a positive elgenfunctlon ()0

with 0-eigenvalue, 0 is the largest eigenvalue of A+ = e ( S) It implies
that 0
/ Ve 2+ BT g2 < 0.
2 7<(s)
Therefore,
Jo(1— W%Es))(m — 0.c)p3dx
1 < 5
Jo dida
l
_ (f{m>9,ye} Jrf{m<975} ) (m —0y)(1 - y«(s))fﬁ%dx “0

fn qudx

Therefore, according to Lemma 1, there exists 0 < wy < £, such
that if d < ws, then (0, 0,¢) is linearly unstable and if d > ws, then
(0,6.¢) is linearly stable.

(i1) Now assume that ¢ < d. First, according to the proof of (i), it
is clear that (0, 6.¢) is linearly stable when ¢ < d.

Next, we show the instability of (64(x),0) by showing the positiv-
ity of the largest eigenvalue of (31). An analogy of (33) gives that

sup / |:_|vw|2 + m — Hdw2:| de
vEH (2)\{0) v4(s)

0
> [ = |vey? + 2= d&]d
/ ‘ d’ 7 ( ) d
1
:/ —\ved\2+ Hd(m ed)} dm+/ (L D2 m — 0g)de
0 {s<1} Ve ¢

1 1
/ —\V@d\Q |V0d|2] dx +/ (= —>
) {s<1} Ve ¢

/ ad(m Oa)dz > 0. (35)
{s<1} ’7

v



18 Evolution of starvation driven diffusion toward fitness

Therefore, the largest eigenvalue is strictly positive and hence Lemma
1(i) implies that (64,0) is linearly unstable if £ < d.

Now we show that there is no positive steady state of (21). Suppose
(u,v), u,v £ 0, is a one. Then,

0 = dAu+ u[m —u — v],
0=AV 4+ v[m—u—1),
Ozn-VV:n-Vu,

where V = 7¢(s)v and s = -2-. Then, it follows that,
0> sup / [—|V!P\2+ . (m—u—v)} dx
weH (2)\{0} /2 v<(s)
1
> —|Vul? + uQm—u—v}d:p
/Q [ Vel 7¢(s) ( )
:/ {—|Vu\2 + luz(m —u— v)} dx
0 14
11,
-l—/ — Ju*(m —u—v)dx
{s<1}<75(3) 5> )
> / [—]VU\Q + 1uQ(m —u— v)} dx
0 l

= / {—|Vu|2 + d|Vu2} dzx > 0.
2

Therefore, f{8<1} e (s — Hu?(m —u —v)dz = 0, and it follows that
f{m<u+v}( —u —v)dz = 0. On the other hand,

2
/(m—u—v)dm:—/cwg‘ﬁ()
2 o u

Therefore, we obtain that m = v + v and u = ¢ for some positive
constant c. This implies that

0=~(1)Av.

However, m is nonconstant, this is a contradiction. Therefore, if £ < d
and € > 0 is small enough, (0,6) is the only stable steady state
solution. 0

The stability of the semi-trivial steady state (0,6+<) in Theorem
2 indicates that the linear diffusers cannot invade the habitat of the
starvation driven diffusers. On the other hand, the instability of the
other semi-trivial steady state (64,0) indicates that the starvation
driven diffuser can invade the habitat of linear diffusers. It has been
observed numerically that the linear diffuser actually becomes extinct
in [7].
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4. Competition between two starvation driven diffusers

The purpose of this section is to prove Theorem 3 and we return to
the competition model (1) with non-constant motility functions for
both species.

4.1. Linearization and eigenvalue analysis

Introduce diffusion pressures

, m
U:=v(s)u, V:i=vy(s)v with s:= e (36)

If u = v = 0, then the satisfaction measure s is not defined. However,
for the definition of the pressure, we may define U = 0 if u = 0 and
V =0 if v = 0. Define

F(z,u,v,U):=y(s)u—U and G(x,u,v,V):=v(s)v—V.

Then, (1) can be rewritten as

Ut—au{AU+u[ ()—u—v]}—l— {AV~I—U[ (x) —u—vl]},
Vi = $2{AU + u[m ()—U—v]}+av{AV+v[ m(z) —u—vl},
0=n-VU=n-VV,
0 <U(z,0)="Us(x), 0<V(x,0) =Vy(zx),
(37)

where

Up := ’71( )Uo and Vp:= 'Yl(

e
ug + Vo ug + vo

Let (u€ v®) denote a steady state solution of (1). Note that the
stability of (u®, v®) is equivalent to that of the corresponding steady
state (U¢, V) of (37) which is determined by the signs of the largest
eigenvalue of the linearized problem. Let U = U¢+® and V = V¢+V¥
with |®| and |¥| small. Then, the eigenvalue problem of the linearized
problem at the steady state (U¢, V) is given by

A = 9L (AP + GldU —utr] + [Glav ue Su|w}
+%§ {AW + [Go 8% — ve QLW + [Go 2% — v° SL] D},
_ 09 8 e v Biu _ ,edv

W = GE{ AP+ [Gripy — u il + [Grgy — w19} (38)
+9GLAT + [GoZY — ve SLNW + [Go 2% — v° L] D},

0 =n-V®&=n- VY,

where G1 = m — 2u® — v° and Go = m — u® — 2v°. Denote

r= (V)= (300)
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and consider it as a function of v and v. Then, the Jacobian matrix

is
M = <§[é (8?% _ N 71 (u+v) '71 (u+v)
. u Ov 72 (u+v) 2 =72 (u+5)

Mfl _ <%{1} %\3) _ L (72 72 (u+v) 71 (u+v2n > )
ﬁ 8\7} |M| 72 (u+v) n-m (utv)2

Let (64,,0) and (0,6,,) be the two semi-trivial steady states of
(1). The eigenvalue problem for (37) at the semi-trivial steady state

(6, (), 0) is

sy1’'(m—26,)
A =G5 {AQS T = sv?@ T 72[ (1717871/;1 B 971NI}

+9r {AWJF i QVW}

(39)
= q(s) { 4w 4 5P}
0 =n-V@&=n-VY,
where s = %, and 6, satisfies
{O = A(71(8)971) + 9'71 [m<$) - 0’71]7 (40)
0=n-V(3(s)fhy).

Similarly, we may compute that the corresponding eigenvalue prob-
lem for (37) at (0, 6+,(x)) is

AP = 1 (s) {Aqﬁ + qu}
= 99 {A@ + L%QS}

(41)
a9 sv2' (Mm—20,)
tou {AW T 5= sv?w T nl (72—572’;2 N 072}@} ’
0 =n-Vé=n-VY,
where s = 0 , and 6., (x) satisfies
{O - A('Y2(3)072> + 6"/2 [m - 6’72]7 (42)
0= n-V(1a(s)bs,).

The uniqueness and global asymptotic stability of the positive steady
states 6., (z) and 6., (z) have been obtained in [22, Theorem 2 and

We now show the simplified stability criteria for the semi-trivial
steady states of (1) which corresponds to Lemma 1 for the previous
case.
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Lemma 2. Let 0, (x) and 0,(x) be the unique globally asymptoti-
cally stable steady state solution of (40) and(42), respectively.

(i) Let vy be the largest eigenvalue of

Y2(s)

_ m—0~,
W = AV + v, (43)
0 =n-VVU.

If vi >0, (04,(),0) is linearly unstable; if 1 < 0, (6,,(x),0) is
linearly stable.
(ii) Let py be the largest eigenvalue of

Y

m—0
{L@:A@Jr 20, ()
0 =n-Vo.

If 1 > 0, (0,6+,(x)) is linearly unstable; if p1 < 0, (0,6+,(x)) is
linearly stable.

Proof. Parts (i) and (ii) are of the same structure and we show part
(i) only. Consider an eigenvalue problem

o m—0. X
W = A + 72(;)1 ' 70) v,
0 =V¥:-n

and denote its largest eigenvalue by £7. Clearly, £) = v;. Moreover,
6{‘ will be negative when A becomes large enough. First suppose that
v1 > 0. Then, there exists A; > 0 such that Ei‘l = 0. Then, the corre-
sponding eigen-pair {1, ¥} satisfies the second equation of (39).

Next, since 6., is a stable steady state of (40), the eigenvalue
problem,

O-w = (’Yl - S’Yl/)Aw + (m - 26"/1 )1/}7 (45)
0 =VyY-n,
has only nonpositive eigenvalues and hence the operator,
[,::A-i-m_zew— Al

—sn" n—sn
is strictly negative and thus invertible. Let @1 be given by

1 rsm'(m—20.,)
Py = | = Al /z
£ 72{ Y1 — 71’ 0“} !
OF\-10F m— 0.,
~(30) av{Ml* % %}'

Then {\1,(®1,%1)} is an eigen-pair of the linearized problem (39)
with A\ > 0, which implies that (6, (x),0) is linearly unstable.
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Next, assume that v; < 0. Suppose that the linearized problem
(39) has a nonnegative eigenvalue A\; > 0 with the corresponding
eigenfunctions (@1, ¥1).

If ¥; =0, then one may find that {\1,®;} is an eigen-pair of (45)
due to (39). Since 6,, is a stable steady state of (40), the largest
eigenvalue of (45) is negative, which contradicts to the assumption
A1 > 0.

Let ¥; # 0. Then,

. 2 | m=0y 72
v e fQ[ Vo + 2 W}dm
weH (Q)\{0} JoWPdx
m—20.
fQ [_W%P 720 LPQ} du
- [ ¥idx
AL g2
fQ 7218)1/ dx .-
Jo WQdaz -

where the last equality comes from the second equation of (39). There-
fore, the linearized problem (39) has strictly negative eigenvalues only
and hence (64, (x),0) is linearly stable. 0

4.2. Spatial heterogeneity favors fitness! (proof of Theorem 3)

Theorem 3 claims that a species having more sensitive to the change
of environmental conditions is favored by the evolution. The proof is
based on the stability criteria of Lemma 2.

Proof (of Theorem 3). The proof of the theorem consists of three
steps. First we show the stability of (0, 6+,(x)). Let (u1,91) be the
largest eigen-pair of (44). Then,

[ —IV®P?+ 2= ;2@%195

p1 = sup

SeH! (2)\{0} fg dﬂdm
m—0
fn —|VP P + T Plde
fQ 952d:c
m—0.
fQ —|V®? + ;2 Pidz n Jo(m - 972)(7%(3) - 721(8 )Pt da
fQ @Qdaz fQ @%daz '

Since the operator A + (7)2 has a positive eigenfunction v2(s)6s,

with the zero eigenvalue, A = 0 is the largest eigenvalue of A+ = (?)Q .
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It implies that
-0
/ Ve |2+ T T2 g2, < .
[0

72(5)
Therefore,
< Jo(m = 622) (57 — 5 Pide
- Jo Pidz
1 1 \2
— <f{m>9“f2} * f{m<9“/2} ) (m — 972)("/1(5) — 72(s) JPidz <0
- P?dx ’
Jo®1

and hence (0, 6,,) is linearly stable by Lemma 2.
In the second step, we show that (6,,(x),0) is unstable. Recall

that the stability is determined by

m—0
Jo |-Iv0 + 2050 de

v = sup
weH (2)\{0} Jo¥de
where s = m/0.,,. Let ¥ := U = 71(s)0,,. Since ming m(z) < 6,

maxgp m(x),

)

<

m—0,
Jo |[-IVUP + 250°] da

>
= [, U2da
1 1 2
_ Jo(m = 0y) (=55 + 555U dx
Jo Udx

1 1
- (/{m>l9w1} ! ‘/{m<971} ) <’Yz(5) - 71(5)>(m - 9vl)U2d$ -

Therefore, according to Lemma 2, (6,,,0) is linearly unstable.
Finally, we show that there is no steady state of coexistence. Sup-
pose (4, ) is a steady state such that @ # 0 # 0. Then, we have

{o: AU + @[m(x) — @ — 7]
0= AV + 9[m(z) — @ — 0],

where U = ~,(s)@, V = 42(5)0, and s = 745 Clearly, (U, V) satisfies
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Due to the assumption that v; # 5 in a small neighborhood of
s =1, we have

m(x) —u—0 < m(x) —u— 0
nis) 7 (s
A contradiction arises immediately. a

5. Conclusions

It is widely believed that spatial heterogeneities of environments re-
duce dispersal rates. This belief is based on studies of linear dispersal
models with constant rates. However, biological organisms change
their motility depending on environmental conditions and, recently,
Cho and Kim [7] modeled a dispersal strategy that increases the
motility when food is not enough. In this paper such a starvation
driven diffusion is taken as a dispersal strategy of phenotypes of a
species and the evolution of such dispersal strategies is analyzed.
The main conclusion is that spatial heterogeneities of environments
increase the fitness of dispersal. Since the model is not a monotone
system, authors could not claim the global asymptotic stability. How-
ever, it is proved that the semi-trivial state that consists of the phe-
notype with a better fitness is the only stable steady state solution
(see Theorems 2 and 3). It is also proved that a phenotype with a
starvation driven diffusion may survive against the slowest phenotype
among all possible linear diffusers (see Theorem 1). It seems safe to
claim that spatial heterogeneities of environments increase the fit-
ness of dispersal and the temporal fluctuations increase the size of
dispersal.
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