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Evolutionary Convergence to Ideal Free Dispersal
Strategies and Coexistence

Richard Gejji, Yuan Lou, Daniel Munther, Justin Peyton

Abstract We study a two species competition model in which the species have the
same population dynamics but different dispersal strategies and show how these dis-
persal strategies evolve. We introduce a general dispersal strategy which can result
in the ideal free distributions of both competing species at equilibrium and
generalize the result of Averill et al. (2011). We further investigate the convergent
stability of this ideal free dispersal strategy by varying random dispersal rates,
advection rates, or both of these two parameters simultaneously. For monotone
resource functions, our analysis reveals that among two similar dispersal strategies,
selection generally prefers the strategy which is closer to the ideal free dispersal
strategy. For nonmono-tone resource functions, our findings suggest that there may
exist some dispersal strategies which are not ideal free, but could be locally
evolutionarily stable and/or convergent stable, and allow for the coexistence of more
than one species.

1 Introduction

Organisms disperse to feed, avoid predation, breed, and reduce kin competition.
While dispersal of organisms is one of the most studied concepts in ecology and



evolutionary biology, the understanding of its evolution and ecological effects remain
limited (Bowler and Benten 2005; Johnson and Gaines 1990; Levin et al. 2003). Stud-
ies have identified several key mechanisms in the evolution of dispersal. They include
habitat extinction risks, competition among relatives, temporal and spatial variability
in environment quality, costs of dispersal, and inbreeding (Dieckmann et al. 1999). To
investigate how these processes affect the evolution of dispersal, a common approach
is to consider one factor at a time. We will focus solely on the effect of environmental
variability on the evolution of dispersal.

Many of the early studies on the evolution of dispersal concern random dispersal
only. In Hastings (1983), Hastings envisioned a resident species at equilibrium with
the subsequent introduction of a mutant invader. The mutant is identical to the original
phenotype except for its random dispersal rate. He showed that if the environment is
spatially heterogeneous but temporally constant, the mutant can invade when rare if
and only if it is the slower diffuser. Along the same line, Dockery et al. (1998) studied
a system of reaction diffusion equations that describes the two species dynamics of
competing phenotypes, where the phenotypes differ only in their random diffusion
rates. They proved that the phenotype with smaller dispersal rate will always drive
the other phenotype to extinction, regardless of the initial conditions. However, by
using a reaction diffusion model for two competing phenotypes and an environment
that varies in space and time, Hutson et al. (2001) found the faster disperser can be
selected.

Dispersal of organisms is usually nonrandom (Clobert et al. 2001; Turchin 1998)
as it is often conditional upon a combination of local biotic and abiotic factors such
as climate, food, predators, parasites, or conspecifics. Hastings (1983) suggested that
environmental cues may have a significant effect on the dispersal strategy of a species.
In this connection, Belgacem and Cosner (1995) modeled movement toward regions
that are locally more favorable by adding a spatially dependent advection term to
the classical logistic reaction—diffusion model for the growth of a single species. This
motivated Cosner and Lou (2003) to ask “does movement toward better environments
always benefit a population?” They found that increasing the advection along the
gradient of the growth rate is advantageous for the persistence of the species, when
the habitat is convex. However, they also showed that for some nonconvex habitats,
the species may be more likely to go extinct if it increases its advection upward
along the gradient of its growth rate. The underlying biological reason is that some
favorable regions for certain nonconvex habitats may become less accessible when
the species adopts biased movement.

Extending the works in Belgacem and Cosner (1995), Cosner and Lou (2003) from
a single species to competing species, Cantrell et al. (2006, 2007), Chen et al. (2008)
analyzed a reaction—diffusion-advection model for two phenotypes, with the same
population dynamics but different dispersal strategies. Here, the phenotypes disperse
with conditional strategies that include a combination of random dispersal and biased
movement upward along the environmental gradient. In this model, coexistence is
possible if the advection rate for the first species is large and the second species
has no biased movement (Cantrell et al. 2007). In this case, the first species, the
conditional disperser, concentrates at some (not necessarily all) of the locally most
favorable locations, and the random disperser is able to use the resources in less



favorable locations to coexist (Chen and Lou 2008; Lam 2011; Lam preprint; Lam
and Ni 2010). When both advection rates are larger than some threshold value but one
of them is much larger than the other, the larger advection rate will go extinct and
“selection is against excessive advection along resource gradients, which suggests
that an intermediate biased movement rate may evolve” (Chen et al. 2008).

Aiming to connect the above results, Hambrock and Lou (2009) investigated the
model from Chen et al. (2008) and established two main results. First, they found
that when the advection rates of both species are small and equal, and the two ran-
dom diffusion rates are close, then the slower diffuser wins. This echoes Hastings’
result (Hastings 1983). However, if the advection rates of both species are large and
equal, and the two random diffusion rates are close, the faster diffuser wins. Thus, the
magnitude of the advection rates directly affects the evolution of the random diffusion
rate. Second, they set the random diffusion rates of both species equal and varied the
advection rates. For this case, they showed that if two advection rates are small and
close, the species with the larger advection rate drives the other species to extinction.
This is consistent with results from Cantrell et al. (2006). However, if two advection
rates are large and close, the species with less advection drives the other species to
extinction, in agreement with the result from Chen et al. (2008).

The results of Dockery et al. (1998), Hastings (1983) suggest that the equilib-
rium population density distribution of a species with only random diffusion under-
matches the habitat quality at the most favorable places. In contrast, the results from
Cantrell et al. (2010), Chen and Lou (2008), Chen et al. (2008), Hambrock and Lou
(2009), Lam and Ni (2010) show that excessive advection along the environmental
gradient causes the population density distribution to over-match the habitat quality
at the most favorable places. These observations led Cantrell et al. (2010) to intro-
duce a new type of conditional dispersal strategy, allowing for the possibility that the
population density distribution can match habitat quality perfectly. We call such a
distribution at equilibrium an ideal free distribution (IFD) and call a corresponding
dispersal strategy that allows for IFD, an ideal free dispersal strategy.

The notion of ideal free distribution originates from the theory of habitat selection.
Fretwell and Lucas (1970) defined “ideal” in the sense that each individual within a
species chooses the environment “most suitable to them” and individuals are “free”
to move into any habitat (Fretwell and Lucas 1970). As individuals at equilibrium can
exactly match the habitat quality, their fitness (measured by the local intrinsic growth
rate) will be equalized across the habitat. In this paper, we adopt the IFD introduced
in Cantrell et al. (2007, 2010), noting that a species at IFD has the properties that the
net-movement and the local growth rate are both zero everywhere.

The main goal of this paper is to further investigate the evolution of dispersal
strategies. In particular, we are interested in determining conditions for evolutionary
convergence to ideal free dispersal strategies or coexistence. We introduce a general-
ized description of ideal free dispersal strategies where both species are at a nonzero
equilibrium and neither species experiences any net-movement. We find that for a
monotone resource, by varying a single trait responsible for the dispersal strategy,
the species whose traits are closer to an ideal free strategy will win. In many cases,
subsequent invasions of species will allow nonideal free strategies to evolve toward
ideal free strategies. However, if we vary two traits, it is possible for the species



whose dispersal strategy is further away from ideal free to win and this allows for di-
vergence away from ideal free strategies. Despite this possibility, results suggest that
random perturbations of the two dispersal traits generally lead toward convergence to
ideal free strategies. For a nonmonotone resource, we prove the existence of a new
region of coexistence where the species are not at an ideal free distribution. Numerics
suggest the possibility that this new region contains convergent stable strategies and
evolution toward this region may lead to evolutionary branching. Finally, these re-
sults reveal the necessity for discrete patch models to include more than two patches
in order to capture possible coexistence dynamics suggested by this new region of
coexistence.

There are several mathematical approaches in modeling dispersal and population
dynamics that incorporate discrete and continuous space and time. In this paper, we
use a continuous time and continuous space (reaction—diffusion) model framework.
Parallel to the development of reaction-diffusion models, there have been extensive
studies on the evolution of dispersal using difference models and patch models, and
we refer the reader to Doebeli and Ruxton (1997), Holt (1985), Holt and McPeek
(1996), Kirkland et al. (2006), Levin et al. (1984), McPeek and Holt (1992), Padrén
and Trevisan (2006), and references therein.

This paper is organized as follows: in Sect. 2, we introduce the mathematical
model and discuss both evolutionary stability and convergent stability of the ideal free
dispersal strategy. Section 3 is a brief summary of well-posedness and monotonicity
of our model. In Sect. 4, we establish a result which generalizes previous work of
Averill et al. (2011). Sections 5-8 are devoted to the proofs of the main results on the
convergent stability of the ideal free dispersal strategy. Numerical confirmation and
extensions of the main results are presented in Sect. 9. Finally, in Sect. 10, we discuss
some potential biological applications and some future directions.

2 The Mathematical Model and Main Results

Cantrell et al. (2010) proposed the following two species competition model, in which
the species are assumed to have the same population dynamics but different dispersal
strategies:

uy=uV-[Vu —uVPl+uim—u—v) in 2 x (0,00),
vy =vV - [Vv—ovVQO]+vim—u—v) in 2 x (0,00), (1)
[Vu —uVP]-n=[Vv—vVQ]-n=0 onas2 x (0, c0),

where £2 is a bounded domain in RV, P(x), Q(x), m(x) € C*>(2), and m(x) is a pos-
itive and nonconstant function which accounts for environmental heterogeneity. The
functions u(x, t) and v(x, t) denote the density of two competing species at x € §2
and time ¢ > 0, x and v are their positive random diffusion coefficients, respectively,
and note that u(x, 0) and v(x, 0) are nonnegative and not identically zero. 952 is the
smooth boundary of §2 (assuming N > 2), and n is the outward unit normal vector
on 052. Note that the boundary conditions in (1) mean that there is no flux for either
species across the boundary 0£2.



2.1 Evolutionary Stability

Following (Cantrell et al. 2010), we first consider the equilibrium equation for a sin-
gle species

uV-[VU —UVPl+U(m—U)=0 in$2,
[VU-UVP]-n=0 ondf. 2)

A key observation of Cantrell et al. (2010) is that P =Inm if and only if U =m
is a solution of (2). In particular, if P = Inm, the corresponding unique steady state
U =m satisfies (i) U —m =0 and (i) VU — UVP =0 in £2. Part (1) means that
the fitness of the species, which is represented by its local growth rate, is zero across
the habitat. Part (ii)) means that there is no net movement of species. We shall refer
to a choice of ; and P = Inm as an ideal free dispersal strategy if it gives rise to an
ideal free distribution of the population density at equilibrium. Note, P = Inm is an
ideal free dispersal strategy with any choice of positive . The advantage of ideal free
dispersal strategies over other strategies is clearly illustrated by the following result:

Theorem 1 Suppose that m is a positive nonconstant function, P = Inm, and
Q — Inm is nonconstant. Then (m,0), as a steady state of (1), is globally asymp-
totically stable among all nonnegative, not-identically zero initial data.

Theorem 1 was first established by Cantrell et al. (2010) when Q is a small per-
turbation of Inm and p = v. The full generality in current form was recently given in
Averill et al. (2011). In terms of the theory of Adaptive Dynamics (Dieckmann 1997,
2003; Geritz et al. 1998, 1996), the strategy P = Inm is evolutionarily stable. We
say a strategy is evolutionarily stable if a population using it cannot be invaded by
any small population using a different strategy. We will use the standard abbreviation
ESS for “evolutionarily stable strategy”.

A natural question aries: Can one find dispersal strategies for two competing
species such that the spatial distributions of both species at equilibrium are ideal
free?

To address this question, we observe that if there exist nonnegative constants y
and 7 such that ye? ™ + 7e2®) = m(x) in 2, then (4, v) = (ye" @, 1e2™) is a
nonnegative steady state of (1) with “ideal free distribution” for both u and v; i.e.,
m(x) —u — v =01n £2 and the net flux for both species in £2 is 0. Furthermore, we
have the following result.

Theorem 2 Suppose that there exist nonnegative constants y and t such that
yep(x) + 72 = m(x) in 2, and either P — Inm or Q — Inm is nonconstant.
Then (u,v) = (yeP(x), 1e2™) s the unique positive steady state of (1), and it is
globally asymptotically stable among all positive initial data.

Remark 2.1 When 7 =0, P — Inm is constant and Q — Inm is nonconstant, Theo-
rem 2 is reduced to Theorem 1. Hence, Theorem 2 generalizes Theorem 1.



If both P —Inm and Q — Inm are constants, Theorem 2 fails since the system has
a continuum of positive steady states of the form {(sm, (1 —s)m) :0 <s < 1}. Itis
interesting that even if neither P nor Q alone can produce ideal free distribution (i.e.,
P —Inm, Q — Inm are nonconstants), a linear combination of them can yield ideal
free distributions for both competing species at equilibrium.

2.2 Convergent Stability I: Evolution of a Single Trait

Another important idea in Adaptive Dynamics is that of convergent stable strategies,
which act as attractors for evolutionary dynamics. We say that a strategy is conver-
gent stable if, roughly speaking, selection favors strategies that are closer to it over
strategies that are further away. We will use the abbreviation CSS for “convergent
stable strategy”.

Unless otherwise specified, we shall vary a single trait, i.e., we vary one parame-
ter and fix all others, focusing on the convergent stability of the ideal free dispersal
strategy for the following model:

u;=V-[uVu —auVlnm]+u(m —u —v) in £ x (0, c0),
vy =V -[vwWv—BvVinm]+vim —u—v) in 2 x (0,00), 3)
[uVu —auVinm]-n=[vVv—BvVIinm]-n=0 onds2 x (0, 00),

where o, B are two nonnegative constants that measure the speed of advection upward
along the environmental gradient. Note that (1) can be reduced to (3) when P =
(¢/u)Inm and Q = (B/v)Inm. Note also that « = p is an ideal free strategy for
species u, and 8 = v represents an ideal free dispersal strategy for species v.

To state our results, we first consider the scalar equation

u; =V -[uVu —auVilnm]+u(m —u) in £ x (0, 00), @)
[uVu —auVinm]-n=0 on 92 x (0, 00).
It is well known that if m € C2(§2) and is positive, then (4) has a unique positive
steady state, denoted by 6y ,,, for every @ > 0 and u > 0. Therefore, (3) has exactly
two semitrivial steady states, denoted as (6y,,,, 0) and (0, g, ), respectively.
We begin with a result on the global dynamics of (3).

Theorem 3 Let m € C2(82) such that m > 0, m % constant, and suppose that % =

% # 1. Then (Oy,;, 0) is globally asymptotically stable when . < v, and (0, 0g.,) is
globally asymptotically stable when p > v.

We note that when o = 8 = 0, Theorem 3 is reduced to the findings in Dockery et
al. (1998), Hastings (1983). As we assume that the ratio of advection to diffusion for
two species is identical but not equal to one, our result in essence mirrors the single
trait analysis in Dockery et al. (1998), Hastings (1983) by showing that selection
favors the slower diffuser when o/ = B/v. Hence, Theorem 3 implies that zero
dispersal rate is a convergent stable strategy along the line o/ = B/v.



Remark 2.2 When & = % =1, Theorem 3 does not hold as (3) has a continuum
of positive coexistent states (sm, (1 — s)m) for every 0 < s < 1 and for any wu, v.
Biologically, the assumption % = g = 1 means that both species u and v are using

ideal free dispersal strategies and will thus coexist.

Theorem 3 raises a interesting question: in a temporally constant but spatially
varying environment, is the smaller dispersal rate always favored by selection? The
following result provides a partial answer.

Theorem 4 Suppose m, m, >0 on 2 =[0, 1], and o« = B.

(i) If0 <o < u, thereis an €1 > 0 such that for v € (i, +€1), (0,11, 0) is globally
asymptotically stable.

1
Jom

(i) ff a = max{u, ming, 1)y /m)
(0, 0,v) is globally asymptotically stable.

}, there is an € > 0 such that for v € (u, U + €3),

Theorem 4 is motivated by Hambrock and Lou (2009), where a similar result is
established for the model (3) with P = Q = m. It is an open question whether part (ii)
holds for any o > .

Theorem 4 assumes that the advection rates of both species are set to be equal
and the diffusion rates vary. If both diffusion rates are close and larger than the ad-
vection rate, the slower diffuser wins. However, if both diffusion rates are close but
smaller than the advection rate, then the faster dispersal rate is favored. In particular,
Theorem 4 implies that the ideal free strategy u = « is a convergent stable strategy
with respect to the evolution of the random diffusion rate. For each fixed o = 8, the
species whose diffusion rate is closer to the (common) advection rate will win; i.e.,
selection prefers strategies which are closer to being ideal free. As another example
of selection favoring strategies closer to the ideal free strategy, we restate Theorem 2
of Cantrell et al. (2010) in the framework of model (3), as follows.

Theorem S (Theorem 2 in Cantrell et al. (2010)) Suppose m, m, > 0 on 2 =10,1]
and p=v.Ifa <B <porpu<p <a, (Oyyu,0) is unstable and (0, g ) is locally
stable. Furthermore, give any o # |, there exists a number ¢ (a) > 0 such that if
a<B<at+l<porp<a—¢<pB<athen (0,05,) is globally asymptotically
stable.

Notice in Theorem 5, we set 4 = v and vary the advection rates. By varying ad-
vection rates, we see that the species with the advection rate closer to the (common)
random dispersal rate is favored, indicating that © = « is a CSS. Hence, we show
again that the species with the strategy closest to the ideal free dispersal strategy will
win.

If we relax the monotonicity assumption on m, then the first part of Theorem 5
may not hold. That is, for appropriately chosen m, «, 8, i, and v, where u < o < g,
both (8y,,,0) and (0, 6g,,) can be unstable. Similar to Theorem 6 of Averill et al.
(2011), we have the following result.



Fig. 1 Illustration of v
Theorems 3, 4, 5. Each dot

represents a resident with

strategy (o, ) and evolution is

directed by the arrows.

(A) illustrates Theorem 3.

(B) and (C) illustrate

Theorem 4. (D) and

(E) illustrate Theorem 5. Note A
that selection drives each
resident along its respective path
towards the ideal free dispersal B
strategy (shown as the line

v=_p5)

Theorem 6 Suppose that all critical points of m are nondegenerate and

(A) there exists some xq € §2 such that xo is a local maximum of m(x) and

fgmzlnm
f.(zm2

Then there exists g > 0 such that for each p > gy, we can find some § > 0 small
such that if 1 < % < 1+ 8, and given any v > 0, both (04,,,0) and (0,0p,,) are
unstable for large enough > 0. Moreover, (3) has at least one stable positive steady
state.

Inm(xg) <

Remark 2.3 Note that we can assume that u = v in Theorem 6. For large enough
fixed random dispersal rate © = v, we suspect that there exists some o™ > 0 such
thatif § <o < o™ or a® <a < B, then (6,,,, 0) is stable. This would imply that for
certain nonmonotone m(x), there might exist some dispersal strategies which are not
ideal free but locally evolutionarily stable and/or convergent stable.

Assuming that a one-dimensional trait is represented by a real parameter, then
Theorems 3, 4, and 5 are in essence results concerning the evolution of one trait.
These results can be summarized in Fig. 1.

A question which consequently arises is as follows: Suppose we are given any
(o, ) with o # u, and we introduce a nearby mutant (3, v). Can we construct a pic-
ture which integrates the results from Theorems 3, 4, and 5? This question prompts us
to consider varying both random diffusion and advection simultaneously. Our results
are shown in the next subsection.

2.3 Convergent Stability II: Evolution of Two Traits

All of the previous results concern the evolution of a one-dimensional trait parameter.
We allowed a single trait to vary while fixing all other parameters. By varying two



Fig. 2 (Color online) v
Illustration of Theorem 7. D
Part (i): Point (A) represents
resident with strategy («, ),
centering the ball B.. An
invader with strategy (S, v)
located in the blue region wins
over strategy (A). However, an
invader with strategy in the
green region loses to (A).

Line B has slope £ and the line B
v = B represents the ideal free />(
dispersal strategy. Part (ii): [

Ilustrated as in part (i). Just
replace point (A) with point (C)
and line B with line D

trait parameters, we can make the problem more biologically realistic and can refer
to the variation of two parameters as the evolution of two traits.

In this section, we use the model (3) to study the evolution of two traits; that is, we
allow the random dispersal and advection rates to vary simultaneously in the model,
while fixing other parameters. The following result provides an initial look into the
evolution of two traits.

Theorem 7 Suppose that m,my > 0 on [0, 1]. Given any a, . > 0, let B, (a, j1)
denote the ball of radius y centered at (a, ). Then, there exists some € > 0 small
such that the following hold:

(l) Ifa > M', (ﬂ’ U) € {(ﬂ’ v) v 5 IL’% Z 5} N BE(a’ ll’)’ then (Oa gﬂ,v) iS gIOb'
ally asymptotically stable; if (B,v) € {(B,v) :v > u, % < %} N Be(a, i), then
(Oa,p, 0) is globally asymptotically stable.

(i) If @ < p, (B,v) € {(B,v):v < p, 5 < £} N Be(e, p), then (0,6p,,) is glob-
ally asymptotically stable; If (B,v) € {(B,v) :v > u, % > £} N Be(a, ), then
(O, 0) is globally asymptotically stable.

Theorem 7 provides limited regions where we can conclude whether or not a
semitrivial steady state is globally asymptotically stable; see Fig. 2. The picture is
more complete, however, for linear resource functions. The underlying mathematical
reason, which could be technical, is that the gradient of the single-species equilib-
rium solution 6, ;, plays a crucial role in determining the stability of the semitrivial
steady states of (3). What is surprising is that there are monotone resource functions
m on §2 = (0, 1) such that 6, ;, are nonmonotone. We will give a more detailed dis-
cussion in Sect. 9 about such example(s). For now, this gives us reason to narrow our
choice of resource function for the sake of finding an analytic picture which is more
complete than Fig. 2. We consider linear m in the next result.

Theorem 8 Suppose that m is linear, nonconstant and positive on [0, 1]. Given any
a, i > 0, there exists some € > 0 small such that



Fig. 3 (Color online) v
Ilustration of Theorem 8,

part (i). Point (A) represents v=_
resident with strategy («, ),
centering the ball B.. Line B is

parallel to the line v = 8 (the B
ideal free dispersal strategy).
Line C represents the line C

parameterization in (16)).

Line D has slope £. An invader T
with strategy (B, v) located in \

the blue region wins over (A). ’
However, an invader with
strategy in the green region loses A E
to (A)

formed when A* = 0 (refer to ’ A b

(l) Ifa > K, (ﬂ7 v) € {(ﬂa V) V—H = ﬂ _a1% > 5} N Be(aa u')a then (anﬁ,v)
is globally asymptotically stable; If (B,v) € {(B,v):v —p < B —a, % <EIn
Be(a, ), then (By,y, 0) is globally asymptotically stable.

(11) Ifa < l‘l‘, (ﬁ’ U) (S {(ﬂa v) V= ,-“' S ﬂ — 0, z 5 5} N Be(aaﬂ), then (Oygﬂ,v)
is globally asymptotically stable; If (B,v) € {(B,v):v —p> B —a, -E >E)ln
Be(a, p), then (B4, ,, 0) is globally asymptotically stable.

This result is succinctly illustrated in Fig. 3. Note that for part (i1) of Theorem 8,
the picture is symmetric with respect to the line v = .

As in the one trait case, it is tempting to conjecture that the ideal free dispersal
strategy v = B is a CSS with respect to the Euclidean metric in the trait space (8, v).
That is, given a resident strategy («, ) with o # p (i.e., not an ideal free dispersal
strategy for the resident), we would expect that an invading species with strategy
(B, v) will be able to invade when rare if the distance from (8, v) to the line v =
is shorter than the distance from (a, p) to the line v = 8. However, note that the
blue and green regions can be arbitrarily close to the line C (see the full generality
of Theorem 8 in Sect. 8). Hence, an invader with strategy at (E), for example, can
replace (A) and become the new resident even though its distance to the line v = is
greater than the distance from (A) to the line v = ; see Fig. 3. This means that there
are certain paths along which selection will drive the dispersal strategy further away
from the ideal free dispersal strategy.

It seems natural to ask the following question: along which paths (not necessarily
straight lines) is the ideal free dispersal strategy a CSS in the trait space (S, v)? Note
that in the one trait case, we showed that along the vertical line, the horizontal line
and the line oo/t = B/v, the ideal free dispersal strategy is indeed a CSS. To answer
this question, we first give a definition. For 0 < s < 1, define curves

(x(5), ¥()) :0 < y(s) <x(s), 0<s <1, x(1)=y(1)},

 l :=[
(&)
Py i= [(x(s), y(s)) 0<x(s) <y(s), O0<s<l1, x(1) =y(1)}.



We say that ' or ' is a convergent stable path if for any 0 < s < 1, there ex-
ists 6 > 0 small enough such that for any 0 < As < §, the semitrivial steady state
(0, 8,,) of system (3) with (a, i, B, v) = (x(s), y(s), x(s + As), y(s + As)) is glob-
ally asymptotically stable.

The following result provides a criterion for determining a convergent stable path.

Theorem 9 Suppose that m is linear, nonconstant, and positive on [0, 1]. Let
x(s), y(s) be two positive functions defined on [0, 1].

(1) Ifwe further assume that both y(s) —x(s) and % are monotonically decreasing
functions for s € [0, 1), then I' 1 is a convergent stable path.

(i1) If we assume that both y(s) — x(s) and % are monotonically increasing func-
tions for s € [0, 1), then I'_ is a convergent stable path.

Referring to Fig. 3, Theorem 9 says that a path will be convergent stable as long
as it stays within the blue cone formed by the lines % = % andv —u=p8—«.
Essentially, this means that the path stays in the blue region as it progresses toward
the line 8 = v.

3 Well-Posedness and Monotonicity of (1)

Concerning the positivity of solutions of (1), we note that by the maximum principle
(Protter and Weinberger 1984), if we assume initial data u(x, 0) and v(x, 0) are non-
negative and not identically zero, then u(x, t), v(x, t) > O for every x € §2 and every
t > 0. Also, using standard parabolic theory (Henry 1981), it is well known that (1)
has a unique classical solution (u#, v) which exists for all # > 0. In particular, as we
are concerned with the global dynamics of (3), our analysis depends a great deal on
its nonnegative steady states, which are nonnegative solutions of

V.- [uVu —auVinm]+u(m —u—v)=0, inS2,
V-[vwWv—-gvVinm]l+vim —u—v)=0, 1in§2, (6)
[uVu —auVinm]-n=[vVv—BvVIinm]-n=0 onds2.

We mention two results that will help us in determining the global dynamics of (1).
First, we note that (1) defines a smooth dynamical system on C (2) x C(£2) (see
Smith 1995). Furthermore, as the following result indicates, this system is a strongly
monotone dynamical system.

Theorem 10 The system (1) is a strongly monotone dynamical system, that is;

(1) ui(x,0) >uz(x,0) and vi(x,0) < va(x,0) forall x € 2 and
(i) (u1(x,0),v1(x,0)) # (u2(x,0),v2(x,0)) imply that ui(x,t) > uz(x,r) and
vi(x,t) <wva(x,t) forall x € 2 and t > 0.

For a proof of Theorem 10, see Theorem 3 in Cantrell et al. (2010). Theorem 10
as well as monotone dynamical system theory (Hess 1991; Smith 1995) imply the
following result.



Theorem 11 (i) If system (1) has no coexistence state, then one of the semitrivial
steady states is unstable and the other one is globally asymptotically stable (Hsu et
al. 1996);

(1) If both semitrivial steady states are unstable, then (1) has at least one sta-
ble coexistence state (Dancer 1995; Matano 1984); Furthermore, if (1) has a unique
positive steady state, then it is globally asymptotically stable.

4 Proof of Theorem 2

By Remark 2.1, it suffices to consider the case when y > 0 and 7 > 0. To prove
Theorem 2, we first prove the following result.

Lemma 4.1 Suppose that there exist positive constants y and T such that ye®® +
12™) = m(x) in 2 and either P —Inm or Q —Inm is nonconstant. Then, the system

(1) has a unique positive steady state.

Proof Let (u*, v*) denote any positive steady state, i.e., it satisfies

uV - [Vu* — u*VP] + u*(m(x) —u*— v*) =0,
vV - [Vo* —v*V Q] +v*(m(x) — u* — v*) =0, (7)
[Vu* — u*VP] ‘n= [Vv* — U*VQ] -nlyo =0.

Integrating the equations of #* and v* in £2 and adding up the results, we have
f W +v)y(m —u* —0v*)=0. (8)
Q
Dividing the equation of u* by u*/e” and integrating in §2, we have
o3P
\%
g fg ")?
Dividing the equation of v* by v*/e< and integrating in £2, we have
e3¢
y / <y
o ()?
Multiplying (9) by y and (10) by 7, and using ye? + r¢€ =m, we have
2 230
——|V
o [ G

By (8) and (11), we have

o3P 2 230
Y f v + v f
o W*)? 2 (v%)?

I/t*

el

2
+feP(m—u*—v*):O. 9)
2

2
—I—/ eCm—u*—vH=0. (10)
€Q 0

*

€3P u
BN | v i
v fg (u*)?

eFP

v*

2
0 —|—/m(m—u*—v*)=0- (11)
22

M*

eP

% |12
VU—Q +/(m—u*—v*)2:O. (12)
e 2




From (12), we see that m — u* — v* =0 in £2, u* = C1e’, and v* = C1e? for
some positive constants Cy, C,. Hence, m = C 1ef + Cre? in 2. This together with
yeP(x) + 72 = m(x) implies that (C1 — y)eP + (C2 — 1)e2 = 0. We claim that
C1 = y. If not, we have ef = (C> — 7)/(C; — y)eQ. Substituting this expression
into the equation of y e ™ 4+ 12™) = m(x) yields that Q — Inm is constant. Hence,
P —Inm is also a constant. This contradicts our assumption. Hence, C1 = y, and con-
sequently, C, = 7. This shows that (ye”, 7e?) is the unique positive steady state. []

Lemma 4.2 Suppose that there exist positive constants y and t such that yet® +
12 = m(x) in 2 and either P — Inm or QO — Inm is nonconstant. Then both
semitrivial steady states (i1, 0) and (0, v) are unstable.

Proof The stability of (i, 0) is determined by the principal eigenvalue of

VY[V — ¥ VOl+ (m— i)y =—AY in £2,
[VY =¥ VO] nlye =0.

Dividing the above equation by v//e€ and integrating the result in £2, we have

30
_A./eQZV/e—Z
Q QY

Dividing the equation of i by /e and integrating the result in £2, we have

14

V—
e?

2
+f eQm — ). (13)
2

AP ?
():,,L/ —|V— +/ el (m — ). (14)
Qu e Q
Multiplying (13) by 7 and (14) by y, adding the results together, by ye® + 1€ =
m we have
—At/ eQ—vt/ e3—Q Vi 2+yu/ ad Viz%—/ m(m — u)
2 o V2| e? o | ePf 2 '
Integrating the equation of # in £2, we have
/ft(m—ﬁ):O.
Q
Hence,
30 ]/f 2 3P ~ 12
e e u
—At/ eQ:vt/ — V= —|—yu/ — | V— —|—/(m—ft)2.
2 o V2| e? o | ef 2

Therefore, A < 0. We further show that A < 0: if not, say A = 0. Then u — m = 0.
This together with the equation of & implies that ii/e” is constant. As & —m =0,
P — Inm is equal to some constant. This together with ye? + te€ = m implies that
Q —Inm is also equal to some constant. Hence, both P —Inm and Q —Inm are equal



to constants, which is a contradiction. Hence, A < 0 and (u, 0) is unstable. Similarly,
we can show that (0, v) is unstable. ]

Theorem 2 follows from the previous two lemmas and Theorem 11.

5 Stability of Semitrivial Steady States

We begin by determining stability conditions for (6y,,,0). Given o, u > 0, we want
to investigate the stability of (6,,,,0) under a small perturbation of v and B. The
following lemma will be useful.

Lemma 5.1 The steady state (0y,;,,0) is stable/unstable if and only if the follow-
ing eigenvalue problem, for (v, ) € R x C*(82), has a positive/negative principal
eigenvalue \*:
V.-[wWe —BeVinm]+em —0y,) =—rp in$2, (15)
[We —BeVinm]-n=0 ondf2, ¢>0 onf2.

The proof of Lemma 5.1 is similar to that of Lemma 5.5 in Chen and Lou (2008).
Consider the following parameterizations:

v=u+§6, B=o+e¢, (16)

where § and € are assumed to be small. Using the implicit function theorem, we know
that A* and ¢ are both smooth functions of € and § (see Lemma 3.3.1 of Belgacem
1997). Hence, we can write 1* as A* = A9 + A€ + A28 + O (e + §%) and © =@y +
Q1€ + P26 + O(e2 +82). It is easy to see that Ao = 0 and ¢ = 0, after suitable
scaling. Substituting these expansions into (15), we see that ¢1 and ¢, are determined
by

V- [uVer —apiVinm — 0y, Vinm] + (m — 0y, )1 = —A104,,, 1n £2, (17)
UV —apiVinm — 0, ,VInm]-n=0 onas2,
and
V. [uVey —agaVinm + VO, 1+ (m — 0y )2 = —A204,, in $2, (18)
(Ve —agaVInm + VO, ,]-n=0 onas2.

Furthermore, we have that A; and X, are determined by the following result.

Theorem 12 A satisfies

M/ e—“/ﬂlnmeg,ﬂz—/ V(e /#mg, 1) - 0a,, VInm, (19)
2 2



and \> satisfies
Azfge—“/ﬂlnmeg,u:/Qv(e—“/ﬂ‘“mea,u).vea,ﬂ. (20)

Proof Tf we multiply (17) by e~®/#Inmg, uu» integrate the result over £2 and use the
boundary condition for ¢, we get

—/ V(e */# Mg, 1) - (uVer — agVinm — 6y, Vinm)
2

+ L e—a/ﬂlnmea”u(m _ Qa’u)(p] — _)\‘1 ‘/;2 e—a/ﬂlnmeiu' (21)

Now, if we multiply the equation of 6 , by e~ /pinm

and use the boundary condition for 6, , we find

@1, integrate the result over 2

—/Q V(e /MMy ) (V8 — By, V Inm)
+ fg eme/mnmy. (m —0y,)¢1 = 0. (22)
Evaluating V(e Mlnmea, 1), we have
/QV(e_O‘/“lana,M) - (uVe1 —apVinm)

:/ e—“/ﬂlnm<vea,u —~ %ea,uvmm) (Ve —ap;Vinm). (23)
2

—a/ulnm

Similarly, evaluating V(e ¢1), we have

/ V(e MMy (1VOy,  — by, V Inm)
$2

:f e—“/ﬂlnm<v9a,ﬂ—%ea,ﬂv1nm) - (uWV@ —apiVinm). (24)
22

Now, subtracting (21) from (22) and using (23) and (24), we obtain our result for
A1. Similarly, we can find the expression for A,, performing the same procedure as
above. ]

Remark 5.1 We can rewrite the parameterizations in (16) using polar coordinates as
follows. If welete =rcos¢ and 6 =r sin¢g, then 8 =a+rcos¢ andv = p+rsing,
where r > 0 and ¢ € [0, 2r). Thus within a small neighborhood of («, ), as long
as A1 cos¢ + Apsing # 0 and does not change sign, we can write A* = A rcos¢ +
Aorsing + O (r?) # 0. We will see that this alternate parameterization is more useful
in demonstrating our main results in the two trait context.



Now we seek conditions for the stability of the other semitrivial steady state,
(0, 0,,). Similar to Lemma 5.1, we have the following.

Lemma 5.2 The steady state (0, 6p,,) is stable/unstable if and only if the follow-
ing eigenvalue problem, for (n,¢) € R x C 2(£2), has a positive/negative principal
eigenvalue n*:

{V [(uVe —apVinm]+e(m —0p,) =—n¢ inS2, 25)

[uVo —aeVinm]l-n=0 ond2, ¢>0 onS2.

Performing similar analysis as above and using the parameterization in Re-
mark 5.1, we see that n* = nyr cos ¢ + nor sing + O (%), where n; and 1, satisfy

m/ e—“/ﬂlnmeg,ﬂzf V(e /Mg, 1) 04,V Inm, (26)
2 2

m / eo/ninmgr = — / V(e */Hnmg, 1) - Vo . (27)
£ 2

6 Sign Analysis for Eigenvalue Expansions
In this section, we always assume that £2 = (0, 1), m, >0on [0, 1]and m € CZ[O, 1].
In particular, 6, , satisfies

{[M(Ga,u)x - aea,u %]x + Qa,p,[m - Qa,p,] =0, O<x<l, (28)

M(Q(X’M)x_aga’u%zo atX:O,l.

In light of our expansions for A* and n*, to determine the sign of both principal
eigenvalues, we need to know the sign of (e~ @/ “)lnm%, wx and (By, . )x on (0, 1) for
both o < p and o > . When & < pt, this is possible as the sign of (e =@/ '“mea,u)x
determines the sign of (6y,,)» (see Lemma 6.1 below); however, when o > p, the
sign of (Oy,,)x on [0, 1] cannot be determined in general and further assumptions are
needed.

Lemma 6.1 If a < pu, then w(y,,)x — a%@a,ﬂ > 0 on (0,1). In particular,
(Ow,u)x >00n [0, 1].

Proof Suppose that f is a solution of

fex +0(0) fx +y (o) fle(x) — f1=0, x€(0,1),

. (29)
fx0)=fx(1)=0, f>0 1in[0,1],

where b,y € C[0, 1],k € Cc'[0, 1], and v,k > 01in [0, 1]. Lemma 2.1 of Cantrell et
al. (2010) says that if k;, > 01in [0, 1], then f, > 0in (0, ). Let f = e~ @/wWhmg,



b(x) = %(%), y(x) = ie(“/“)lnm, and k(x) = me~@/WIm Thys we see that f
satisfies (29). If my > 0 on [0, 1], the sign of k, = mye~@/Wnmp _ %) depends
on the size of % So, if « < u, we see that k, > 0, and hence f, > 0. Notice that

f = elm¢/W)nm ((Bor,p)x — %%Qa,ﬂ). Hence, we have our result. O

Lemma 6.2 If o >, then u(6y,u)x — 7504, <0 0n (0, 1).

Proof Lemma 2.1 of Cantrell et al. (2010) shows that if xx < 01in [0, 1], then f; <O
in (0, 1). Using the same proof as in Lemma 6.1 and since we are assuming that
o > u, we have k, < 01in [0, 1] and thus we obtain our result. O

Lemma 6.3 If a < 1, then m(0) < 0,,,(0) and m(1) > 6y ,,(1).

Proof Using Lemma 6.1 and the boundary conditions for 6, ,, we see that
VAC a%@a,#]x > 0 at x =0 and that [ (0q,;)x — a%@a,u]x <0Oatx=1.
Thus, by (28), we have m(0) < 6,,,(0) and m(1) > 6y, (1). Now if m(0) = 6,,,(0),
the boundary condition of (28) at x = 0 gives us that (64,,)x < my. So, for some
8> 0,m > 0y, on (0,8). But then (28) gives us that [ (0, ) x — a%@a,u]x <0Oon
(0,6). Thus, (O, u)x — a%@a,ﬂ < 0 on (0, 8). But this contradicts Lemma 6.1.
Hence, m(0) > 04 ,(0). Similar analysis shows strict inequality at x = 1 as

well. ]
Lemma 6.4 If o > (1, then m(0) > 0,,,(0) and m(1) < 6y, (1).
Proof The proof is similar to that of Lemma 6.3. 4

For the following results, in order to determine the sign of (6y,,)x on [0, 1], we
now impose some additional assumptions. First, we see that as long as « is large
enough, we can show that (6, ,)x > 0 on [0, 1] as illustrated by Lemma 6.5.

-1
Lemma 6.5 Suppose m, >0 in [0, 1] and o > W Then (04,)x > 0 on
[0, 11. '

Proof Let y € [0,1] be the smallest number such that (64 ,)x(y) < 0. Since
(O, )x(0) > 0 and (6y,,,)x (1) > 0, and because (8,,,)x 1s continuous, we see that
vy € (0, 1) and (By,,)x (y) = 0. Integrating the equation for 6, , over [0, y], and notic-
ing that 6, ,, is increasing on [0, y], we see that

y y 1
Olea,u()’)n;x((yy)) :/O O, (M — Oy 1) 5/0 O, um <9a,,u()’)/0 m. (30)

1
fom

Thus, we see that o < ———2———_ But this contradicts our assumption on «. Hence,
. ming, 1)(my /m)
it must be that (6y,,.)x > 0 on [0, 1]. ]



Now we want to determine the sign of (6y,,)x on [0, 1], specifically when p < o
and m, > 0. The problem is that if, for example, we let m(x) = sin(10x) 4+ 10.01x +
5, clearly m, > 0O on [0, 1], but we find that (6y,,,)» changes sign on (0, 1) (see Fig. 5).
Hence, we consider a linear resource function. Without loss of generality, assume that

nw=1.

Lemma 6.6 Assuming o # 1 and m is linear, if 6y 1(X) = m(x) for some x € [0, 1],
then (eoe,u)x (x) #my(x).

. . O, .
Proof_ WlthOL_l'[ loss_of generghty, assume that © = 1. Set w = 71 By assumption
Oy, 1(x) =m(x), w(x) = 1. Since

(O, 1)xm — O 1my _

wx()E): m2 (.X): (Qa,l)x(f)—mx()f)

m(x)

k]

it suffices to show that w, (x) # 0. Note that w satisfies (since m is linear)

lwxx+(2—a)%wx+mw(1—w)=o, 0<x<l, an

wy +(1—a)(ZHw=0 x=0,1.

Note that if x =0 or 1, by the boundary condition of (31), w, # 0. So, consider
x € (0,1). Suppose that w,(x) = 0 and consider the following linear initial value
problem:

{qux +Q-a)%p, —mwp=0, 0<x<l,
(32)

¢x(x) =9 (x) =0.

We see that ¢ = 0 is a solution to (32) and by ordinary differential equation theory,
it is the unique solution on (0, 1) satisfying the initial value problem. We note that
if we set ¢ = 1 — w that this too is a solution to (32). Hence, it must be the case
that w =1 on (0, 1) and extending by continuity, w = 1 on [0, 1]. But w satisfies the
boundary conditions in (31) so w, (0) £ 0 and wy (1) # 0. This is a contradiction. [J

Theorem 13 Suppose m is linear, m, > 0 in [0, 1], and o > 1. Then (9‘,)‘”—’1))6 >0in
[0, 1].

Proof Without loss of generality, assume that u = 1. First, we note that by
Lemma 6.4, there exists some x; € (0, 1) such that 8,1 <m on [0, x1) and 6y, 1(x1) =

m(x1). By Lemma 6.6, we see that (gqu—")x(xl) > (0. We claim that (9";—‘1))6 > 0 on

‘90(,]

=)x >0 on (x2,x]) and

(0, x1). If not, there exists some x, € (0, x1) such that (

(9,‘;‘1—“) x(x2)=0.Putw = 9}‘;—’1. Note that w, (x2) > 0. However, upon evaluating (31)
at xp, since wy(x2) =0 and 0 < w(xp) < 1, we see that wy,(x3) < 0. This is a con-
tradiction. So, we see that (efn—’l)x > 0 on (0, x1].

Next, we claim that w, > 0 on (x1, 1]. Suppose w, changes sign on (x, 1]. Then
by continuity, there exists a y € (x1, 1], such that w, > 0 on (x1, y) and w,(y) = 0.
Note that w > 1 on (x1, y]. To see this, if w = 1 somewhere on (x1, y], then by the



mean value theorem, there must be a point p € (x1, y), such that w,(p) =0 and
w(p) > 1. But

O, 1)xm — Oy X X Ou,1)x
0= (p) = et Bt (2 (p)>(( DD i)

m(p) my(p)
. mx(p) _
= ( () >(1 w(p)) <0.

This is clearly a contradiction, so it must be the case that w > 1 on (x1, y]. Note
that wy, (y) < 0. On the other hand, if we evaluate (31) at y, since w,(y) =0 and
w(y) > 1, we see that wy, (y) > 0. Again, we have a contradiction and obtain the fact
that wy, > 0 on (x1, 1]. This completes the proof. O

Corollary 6.7 Suppose m is linear, m, > 0 in [0, 1], and o > . Then (64,1)x > 0
on [0, 1].

Proof Note that from Theorem 13, (9;‘7‘1—’1) x> 0on [0, 1]. Since

m m? ’

<@> . (ro,l)xm - eoc,lmx
X

we see that (6, 1)y > 2% = 0 on [0, 1]. 0

m

Theorem 14 Suppose m is linear, my > 0 in [0, 1], and o < ju. Then (9‘)‘7‘“)}6 <0in
[0, 1].

Proof Without loss of generality, assume that u = 1. First, we note that by
Lemma 6.3, there exists some x; € (0, 1) such that 8,1 > m on [0, x1) and Oy, 1(x1) =

m(x1). Hence, my(x1) > (6y,1)x(x1). Let w = G‘jn—" as before. By Lemma 6.6, we see
that m (x1) > (6y,1)x(x1), thatis, wy(x1) < 0. We claim that w, < 0 on [0, x1]. Sup-
pose not. Then there is an x> € (0, x1) such that wy < 0 on (x2,x1) and w,(x3) = 0.
Note that wy,(x2) < 0. If, however, we evaluate (31) at xp, since w > 1 and
wy (x2) =0, we get that wy,(x2) > 0. This is a contradiction, indicating that w, <0
on [0, x1].

Next, we claim that w, < 0 on (x1, 1]. Suppose w, changes sign on (x1, 1]. Then
by continuity, there exists a y € (x1, 1], such that w, < 0 on (x1, y) and w,(y) =0.
Note that w < 1 on (x1, y]. To see this, if w = 1 somewhere on (x1, y], then by the
mean value theorem, there must be a point p € (x1, y), such that w,(p) = 0 and
w(p) < 1.But

‘9(1 X _0(1 X X 90! X
0=wx(p)=( L) mm2 17 (p)=(m (p))(( 2 (p)—w(p)>

m(p) my (p)
(P
_(m(m)(l w(9) >0,




which is clearly a contradiction. So, it must be the case that w < 1 on (x1, y]. Note
that wy, (y) > 0. On the other hand, if we evaluate (31) at y, since w,(y) =0 and
w(y) < 1, we see that wy, (y) < 0. Again, we have a contradiction and obtain the fact
that wy < 0 on (x1, 1]. This completes the proof. ]

7 Nonexistence of Positive Steady-States

In this section, we show that under specific conditions, system (6) has no positive
steady states. Before stating and proving the result, we present several useful lemmas.

Lemma 7.1 Suppose that (u, v) is a positive solution of (6). Then
/ [Meoz/ulnm _ veﬂ/vlnm]v(e—a/ulnmu) . v(e—ﬁ/vlnmv)
2

= / [e-o/minm _ =BV INm 1y (m — u — v). (33)
2

Proof Note that we can rewrite (6) as

wV - [ed/minmyg (g=a/ninm N 4 y(m —u —v) =0, x €82,
vV - [eP/VInmy (e=B/vinmy 4 vm —u —v) =0, x € £2, (34)
V(e~@/minmyy = V(e B/VInmyy . n =0, xe€df.

—B/vinm

If we multiply the equation for u in (34) by e v, integrate over [0, 1] and use

the boundary condition, we find that
u/ ea/”l“mV(e_ﬁ/”lnmv) . V(e_o‘/“l“mu) :f e PPImyym —u —v). (35)
Q Q

—a/ulnm

Also, if we multiply the equation for v in (34) by e u, integrate over £2

and use the boundary condition, we have
v/ eﬂ/"]“mV(e_ﬂ/”lnmv) . V(e_a/“lnmu) :/ eIy (m — u —v).  (36)
Q Q

Now, subtracting (35) from (36), we obtain the result. ]

Using the polar parameterizations for v and f, as discussed in Sect. 5, and Taylor
expansions, we have the two following results.

Lemma 7.2 For0 <r <« 1,

o B &
;,Leﬂlnm I ve;lnm — el lnmr[lniﬂ(g sin¢ — COS¢) — sin¢] + O(rz), (37)
7



Lemma 7.3 ForO<r <1,

L~ _ e—%lnmr[lnm(“31§¢ _ ¢)} +0(?). (9
1" 1

Next we have

Lemma 7.4 Suppose (u, v) is a positive solution of (6). Let the parameterization of
B and v_be given as in Sect. 5. Then for some s € [0, 1], (u, v) — (s0q,u, (1 —5)0u, ;1)
in C*(2) as r — 0.

Proof By elliptic regularity and the Sobolev embedding theorem, for 0 < r < 1,
(u, v) is uniformly bounded in C 2.7 (£2) for some y € (0, 1) (Gilbarg and Trudinger
1983). If we let r — 0, passing to a subsequence if necessary, (1, v) — (i, 0) where
(i1, 0) € C*(£2) with i, 9 > 0, and (&1, D) satisfy

V. [uVi—auVinml+uam—u—0)=0, xes2,
V. [uVo—avVinm]+o(m—u—v)=0, xe€§2, 39)
(uVi —auVinm]-n=[uV0—atdVinm]-n=0, xe€0d52.

Adding the equation for  and v, we have that &7 + ¥ is a solution of

V- [uV@@+0)—a@+0)Vinm]l+ @+ 0)m— @ +0)]=0 x €82, 10

(uV(@+0) —a@+0)Vinm]-n=0, xecds2. (40)
Hence, we have that either i +0 =0 or it + 0 = 6,,,. If it +0 = 0, then since &1, ¥ > 0,
it must be that # = 9 = 0, i.e., (u, v) — (0, 0) uniformly as » — 0. As m > 0 in £2,
this implies that m — u — v > 0 for small positive r. Integrating the equation of u in
$2, we have f ou(m—u— v) = 0, which is a contradiction. Thus, it must be the case
that & + 0 = 0,,,,. Therefore, (i1, V) satisfies

V- [uVi —aiuVinm]+ia(m —0y,) =0, xe§2,
V- [uVd—adVinml+o(m —6,,) =0, xe82, 41)
[uVu —auVInm]-n=[uVo—avVinm]-n=0, x€0d52.

Since & is nonnegative, either # = 0 or & % 0. If & = 0, by the maximum principle,
we have # > 0 in §2. This together with the equation of 6, , imply that & = 56y ,
for some constant s > 0, f since both & and 6, , are eigenfunctions for the principal
eigenvalue 0. Similarly, ¥ = 76, , for some nonnegative constant t. Since i + 0 =
O, 1, we see that s + v = 1. Therefore, s € [0, 1]. ]

Lemma 7.5 Let (u, v) be any positive solution of (6) with (8, v) parameterized as in
Sect. 5. If (u, v) = (0, 0y,,,) in L(82) asr — 0, then u/||ulloc = O, /100, ulloc in
C*(£2).



Proof We divide the equation of u in (6) by ||| to get

Vo [uVu/lulloo) —a(u/llulloo)VInm]
+ (u/||ulloo)im —u —v]=0, xe€82, (42)
[V @u/llulloo) —a(u/llulloc)VInm] - nlye =0.

By elliptic regularity and Sobolev embedding theorem (Gilbarg and Trudinger 1983),
we notice that for all 0 < r < 1, u/||u|| 1s uniformly bounded in C 2.7 (£2) for some
T € (0, 1). Thus, passing to a subsequence if necessary, as r — 0, u/||u|lcc = f in
C2%(£2), where f satisfies

{V-[qu—afVlnm]-l—f[m—Gow]:O, x €, @)

(uVf —afVinm]-nlzo =0.

Therefore, f = k0, , for some constant k > 0. Because || f||ooc = 1, we see that k =
1/110x, ulloo- Hence, f = (0u,1)/110a,1llco- Thus, f is uniquely determined, implying
that convergence u/||u|lc — f is independent of the subsequence. U

Lemma 7.6 Let (u, v) be any positive solution of (6) with (B, v) parameterized as in
Sect. 5-_If (u,v) = (Og,pu,0) in L>®(82) asr — 0, then v/||v]co — (O, 1) /16, 11l 0o
in C*(2).

The proof is similar to the previous Lemma. Finally, we state and prove the main
result in this section.

Theorem 15 Fix o, u > 0. Consider the parameterizations B = a +r cos¢ and v =
W+ rsing, where r > 0 and ¢ € [0, 21r). Suppose that

- cos¢/ O,V (e7/HINmg, ) - Vinm
$2

+ sin¢ f V(em®/rinmg, ) VOy u #0. (44)
2
Then for 0 < r < 1, system (6) has no positive solutions.

Proof Suppose we have a positive solution (u,v) for every 0 < r < 1. If we
let r — 0, from Lemmas 7.4, 7.5, and _7.6 we see that there are three scenarios:
(1) (u,v) = (8,0, (1 = $)b,,) in C%(2); (ii) (u,v) — (0, Ou,;) and u/|[ulloc —
O, 1)/ N0, |l oo 1n CZ(_.Q); and finally (i) (#,v) — (04,4,0) and v/||V|lec —
(O u)/ 16, ull oo in C(82).

We first consider the case (u, v) — (04,4, (1 — $)0y,,) for s € (0, 1) as r — 0.
Consider the formula (33). By the expansions from Lemmas 7.2 and 7.3, we combine
the first order terms in r and then divide the result by s(1 — s) to get



/ e%/mwinm |:lnm<g sing — cos¢>) - Sinfb] }V(e_a/ummea,u«) ‘2
Q 1%

:/ e—“/ﬂlnmlnm[““gd’ - Cosd’]eiu(m — O 0. (45)
2

w w

Now consider case (ii). If we divide (33) by ||#|| 0, using our polar parameterizations
as well as our expansions and combining the first order terms in r, we see that

/ e®/inm [lnm(g sing — cos¢>) — sinqS]
Q 0

% v(e—ot/p.lnmea M) . v(e—a/,ulnm ro,l/- )
’ 110, ll oo

. 2
_ | papmnmyy [ 25in¢ _cosdT fa m—04.).  (46)
2 s
2 % %% ”90:,#”00

Notice that if we multiply (46) by [|0y, .llco, We obtain the expression in (45).
Case (iii) can be handled in a similar manner. Thus, we proceed, multiplying the
equation for the semitrivial steady state 6 , by e~/minmg x Inm and using integra-
tion by parts, we obtain the following:

/Qe—“/“mmeg,u(m —04.,) Inm
:Mfge“/ﬂlnmv(e—“/ﬂlnmea,u1nm)-v(e—“/ﬂlnmea,u)
= M/_Q eo‘/ﬂlnm[V(e_“/“ln’"Qa,u) Inm + e—“/ﬂln’"@a,uvmm]
X V(eme/mmg, )

:M|:/ ea/mnm|V(€_O{/Mlnm9a,u)}2lnm—{—/ GQ,MV(e_a/Mlan(x,M)
2 2

X Vlnm]. 47)

Combining this result with (45), we get

_ sinqb /;2 ea/p,lnm ‘V(e—a/ulnmea”u) ‘2

_ (a sing — MCOS¢) [_/ et/ nm lnm|V(€_a/Mlnm9a u)}z]
i ,

n

S 1
+(o¢sm¢ Mcosqb)[_/ e_“/manO%M(m—@a,u)]
7 wJe ,

_ (aSIHCb;MCOS(b)/ QQ’MVIHWZ‘V(e_a/ulnmea”u)- (48)
2




By rearranging (48), we see that

- sin¢)|:/ e“/“lnm|V(e_°’/“1nm9a#)}2 + g/ O, V1nm - V(e_o‘/“mméa,u)}
2 wJs
:—cosq§/ O, VInm - V(e ®/winmg, ). (49)
2

Note also that

eoe/p,lnm}v(e—ot/p,lnmea”u)‘Z + %QOHJ_V]HWL ) v(e—a/,ulnmea’u)

= V(e_“/’“‘lnmea,ﬂ) . [e“/ﬂlan(e_“/“lnméa,M) + %GQ,MVlnm]
=V(e/mmg, ) - Voq . (50)
Finally, using (50) in the expression given by (49), we see that
—Cosd)/ O,V (e7¥/H10M0,, ) - Vinm + sin¢/ V(e/mhmg, ) - Vo, =0,
Q Q

which is a contradiction. O

8 New Analytic Results

In this section, we prove the main analytic results of the paper. We begin with the
results that concern single trait evolution and then move on to the two trait theorems.
Finally, we prove the coexistence result for the new region as illustrated in Fig. 7.
8.1 1 Trait Analysis

Before proving Theorem 3, we state a useful lemma.

Lemma 8.1 Consider the following eigenvalue problem

(S1)

.}/V.(eflnmvw)_i_erlnmhw:_)\‘erlnmw’ x €,
Vi -n=0, xedf

where T > 0, h € C(£2), and h is not a constant function. Then M is a strictly increas-
ing function of y, where A is the principle eigenvalue for (51).

Proof We first note that A satisfies

(52)

yV.- (eflan1ﬁ) +erlnmh¢ — _)‘Lerlnmlﬁ’ x €2,
V- -n=0, xecdf,



where ¥ > 0 on £2. It is clear from the variational characterization that A is an in-
creasing function of y. We claim that this function is strictly increasing. Consider-
ing (52), by the implicit function theorem we see that A, ¥ are both differentiable
functions of y (see Belgacem 1997). Hence, we differentiate both sides of (52) with
respect to y to obtain

yV. (erlanIﬁ,) +V. (etlnmvlﬁ) _i_erlnm&/h
— _X/erlnm¢ _ )_Lerlnm&/’ x e, (53)
Vy' -n=0, xecdf.

If we multiply (53) by v and (52) by ¥/, subtract the two equations, and finally using
the boundary conditions, integrate by parts, we see that

i// erlnm&ZZ/ |V&|Zetlnm.
2 2

Because 1} > 0 on £2, we have that 1’ > 0. Suppose 2 = 0. Then it must be the case
that ¥ = C > 0, where C is constant. Hence, (51) gives us that —A=h on 2. But
we assumed that / is not a constant on §2 and so we have a contradiction. Therefore,
it follows that A’ > 0, and hence that A is strictly increasing. U

Theorem 16 (Theorem 3) Let m € C2(82) such that m > 0, m = constant and sup-
pose that % = g # 1. Then (Oy,u,0) is globally asymptotically stable when p < v,
and (0, 0g.,) is globally asymptotically stable when 1 > v.

: _B
Proof Fix «, M B,v > 0 such that %‘—' 5 # 1. Suppose that u < v, We first show
that Oy, 0) is locally stable. Linearizing (3) at (6y,,,0), we see that it suffices to
consider

V- [vW¢ —BdVinm]+¢(m —0y,) =—Ap, xE€SL2, (54)
[VW¢ —BodVInm]-n=0, xe€df2.
Set p = e~ A/vInm g Substituting this into (54), we see that ¢ satisfies
AV [eﬂ/VIango] + eﬁ/vlnmgo(m —Ou.p) = —)\eﬂ/"lnm(p, x €, 55)
Vo-n=0, xedf2.
We can also rewrite the equation for 6, ,, as
v - [e“/ulan(e_a/“lnmea,M)] + 04, (m —0y,,) =0, xe€82, (56)
V(e—®/wInmg, ) -n=0, xecdf.
Set 6y = e~/ “1“'"00[, > We see that 0y satisfies
uv - [ea/ulnmveo] + e“/‘““m@()(m _ 90{’“) =0, xe82, 57)
Vby-n=0, xe0f2.
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Referring to Lemma 8.1, put 4 = m — 6 ;. Furthermore, set T = ¢ — g Note that
from (57), since 6,,, > 0 on §2, which means that 6y > 0 on §2, we see that when
¥ = u, A(n) = 0. Furthermore, when y = v, since we are assuming that © < v by
Lemma 8.1 we see that A(v) > A(u) = 0. This means then that (O, 1> 0) is locally
stable.

Finally, we prove that system (6) has no positive solutions for our particular choice
of o, u, B, and v. We argue by contradiction: suppose that (6) has a positive solution
(u,v). Let h =m —u — v on §2. Then we see that (u, v) satisfy

uV - [Vu — (¢/w)uVinm]+uh =0, xe§2,
vV - [Vv—(B8/v)vVIinm]+vh=0, x¢€S2, (58)
[Vu — (¢/p)uVinm]-n=[Vv—(B/v)vVIinm]-n=0, xe€0ds.

Let it = e~ %/mInmy and g = e A/vIn™my_ Then the equations in (58) can be written as
follows:

wV - [e¥/HInmyg gy o e@/inmgy — 0 x e £2,
vV - [eP/vInmy gy 4 Plvinmgy — 0 x € 02, (59)
Vu-n=Vuv-n=0, xe€0df2.

Since o/t = B/v, we see that u is the principle eigenfunction satisfying (51) when
¥y = i, and we see that v is the principle eigenfunction satisfying the same eigenvalue
problem when y = v. Since we are assuming that 4 < v, by Lemma 8.1, we know
that A(u) < A(v). But from (59), we see that A() = 0 = A(v), which is a contradic-
tion. Hence, (6) has no positive solutions. Finally, since (6) has no positive steady
states, by Theorem 11 we see that (6,,,,0) is globally asymptotically stable. The
proof concerning the global asymptotic stability of (0, 64,,) is similar. U

Theorem 17 (Theorem 4) Suppose m is as in Theorem 16 with 2 = (0,1), my, >0
on [0,1], and a = B.

(1) IfO0 <o < u, thereis an €1 > 0 such that forv € (i, w+€1), (Oq,u, 0) is globally
asymptotically stable.

1
Jom

(i) ffa = max{pL, mingo 1) (/)
€2), (0,0p,,) is globally asymptotically stable.

}, then there is an € > 0 such that for v € (i, u +

Proof (i) We begin by showing that (6,,,, 0) is locally stable. Referring to the eigen-
value problem in (15) and using the parameterizations in Remark 5.1, we have that the
principal eigenvalue A* = A{r cos ¢ + Apr singp + O (rz), where A1 and A, satisfy (19)
and (20) respectively. However, since « = § is fixed, we consider only ¢ = 7 /2.
Thus, cos¢ =0 and A™ has the same sign as A, which satisfies

1 1
A2 / e~/minmg? = / (e /H "0y 1) B (60)
0 0

From Lemma 6.1, we have that since 0 < @ < u, (e_(“/“)ln'”@a,u)x, (Oa,;)x > 0 0on
[0, 1]. Thus, A> > 0, and there is an € > 0 such that for r € (0, €), A* > 0. Hence,



(Oa, > 0) 1s locally asymptotically stable. Similarly, using Lemma 6.1 and the expres-
sion for 1, in (27), there exists a § > 0 such that if r € (0, §), the principal eigenvalue
for (25), n* < 0. Thus, (0, 6g,,) is unstable. By Theorem 15, we see there are no
positive steady states and, as our system is strongly monotone, we know that by The-
orem 11 for 0 <7 < €; =min{e, 8}, (Oy, ., 0) is globally asymptotically stable.

(i) From Lemma 6.2, since o > u, (e—“/ﬂlnmea,u)x < 0on [0, 1] and since o >

-1
me/m)’ Lemma 6.5 gives us that (6,,,)x > 0 on [0, 1]. Using the expression for

n2 in (27), again with ¢ = /2, we notice that

1 1
" fo eelninmg? /0 (/M0 ) (B ). (61)

This shows that 77, > 0, indicating that for sufficiently small » > 0, n* > 0. Hence,
(0,0g,y) is locally asymptotically stable. In addition, from (60), A; < 0, giving us
that for sufficiently small r > 0, A* < 0. Thus (64,,, 0) is unstable. Combining the
stability results of both semitrivial steady states, recalling that our system has no
positive steady states, and appealing to the strong monotonicity of our system, renders
that for sufficiently small » > 0, (0, 63,,) is globally asymptotically stable. U

8.2 2 Trait Analysis
Here, we suppose that m € C2(£2), m is positive, nonconstant and £2 = (0, 1).

Lemma 8.2 Suppose o, u > 0 and let L1, Ay be defined as in (19) and (20), respec-
tively.

1) Ifoz<,u,then0<}—2‘<

RI=

+ oo =k

(1) If o > wu, then it

Furthermore, suppose that m is linear. If « < u, then % > _/\_); > 1. On the other
hand, if o > i, then & < _A—);l <1.

Proof (1) When o < u, Lemma 6.1 states that p(Oy,,)x — a%@a,ﬂ > 0 on (0,1).
Hence,

1
_ m
O</O (e “/“lnmea,ﬂ)xoi(@a,u)x_O‘er"f’lﬁ>

1 1
_ m —
— —Ol/(; (e ot/,bblnmeavu)x zxea,u + M/(; (e Ol/lllnmea’u)x (GOl,,LL)X' (62)

Note that using (19), (20), and (62) gives 0 < aA; 4+ uA,. Thus, because A, > 0, we
obtain our result.

(i1) If o > p, then Lemma 6.2 gives us that (0, ,)x — a%@a,u <0on (0,1).
Proceeding as above, we see that oA + Az > 0. Since A1 > 0, our result follows.



Now suppose that m is linear. By part (i) above, we have that _A—Azl < % From
Theorem 14, we know that (6y, ;) — %Qa,u < 0on [0, 1]. Thus,

1
— m
0 > /.5 (e (x/lllnmeayﬂ)x ((G(X,M)X - ;xgayu)
My

1 1
:\/(; (e_a/ﬂlnmea’u)x(ea,ﬂ)x_\/(; (e_a/ﬂlnmea”u/)xﬁea”u/. (63)

Now from (19), (20), and (63), it follows that A, + A1 < 0. Since (6y,,,)x > 0 on
[0, 1], A2 > 0 and our result follows. The proof of the other case is similar. U]

Similar to Lemma 8.2, we have the following result.

Lemma 8.3 Suppose o, u > 0 and let 1, n2 be defined as in (26) and (27), respec-
tively.

. - o_ K
@) Ifoz<,u,then0<n—21<a.
=t/

. o
(i1) Ifoz>,u,thenﬁ >

In addition, suppose that m is linear. If a < , then £ > =1L > 1. Also, if a > u,

o mn
w -
then £ < % < 1.
Theorem 18 (Theorem 7) Fix ,a > 0, and set f = o +rcos¢ and v = (1 +r sing,
where r > 0 and ¢ € [0, 27).

(1) Suppose that o < . There exists 0 < y1 < 1 such that if r < y1 and ¢ €
[tan™! (%) — 1, 0], then (0, 6p,,) is globally asymptotically stable. Furthermore,
there is a 0 < yy < 1 such that if r < y» and ¢ € [tan_l(g), 7], then (O, 0) is
globally asymptotically stable.

(i1) Suppose that a > . There exists 0 < y3 < 1 such that if r < y3 and ¢ €
[, cot™! (%) + ], then (0, 6p,,) is globally asymptotically stable. Furthermore,

there is a 0 < y4 < 1 such that if r < y4 and ¢ € [0, cot_l(%)], then (04,,0) is
globally asymptotically stable.

Proof (1) We know that as long as A1 cos¢ + > sin¢ # 0, but retains the same sign,
A =A1rcosg + Aarsing 4+ O(r?) # 0 for 0 < r <« 1 and appropriate ¢. Define the
function g as g(¢) = A1cos¢ + Ay sing. Clearly, g is continuous in ¢. Note that
g(—m/2) = —Ay <0 (cf. (20) and Lemma 6.1). We claim that on [tan_l(g) —m,0],
g < 0. Suppose this is not the case. That is, suppose that g(¢9) = 0 for some ¢g €
[tan~! (&) — ,0]. Then ¢y € [tan~!(£) — 7, —7/2) or ¢y € (—7/2,0]. Suppose
¢o € [tan™! (%) — g, —m/2). On the one hand, since g(¢9) = 0, tan(¢g) = _A—le but on

the other hand, tan(¢g) > % on this interval. Lemma 8.2 states that _A—); < g, giving
us a contradiction. Next, if we suppose ¢o € (—m/2,0], we obtain a contradiction
since tan(¢p) < 0, but by Lemma 8.2, _A—Azl > 0. Finally, since g is continuous, it

. —1 —
does not change the sign on [tan (g) —m,—n/2)U (—n/2,0], and g(—m/2) =



—X2 < 0, we see that g < 0 on the desired interval. Thus, for » small enough and
¢ € [tan™! (%) — 1, 0], the principal eigenvalue A*, in conjunction with semitrivial
steady state (0,,,0), has the same sign as g(¢). Since g <0 on [tan~! (%) —m, 0],
it must be that A* < 0. Hence, (6q,,, 0) is unstable. Note that by Theorem 15, our
system does not have any positive steady states. Hence, by Theorem 11, (0, 85 ,) is
globally asymptotically stable.

For the second case, define h(¢) = nicos¢ + nzsing. By the continuity of 4,
Lemma 8.3, (26), and (27), we see that 2 > 0 on [tan_l(g), m]. Here, we want to
show that (0, 6g,,) is unstable. As above, we can express the principal eigenvalue
n* = nircos¢ + norsing + O(r?) for small r and ¢ € [tan_l(g), mr]. For these
values of r and ¢, n* = rh(¢) + O (r?). Hence, n* > 0, which shows that (0, 0p,v) is
unstable. Again, by Theorem 15 our system does not have positive steady states, so
by Theorem 11, (6,,,, 0) is globally asymptotically stable.

(i1) The proof is quite similar to that of part (i). First, we want to show that for small
r and ¢ € [m, cot_l(%) + ], A* <0, implying that (6,,,, 0) is unstable. Again, we
define g(¢) = A1 cos¢ + Apxsing. Using (20) and Lemma 6.2, we see that g(mw) =
—X1 < 0. We claim that g < 0 on [, cot_l(%) + m]. Suppose that g(¢p) = 0 for

some ¢ € (7, cot_l(%) + 7]. Then cot¢p = _/\—);2 But on [, cot_l(%) + 7], cotgp >
£ > _A—Alz, where the last inequality is given by Lemma 8.2. This is a contradiction
and thus shows that g < 0 on the given interval. Hence, for small enough r and
¢ € [, cot ™1 (%) + 7], we can write A* = rg(¢) + O(r?) and we have that A* < 0.
Thus, (04,,,0) is unstable. Again, by appealing to Theorem 15 and Theorem 11,
(0, 8,,) is globally asymptotically stable.

For the other case, we define h(¢) = njcos¢ + nasing. Following an argu-

ment similar to the above, we see that 2z > 0 on [0, cot™! (%)]. We can then write
n* =rh(¢) + O(r?) for small enough r and ¢ € [0, cot™! (¢)1. Thus, n* > 0, which
indicates that (0, 6g,,) is unstable. Finally, by Theorem 15 and Theorem 11, it must
be that (64,4, 0) is globally asymptotically stable. U

—_m
n
bounded between 1 and % This observation, which relies on the fact that (6, ) >0

on [0, 1], enables us to expand the regions in Theorem 18 to obtain the following
result.

When m is linear, by Lemmas 8.2 and 8.3, we see that both _A—’;‘ and are

Theorem 19 (Theorem 8) Fix , o > 0. (Note that here we slightly extend the regions
listed in Theorem 8.) Consider the parameterizations f = o + r cos(¢) and v = u +
r sin(¢), wherer > 0 and ¢ € [0, 2x).

(1) Suppose that a < . Let 0 < 11 < _A—);l and _A—él < p1. There exists 0 < y; < 1

such that if r < y; and ¢ € [tan~!(p;) — 7, tan~ ! (1)], then (O, 0p,v) is globally
asymptotically stable.

(ii) Suppose that a < ju. Let =1L < 15 and 0 < pp < =LL. There exists 0 < y» <K 1

m m
such that if r < y» and ¢ € [tan~! (1), w +tan~ 1 (pp)], then (O, 5 0) is globally

asymptotically stable.



(iii)) Suppose that a > . Let _A—);l <tnyand 0 < p3 < _A—);l There exists 0 < y3 K 1

such that if r < y3 and ¢ € [tan~!(13), = +tan" ! (p3)], then (O, 0g,v) is globally
asymptotically stable.
—X

(iv) Suppose that o > 1. Let 0 < 14 < T and —TA21

such that if r < yq4 and ¢ € [tan~!(p4) — 7, tan~ ' (z4)], then (O, 0) is globally
asymptotically stable.

< p4. There exists 0 < y4 < 1

Proof (1) We begin by showing that (6,,,,0) is unstable. As in the proof of Theo-
rem 18, we seek a region where Ajcos¢ + Ay sing # 0. Define g(¢) = Ajcos¢ +
A2 sing. Note that by Lemma 6.1 and (20), g(—m/2) = —X2 < 0. We claim that g <0
on [tan~!(p;) — 7, tan~ 1 (1))]. Suppose that g changes sign on this interval. Then
there is a ¢g € [tan~!(p1) — 7, —7/2) U (—m/2,tan"! (71)] where g(¢o) = 0. By
definition of g, we see that tan(¢g) = _A—AZ‘ Now if ¢ € [tan~ ! (p;) — 7, —m/2), then
tan(¢g) > p1 > _A—’;‘, which is a contradiction. Likewise, if ¢ € (—m/2, tan_l(rl)],
tan(¢) < 11 < _/\—);, which is a contradiction. Thus, as g is continuous in ¢ and
does not change sign, g < 0 on [tan_l(pl) -7, tan_l(tl)]. We can then write A* =
rg(¢) + O (r?) < 0 for sufficiently small > 0 and ¢ € [tan~!(p;) — 7, tan~! ()]
It follows that (6y,,,0) is unstable. By Theorem 15 and Theorem 11, (0,6p,,) is
globally asymptotically stable. The other cases can be proved similarly. U

8.3 Convergent Stable Paths

Theorem 20 Suppose that m is linear, nonconstant and positive on [0, 1] and let T+
and I'_ be as in (5).

(1) If we further assume that both y — x and % are monotonically decreasing func-
tions for s € [0, 1), then I' . is a convergent stable path.

(ii) If we assume that both y — x and % are monotonically increasing functions for
s € [0, 1), then I'_ is a convergent stable path.

Proof (1) By the monotonicity of y — x and % forO<s<landO0< As <1 —s,

we have y(s + As) — y(s) < x(s + As) — x(s), and y(sy‘(Lﬁs) > x(i;fﬁs). Choosing

(ot, o, B,v) = (x(s), y(s), x(s + As), y(s + As)), we have that v — u < 8 — o and
1< % <4 Let y1 be as in Theorem 19. Fix 0 < s < 1 and choose 0 < § < 1 such that

aslongas 0 < As <8, (B —a)?+ (v — u)? < yZ. We can now apply Theorem 19 by
setting 11 = 1 and p; = %, which says that (0, 8 ,) is globally asymptotically stable.
The proof of (ii) is similar. 0
8.4 Proof of Coexistence Result

Next we seek to prove Theorem 6. Before doing so, we establish some useful lemmas.

Lemma 8.4 Given i > 0 and set « = (1 + §) . Then, as § — 0+,

9.
T 7MW, m(w* + Inm)



uniformly in 2, where w* is the unique solution of
uV - [mVw*] — m*w* =m?Inm, Vw* - nlyo =0. (64)
Proof Given any § > 0, let w denote the unique solution of
uV - [mVw] — m*w=m’Inm — \/5, Vw-nlagzx/(S_.

By elliptic regularity, we see that w — w* in C2(£2) as § — 0. We claim that for
8 > O sufficiently small, u := m + §m(w + Inm) is a supersolution for (28). To check
this, we first see that

Vii — (1 + 8)aV(nm) =8mVw — §*(w + Inm)Vm.
Hence, since w is uniformly bounded,
[Vii — (1+8)aV(nm)] - nlye =ms** + 0(8%) > 0
for sufficiently small §. Similarly,
uV - [Vi— (14 8)aV(nm)] +ilm — i]
= 18V - (mVw) — §m*(w +Inm) + 0(8?) = =% + 0(8*) <0

for sufficiently small § > 0. Hence, u := m 4+ dm(w +Inm) is a supersolution of (28).
Given any § > 0, let z denote the unique solution of

uV-[mVz] —m 2 =m lnm—i—«[ Vz-nlgo =— —V5.

Set u :=m + 8m(z 4+ Inm). Similarly, we can show that z — w* uniformly in £2 as
4 — 0 and u is a subsolution of (28). By the supersolution and subsolution method,
u < 0y, < u for sufficiently small § > 0 (Pao 1992). In particular,

0., —
m(z+1Inm) < =&

<m(w +Inm)
in £2. Since both w and z converge to w* uniformly as § — 0, we see that (6, w—
m)/8 — m(w™* 4 Inm) uniformly as § — 0. [

Lemma 8.5 Suppose that m > 0 on §2 and satisfies assumption (A) of Theorem 6.
Then there exists jLo such that for each jt > 1o, there exists some & > 0 small such
that if 1 <a/u <148, then 0y, (x0) —m(xp) <O0.

Proof Recall that w* is the unique solution of (64). By the maximum principle (Prot-
ter and Weinberger 1984), w* is uniformly bounded. By elliptic regularity and the
Sobolev embedding theorem (Gilbarg and Trudinger 1983), we see that as u — oo,
w* — W = constant in C2(£2). Integrating the equation of w*, we have

/ m?(w* +1Inm) =0
2



Hence, we see that

fo m?Inm

Jom*
Therefore, using this fact and our assumption on m, there exists some o > 0 such
that if u > o, w*(xp) + Inm(xg) < 0. By Lemma 8.4, there exists some § > 0 such

that if 1 <a/u <1+ 8, 04, (x0) — m(xg) = 8[m(xo)(w*(x0) + Inm(xp)) + o(1)]
< 0. ]

w=—

Lemma 8.6 Suppose that m > 0 on 2 satisfies assumption (A) and all the critical
points of m are nondegenerate. Then there exists |1y such that for each pu > g,
there exists some & > 0 small such that 1 < o/u < 1+ 8, the semitrivial steady state
(Ow, > 0) is unstable for sufficiently large B > 0.

Proof By Lemma 5.1, we need only show the principal eigenvalue, denoted by A,
of the eigenvalue problem

V-[wWe —BeVinm]+e(m —0y,) =—rp, x€2 65)
[vWe —BpVInm]-n=0, xe€0ds2,
is less than 0. Set ¢ = e~ A/VI"™ ¢, Then y satisfies
vV - [eﬂ/vlanW] + eﬁ/ﬂnmw(m _ Qa,u) — _)Leﬂ/vlnmw in 02, ©6)
Vi -nlgo =0.

Simplifying the expression in (66), we see that v satisfies
—VAY — BV(nm) -V + Oy, —m)y =2y in 2, Vy-nlpe =0.  (67)
By Theorem 1.1 of Chen and Lou (2008) we have that

Iim Agp = min(6 —
/35200 /&l(a,u m)

where M denotes the set of local maxima of m. Now,

njl\iln(ea,u —m) < Qa,u(xO) — m(xp).

Hence, by Lemma 8.5, we see that for appropriate © and «, 0y, (x0) — m(xo) < 0.
Thus, for large enough 8 > 0, we see that Ao < 0. O

Lemma 8.7 Suppose that the set of critical points of m(x) has Lebesgue measure
zero. Recall that 0g., satisfies

{v [VV6p., — BOs.,V Inm] +6p.,(m —6s,) =0 in 2, ©8)

[(vWog,, — BOgvVInm]-n=0 onods2.

Then 6g., — 0 in L*(£2) as B — oc.



Proof See the proof of Theorem 3.5 (Cantrell et al. 2007). U

Lemma 8.8 Assume that the set of critical points of m(x) has measure zero. Then
forany u>0,v>0,and a > 0, if B is sufficiently large, (0, 0g.,) is unstable.

Proof Once again, by Lemma 5.2 it is enough to show that the principal eigenvalue
Ag of the eigenvalue problem

!V (uVe —apVinm]+e(m —0p,) =—rp, x€2 69)

(uVp —apVInm]-n=0, xe€ds2,
is less than 0. Let ¢o denote the positive eigenfunction associated with Ag. Set Y =

e~/kInm ey Then  satisfies

=MV . [eoz/,ulnmvw] + ea/ulnmw(m _ 9/37‘)) — _)\‘Oea/ulnmw in £, (70)

Vi -nlae =0.

Note that if we divide the expression i in £2 by ¥ and then integrate in §2, we obtain
the following:

o/pulnm \V/ 2
2 2 2

wz
> / me®/ninm _ Hea/ulanLoo/ Op. > 0,
2 Q
where the last inequality follows from Lemma 8.7 for large enough 8. U

Theorem 21 (Theorem 6) Suppose that m satisfies assumption (A) and all critical
points of m are nondegenerate. Then there exists (1o > 0 such that for each u > g,
there exists some § > 0 suchthatif 1 <a/u <146, for any v > 0, both (0y,,,, 0) and
(0, 0p,v) are unstable for large enough B > 0. Moreover, (3) has at least one stable
positive steady state.

Proof Lemmas 8.6 and 8.8 establish that both semitrivial steady states of (6) are
unstable. Thus, by Theorem 11, there exists at least one stable coexistence state. [

9 Numerical Results

In this section, we verify and extend many of the above analytic results. Specifically,
we numerically check the results for the linear and monotone cases against Theorem 7
and Theorem 8. We show that resource monotonicity does not necessarily imply a
monotonic species distribution in the single species case.

We then show results about what may occur if the resource has multiple peaks
of unequal height. In particular, we numerically verify the existence of a new re-
gion of coexistence that Theorem 6 suggests exists, and show that this new region



may lead to evolutionary branching of one resident species to two coexisting resident
species. We then show that under certain conditions numerical results can imply three
species coexisting. This leaves open the question of whether or not further evolution-
ary branching may be possible and we conclude with some results on convergent
stable paths, verifying results in Theorem 9.

9.1 Numerical Methods

All numerical analysis of the PDE was performed using MATLAB’s pdepe code
which uses Skeel and Berzin’s method for discretizing the spatial domain (Skeel
and Berzins 1990) in order to apply the method of lines coupled with MATLAB’s
stiff variable order ode solver, odel5s. In order to construct a competition be-
tween a resident and an invader, we start off with a resident of initial distribution
ug = sin(2wx) + 2sin(3wx) + 3, vo = 0 and allow that resident’s population size to
evolve according to (3) up to time r = 10'>. We set the resulting distribution as the
new initial equilibrium distribution of the resident. Afterward, we introduce an in-
vader with initial distribution vy = 0.05(sin(27x) 4+ 2 sin(377x) + 3) and run the new
system for time r = 10'3. We say a species survives if the maximum population size
at any location is greater than 0.01, dead otherwise, and it wins the competition if it
survives and all other species die out.

Pairwise invasion plots (PIP), are plotted based on running a competition between
a resident with specified parameters in competition with an invader with specified
parameters. Each point corresponds to a different competition where the color of the
point indicates the outcome of the competition. Green indicates the resident wins,
blue the invader wins, and red implies that both species survive. Two types of PIP
plots were generated: « vV 8 where u and v are held constant while o and g are
varied and 8 V v where « and u are held constant while 8 and v are varied.

In order to evaluate how evolution could proceed, we allow our resident trait to
compete with a random invader. The winner of this competition will become the new
resident trait. Specifically, we choose the traits of the invader to be a small random
perturbation that is 0.01 away from one of the resident’s traits. We say a species
survives if the maximum population size at any location is greater than 0.01, dead
otherwise. All who survive become the residents of the next iteration. We repeat the
procedure for a fixed number of iterations or until we encounter a region of coex-
istence. In this manner, we can choose to vary a single trait or both traits. In single
trait evolution diagrams, we allow only advection to change while we let both traits
change in two trait evolution diagrams. Such an evolutionary path will be referred to
as an acceptable path. In comparison to a convergent stable path, the results of a small
perturbation may lead to coexistence if the random perturbation is large enough.

9.2 Numerical Confirmation of Monotone Results

In Hambrock and Lou (2009), it was established that for the monotone case when
o = B > u, the fast diffuser wins; but when o = 8 < u, the slow diffuser wins. In
Theorems 7 and 8, we state new results for who wins between an invader with per-
turbed diffusion and advection from the resident. Here, we test these results numer-
ically, first assuming m(x) is linear. We set m(x) = 2x + 1, and examine the results
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varying the two invader traits against the resident traits of « = 0.5 and u = 1. We plot
the results in a circular PIP where the invader traits are small perturbations around the
resident trait; see Fig. 4. As the results in Hambrock and Lou (2009) suggest, we see
that around our resident parameter values, the survivor of a vertical perturbation will
be the one closer to the line 8 = v. Furthermore, we see that around the v = % B line
there are regions where either the resident or the invader wins. As Theorem 8 sug-
gests, these regions overlap the /« line, and are actually divided into two regions by
the line representing A* = 0 (compare Figs. 3 and 4). This shows that the numerics
match our analytic results.

For a nonlinear but monotonically increasing case, we set m(x) = sin(10x) +
10.1x + 10. This case differs significantly from the linear case in that if we plot
out the resident distribution with no invader, we do not see monotonicity in the res-
ident distribution for « = 3 and u = 0.1; see Fig. 5. This numerically shows that a
monotone resource does not necessarily imply monotone distribution of the resident
species. The PIP plot around the region ¢ = 0.5 and © = 1 looks similar, but with
greater overlap over the circle (see Fig. 4(b)), suggesting similar dynamics as the
resident is replaced subsequent invasions as the linear case.



9.3 Coexistence of Two Competing Species

In the case where monotonicity is violated, we can consider multiple peaked re-
sources of different heights such as m(x) = sin(37x + ) + 2. We see a new region
of coexistence that was not present with other resource functions (compare Fig. 6(a)
where m(x) = sin(10x) + 10.1x + 10 and Fig. 6(b) where m (x) = sin(3wrx + ) +2).
If we look at the circular PIP plot of resident traits of « = 0.5 and u = 1, we see a
similar picture as the linear and monotonic cases above (Fig. 4). If instead we try to
zoom in on a point inside the coexistence region, at « = 12 and p© = 1, we see some-
thing very different (Fig. 6(c)) (note that for monotone m with @ =12 and u =1, the
circular PIP plot is similar to those in Fig. 4). There now appears to be regions of co-
existence inside the regions where the resident wins and the invader wins by changing
the diffusion above some threshold. The rectangular PIP plot, Fig. 6(b), also suggests
that if we change the invader advection above some small threshold, then coexistence
can occur.

To determine if the presence of the multiple peaks is sufficient for the new regions
of coexistence, we shifted the resource curve to m(x) = sin(37rx + 7/2) + 2 and
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Fig. 6 (Color online) (a) Rectangular PIP for monotone m with & = v = 1. (b) Rectangular PIP for
nonmonotone m with u =v =1, and (¢) circular PIP fora =12, u =1



found the region of coexistence is no longer present. This suggests that peaks of
differing heights are necessary for this type of coexistence region.

In comparison, these conditions for coexistence between two competing species
are different from that of Averill et al. (2011). They showed the following (we again
state the result in the context of system (3)) theorem.

Theorem 22 (Theorem 4 in Averill et al. (2011)) Suppose that m € C%(82) is posi-
tive and nonconstant. If (a — p)(B — v) < 0, then both semitrivial steady states are
unstable and system (3) has at least one stable positive steady state.

For simplicity, we illustrate the region in Theorem 22 when v = pu; see Fig. 7.
What is significant about our result, however, is that we demonstrate the possibil-
ity of coexistence in a completely different location in the first quadrant of o —
space (see Fig. 7). That is, we provide a partial answer to the question of when two
species, both having advection larger than their respective diffusion rates, can coex-
ist. This notion directly connects to a conjecture made in Cantrell et al. (2010), which
speaks against the existence of such a region. In particular, applying the prediction of
Cantrell et al. (2010) to the model in (3), they conjectured that the first part of Theo-
rem 6, namely if u < B < a, then (6, 0) is unstable and (0, 6p,,,) is locally stable,
should hold for a larger class of functions than just those m with m, # 0 on £2. Some-
what surprisingly, as shown in Theorem 6, one can build nonmonotone functions m
such that both (f,,,0) and (0, 8 ,) are unstable for appropriate positive constants
«, B, i, and v. Figure 8 illustrates the steady state coexistence profile of species u
and v for dispersal traits in the “new region” as specified by Theorem 6.

Under certain resource curves, this new region may become arbitrarily close to
the o = B line; see Fig. 6(b). When this occurs, by following acceptable evolutionary
paths, which consist of randomly choosing the invader trait based on a small pertur-
bation of the resident trait, the species may jump to a region of coexistence. Consider
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Fig. 6(b); if the resident starts with large advection, then invaders with lower ad-
vection will take over. This trend will continue until the new region of coexistence
is reached. Once within the region of coexistence, evolutionary branching has oc-
curred and we need to consider a three species model with two residents and one
invader. Zooming in on the point « = 12, u = 1 within the region of coexistence, it
is possible to do a two trait perturbation analysis; see Fig. 6(c). For sufficiently small
perturbations, either the resident or the invader will win. Varying diffusion alone,
large enough perturbations result in coexistence while even larger fluctuations may
result in the resident winning. Introducing an invader with larger advection will result
in the invader taking over, if the advection is sufficiently small, and pushing the trait
to the branching point. Large advection invaders however can coexist; see Fig. 6(b),
(c). This example illustrates the case where two species whose traits are close to each
other, but not equal, results in either the invader or resident taking over. If the two
species traits are sufficiently different, then coexistence will occur.

9.4 Coexistence of Three Species

In the case that we have three species, it is natural to ask if coexistence can occur. In
other words, we seek to apply the idea of a single species steady-state profile under-
matching at a local maximum of m to provide a biologically interesting example
of three species coexistence. We utilize Theorem 6 to help construct a coexistence
scenario where species w, with possibly a large range of diffusion values and little to
no advection, can coexist with species # and v. We again use the resource function
m(x) =sin(2.1rx — w/4) + 2, which satisfies assumption (A).

Notice in Fig. 8(a), species u is at equilibrium, overmatching m at its global
maximum and under-matching m at the local maximum on the boundary. Next, in
Fig. 8(b), because of relatively large 8, species v can overmatch both maxima of m.
Notice in Fig. 8(c), that as species u and v compete, they approach a steady state
where u overmatches the global maximum of m and v overmatches the local maxi-
mum of m.

We suggest that the profile in Fig. 8(c) provides biological motivation as to ex-
plaining how three species coexistence may occur. That is, as both species u and v
have an established niche near the relative maxima of m, a relatively slowly diffusing
competitor w, will be able to invade, focusing on resources away from these niches
(i.e., away from the maxima of m). This is illustrated in Fig. 9, where we see all three
species surviving together.

9.5 Two Trait Evolutionary Paths

Theorem 9 suggests that a sufficient condition for a path to be acceptable in the linear
case is if it is in the blue cone formed between the lines v — u =8 — @ and v/ =
w/a, refer to Fig. 3. To test this result as well as generate acceptable paths for more
complicated resource distributions, we take our resident trait and have it compete
against a random invader. Specifically, we choose the traits of the invader to be a
small random perturbation, that is 0.01, away from the resident’s traits. If the invader
either wins or coexists, we set the invader as a new resident. If the resident wins, it
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stays. In either case, we repeat the procedure for a fixed number of generations. This
method is related to the canonical equation where one finds paths to the ideal free
distribution by varying the traits, except here we vary the traits randomly and not
deterministically.
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Plotting the results, we see that in the linear case, the species traits converge
straight to the ideal free distribution, v = 8; see Fig. 10(a). The monotone exam-
ple also has similar structure again in agreement with the analytic results. However,
the multiple peak example has convergence to what seems to be another line; see
Fig. 10(b). The diffusion of the trait decreases, followed by a subsequent decrease in
the advection of the resident species as the traits start approaching zero. In this case,
the species traits first go away from the ideal free distribution and we suspect reach it
only at the origin where residents traits are 0.

10 Discussion Notes

Studying evolution with two traits is an important step for biological modeling be-
cause it is common for multiple traits to be under the same selective pressure. For
example, the blackcap Sylvia atricapill has two distinct inheritable traits that govern
their migration. The first controls the direction of migration, while the second con-
trols the distance (Berthold and Pulido 1994; Berthold and Querner 1981). A single
evolutionary trait is not sufficient to understand what will happen to this species when
selection pressures change. When evolutionary models are extended to more traits we
can better model these types of situations, and our models become more biologically
relevant.

Our model is interesting in that it can provide an abstract exploration of trait based
evolution towards ideal free strategies as well as insight into potential settings for
sympatric speciation. In many cases, the traits evolve toward ideal free strategies, al-
lowing a species to exhibit an ideal free distribution. In other cases, the traits evolve
toward regions of coexistence. In particular, the region of coexistence in the multi-
peak cases allows for temporally divergent evolutionary branching when the invader’s
advection is allowed to change randomly between generations while keeping the dif-
fusion constant. As residents are subsequently replaced with successful invaders, the
sequence ultimately enters the region of coexistence (Fig. 6(b), (c)). Once there, two



species can coexist as residents and a third species, that is close (trait-wise) to one
of the two others, may be introduced. In nature, it is quite possible that some other
selection pressure would begin to act on some of the traits that coevolved with advec-
tion and result in sympatric speciation of the species. The possibility of evolutionary
branching resulting from dispersal strategies is a topic that is open and may be ad-
dressed in future work.

In a more specific setting, understanding dispersal strategies is beneficial when
considering the evolution of crop rotation resistance in the western corn rootworm
Diabrotica virgifera. The larvae of this maize pest damage the roots and root
nodes. The control of this pest is a major expenditure in corn growing regions.
One technique for controlling the rootworm is crop rotation (Gassmann et al. 2009;
Meinke et al. 2009). By rotating the crops, farmers have changed the relative mer-
its of high and low diffusion. When corn is planted in the same field every year,
low diffusion is evolutionarily favored. When corn is rotated, however, higher dif-
fusion is favored. Because of this shift, some strains of this rootworm have started
laying eggs in surrounding fields and thus a crop rotation resistant strain is born.
By allowing the environment to be variable in time, the effects of crop rotation, for
instance, can be studied. We note that there has been work on dispersal in such situ-
ations, showing that there may be selection for faster diffusion (Hutson et al. 2001;
McPeek and Holt 1992). If our model was to be extended to a resource that was a
function of time, it might provide more subtle insights into how a resistant strain can
appear. It might also suggest strategies for both controlling the resistant rootworm
and slowing the evolution of the nonresistant strains.

Advection diffusion models can also be helpful in predicting the future location
of sea life. This information can be used to inform management policies of fisheries.
This is particularly important for management of species such as tuna where fish-
ing is not uniform (Sibert et al. 1999; Adam and Sibert 2002). Furthering advection
diffusion models is important because it may provide insights that better equip man-
agement agencies to protect fisheries.

Our results also yield surprising insights into the underpinnings of advection diffu-
sion models. We generalize conditions for convergence to the ideal free strategies and
prove the existence of regions of coexistence that had been previously conjectured to
not exist (Cantrell et al. 2010). The observation that monotone resource does not nec-
essarily imply monotone species distribution is also counter-intuitive. Originally, we
expected the species to be monotonically increasing if the resource is. However, the
change in concavity in m(x) appears to have an effect on the monotonicity of the
0(x).
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