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ABSTRACT. We investigate the dynamics of a predator-prey system with the
assumption that both prey and predators use game theory-based strategies
to maximize their per capita population growth rates. The predators adjust
their strategies in order to catch more prey per unit time, while the prey, on the
other hand, adjust their reactions to minimize the chances of being caught. We
assume each individual is either mobile or sessile and investigate the evolution
of mobility for each species in the predator-prey system. When the underlying
population dynamics is of the Lotka-Volterra type, we show that strategies
evolve to the equilibrium predicted by evolutionary game theory and that pop-
ulation sizes approach their corresponding stable equilibrium (i.e. strategy
and population effects can be analyzed separately). This is no longer the case
when population dynamics is based on the Holling II functional response, al-
though the strategic analysis still provides a valuable intuition into the long
term outcome. Numerical simulation results indicate that, for some parameter
values, the system has chaotic behavior. Our investigation reveals the relation-
ship between the game theory-based reactions of prey and predators, and their
population changes.

1. Introduction. In this work, we investigate a prey-predator system with the
assumption that both prey and predators adjust their foraging modes to maximize
their individual fitness. Huey and Pianka [24] stressed the importance of different
foraging modes on species’ ecological niche. They distinguish two end-points of
foraging modes: ambush (“sit-and-wait strategy”) and active (“widely foraging”).
In their seminal article, they proposed including these foraging modes in models of
optimal foraging (e.g. [9, 29, 36, 38]) that predict diet composition of a predator
depending on the prey available and their ecological characteristics. Optimal forag-
ing theory assumes that individuals maximize their net food intake rate which is a
proxy of their fitness. The net food intake rate is proportional to the resource up-
take rate, thus to the functional response. In the simplest case of the Lotka—Volterra
resource-consumer models the functional response is a linear function of prey den-
sity with the proportionality constant that measures the per prey encounter rate of
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a searching predator. Alternative nonlinear functional responses were developed by
Holling [23].

To understand the effect of a foraging mode on food intake rate, one has to
describe the relation between the foraging mode and the prey encounter rate. Sev-
eral authors derived functional dependencies of prey encounter rate on predator and
prey velocities [37, 40, 41]. Provided predator and prey movement is non-directional
(i.e., random) these dependencies predict that the encounter rate increases both
with prey as well as predator movement velocity. In other words, from the predator
perspective, it is beneficial to move as fast as possible, but from the prey perspec-
tive the best strategy is not to move at all. Thus, from this perspective, predators
should be active and widely foraging, while prey should be sit-and-wait foragers.
On the other hand, Scharf et al. [33] modeled a situation where animal movement
is non-random, but correlated, as often observed in nature. These authors showed
that, if predators move slower than prey as originally proposed by Huey and Pi-
anka [24], it is better to be a sit-and-wait predator. They also showed that active
predators have a higher prey encounter rate than sit-and-wait predators, but only
when predator movement is non-directional. For example, when predator move-
ment is directional and prey movement non-directional, sit-and-wait predators will
get a higher encounter rate with prey when compared to active predators. These
results show that the encounter rate is not a simple increasing function of prey and
predator velocities once their movement is non-random.

Schmitz [34] considered three hunting modes: sit-and-wait in which an ambush
predator remains at a given location for long periods; sit-and-pursue where the
predator after attacking a prey usually returns to its location (or, if prey are scarce,
they move to a new location); and active hunting mode where predators are con-
tinuously on the prowl seeking prey. Other predator and prey modes were defined
relative to the portion of habitat they share. If the prey and/or predators share the
habitat with predators, then they have a “narrow domain”; otherwise (i.e. if they
use different habitats) they are classified as having a “broad” domain. Based on
this classification, Schmitz et al. [35] hypothesized that when prey have a narrow
domain, they should reduce the time during which they are active for any preda-
tor hunting mode. On the other hand, when prey have the possibility of escaping
predators (i.e., when they have the broad domain), their optimal strategy is to move
to another habitat when predators have a narrow domain, while for broad predator
domain use they should show no behavioral response when predators are active
hunters, while for sit-and-pursue predators, prey should decrease their activity or
escape to a different habitat.

To investigate the effects of different foraging modes, we assume that the preda-
tors have two foraging strategies called the mobile (active) strategy and the sessile
(ambush) strategy. We also assume that prey are either mobile or sessile and then
examine how these predator and prey strategies evolve in the predator-prey system
and how this evolution affects the population dynamics (i.e. the changes in predator
and prey densities).

Since the results in the preceding three paragraphs show that the prey encounter
rate is not always a simple increasing function of prey and predator velocities, we
cannot a priori expect that all predators will be mobile and prey sessile. Section
2 develops our model that combines strategy evolution with population dynamics
where the latter is assumed to be a Gause-type predator-prey interaction [18, 22]
with predator functional response either linear or the Holling type II. Sections 3 and
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4 analyze the model for these respective two types of functional responses, paying
particular attention to predictions of the eventual foraging mode. The results are
discussed in Section 5 as well as summarized in tabular form there.

2. The model. The underlying predator-prey dynamics is modelled by the Gause
model

x ar(z) — yF(x)

: (1)

] —py + cyF(x)
where x is the prey population density and y is predator density. Here r(z) is the
per capita growth rate of the prey population in the absence of predators (i.e. the
average fitness of an individual prey) and F(z) is the number of prey killed by one
predator per unit time (i.e. the functional response). The death rate of predators
is p and c is the conversion factor that expresses the predator’s fitness increase due
to one prey killed.

In this article, we assume that the prey population exhibits logistic growth (i.e.
r(z) = rx (1 — %) where r is the intrinsic growth rate and K is the carrying ca-
pacity) and that functional responses are either linear or Holling type II. That is,
either F(z) = ax where « is the predator foraging efficiency (corresponding to a
Lotka-Volterra predator-prey model) or F(z) = -%5— where h is the handling time
of one prey that is captured (corresponding to the Rosenzweig and MacArthur [31]
model).

Moreover, we consider two extreme cases of foraging modes: individual predators
and prey are either fully mobile or fully sessile. To include interspecific strategic
effects of mobility, let 6, and 6, respectively denote the proportions of prey and
predators that are using their mobile strategy at a particular time. Obviously,
the proportions of prey and predators that are sessile are then given by 1 — 6,
and 1 — 0, respectively. Also, let apar and aprs denote the foraging efliciencies
(also called interaction strengths) of the mobile predator chasing mobile prey and
sessile prey, respectively. That is, apps and aprg describe the effectiveness of the
mobile predator strategy in terms of the prey strategy. Similarly, the foraging
efficiencies of a sessile predator catching mobile and sessile prey are agyr and agg,
respectively. Table 1 summarizes these strategic effects that are then incorporated
into the predator-prey dynamics (1) in the remainder of this section.

Prey
Mobile | Sessile
Predator Mob}le MM Qs
Sessile Qs ass

TABLE 1. Predator foraging efficiency. For example, the entry
aprs 1s the interaction strength when a mobile (M) predator en-
counters a sessile (S) prey.

If 6, and 0, are the current mobile proportions in the system, then the expected
number of prey killed per unit time by a randomly selected predator, F'(z; 6y, 0,),
is given by

F(z;0.,0y) = 0y [Fum(0:2) + Faus((1—04)z)] 2)
+(1 = 0,) [Fsm(0zz) + Fss((1 — 0,))]
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where F4 g is the functional response of a predator using strategy A when prey use
strategy B with A, B € {M, S}. For example, F;s((1—0,)z) equals apys (1 — 0,) x
for the Lotka-Volterra (LV) model and % for the Rosenzweig-MacAr-
thur (RM) model. The population dynamics is then given by (1) with F'(x) replaced
by F(x;05,0,).

Notice that, under this dynamics, mobility does not affect either the logistic
growth 7(z) of the prey or the death rate p of the predator. That is, the only
difference in fitness of being mobile compared to being sessile is a result of predation.
Coevolutionary systems where r(x) and/or p depend on the level of mobility are also
important to study since there are other trade-offs associated with these foraging
modes. For example, prey have to trade-off their safety from predation to food
acquisition. Similarly, predators trade-off their active hunting strategy to increased
predation risk by their own predators. The effects of such trade-offs were studied
especially in the context of plasticity of predator and/or prey activity level (e.g.
[1, 7, 8, 26, 27]). For example, in the Lotka—Volterra predator-prey model where
activity levels of both prey and predators are plastic traits, it is optimal for prey to
be maximally active when predators are at low numbers and inactive when predators
are abundant. Similarly, predators should be active when prey numbers are high
enough and inactive when rare. In other models where functional responses are non-
linear functions of prey/predator activity levels, intermediate activity levels can be
optimal (e.g. [1, 27]). Such other trade-offs are beyond the scope of this paper.

Whether these other trade-offs are included or not, the predators (respectively,
prey) will also be adjusting their behaviors depending on how successful their strate-
gies are in catching prey (respectively, avoiding capture). To model these effects,
we assume that the proportion of mobile individuals in each population is evolving
in the direction to maximize its per capita growth rate. A general class of strat-
egy dynamics that satisfy this assumption are the monotone selection dynamics
([10, 32]). When a population has two strategies (as in our case), these dynamics
increase the proportion of the population using the strategy that currently has the
higher individual fitness. In this paper, we will consider two such dynamics.

The first is the standard replicator equation [21] given by 6, = 6, (1 — 6,) (Was —
Ws) where Wy (respectively, W) is the fitness of a mobile (respectively, sessile)
predator due to predation together with the analogous expression for 6, in terms of
the difference between the fitness of mobile and sessile prey due to predation. For
instance, if the individual fitness of a mobile predator due to predation (Wyy) is
greater than that of a sessile predator (Wg), then the proportion of mobile predators
(6y) will increase. From the notation introduced above,

WM = C(F]V]M(inﬂ) + FMS((]- — 9$)$))
and
Ws =c(Fsm(0px) + Fss((1 —6,)x)) .

The probability per unit time that an individual mobile prey is killed by a mobile

predator and by a sessile predator are Fiy M(me)zz% and Fg M(Hx:c)(lgmie;)y, respec-
tively. From the analogous expressions for sessile prey, the prey fitness difference be-
tween these two strategies due to predation is —Fisas (6,2) zy—g — FSM(GgEx)w +

x
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Frs((1— ew)x)(lfyTZ)x + Fss((1—6,)x) Ei:gf;g Thus, the strategy dynamics cor-

responding to the replicator equation becomes

éx _ ’U/Qw (1 _ ew) [_ FMMévizxx)ny - FsM(QTGi)él—Gy)y + FMS(((ll:Gé;w)Lx)ny
Fss((1—0z)x)(1—0y)
¢ mram] 3)
éy = v, (1 —0,)[c(Frm(bex) + Frus((1 —60g)x)) — c(Fsn(0p2)

+Fss((1—0z)x))].

Here, u and v are positive parameters that denote the sensitivity of the prey and
predator species to their fitness differences, respectively. They also indicate the
time scale between the population process (1) and the behavioral process (3). In
particular, if w and v are both large, then strategic effects occur on a much faster
time scale than changes in population sizes. Conversely, if © and v are close to 0,
population sizes evolve faster than the evolutionary time scale describing foraging
patterns.

The second strategy dynamics that we consider has the form

. nWy _ nWsg nWar
ey - ay (1 n ay) 0 VLVE'M : nWs nW. eye nWs 9y (4)
€ +(1—-0y)e™s  fyerWm 4 (1 —6,)enWs

Here, the parameter n indicates how quickly the predator adjusts its foraging mode
in the direction of its current best response. From Wj; and Wg above and analogous
expressions for prey fitnesses, this strategy dynamics is

m(_ Frym (0z@)0yy FSM(er)(lfey)y)
O e

0= === 0, AN1=0,)B — by

eye"C(FMM(9mz)+FMS<(1—9m)z))

ay: Gyenc(F]\/fM(ewm)+FMS((1761)1))+(170y)enc(1‘_‘31u(9Z:)+Fss((1791)z)) - 9@/’
where
m <7 Fyy Ozx)0yy Fszvf(f’mz)(l—sy)y>
A=e o fur
and
m( — Eus(A=0a)2)0yy Fgg((1—=6z)2)(1—6y)y
B =e (1—0g)x (1—0g)x

For 0 < 8, < 1, the predator strategy dynamics approaches Hy = 1-0, (respectively,
8, = —0,) as n — oo if mobile predators have higher fitness (respectively, lower
fitness) than sessile predators and so the proportion of mobile predators is evolving
toward 6, = 1 (respectively, §, = 0). This limiting dynamics is known as the

best response dynamics and, for this reason, we will call the monotone selection
dynamics (5) the smoothed best response dynamics.! In (5), m and n take the role
of w and v in (3) respectively.

Dynamics similar to the smoothed best response were introduced by Abrams [2]
to model behavioral evolution in predator-prey systems (see also [3] and [4] where
it is also argued these dynamics are more suitable than the replicator equation
in these situations). The replicator equation (3) and the smoothed best response

1Smoothed best response dynamics are also introduced by Fudenberg and Levine [17] when

individuals make strategy choices based on observing perturbed fitness. The primary example [20]
e"WJ\l

WM enWs
dynamics. We will follow [20] by refering to this dynamics as the perturbed best response.

of such a dynamics, Qy = — 0y, is quite similar to (4) but not a monotone selection
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dynamics (5) have the same equilibria. These are when all individuals in each
population have the same strategy (e.g. all predators are mobile and all prey sessile
corresponding to the monomorphic equilibrium (6,,6,) = (0,1)) or when one or
both populations are not monomorphic (e.g. there are some mobile and some sessile
predators corresponding to a mixed equilibrium predator population 0 < 6, < 1
for which Wy, = Wg). If one of these equilibria is stable,” it will predict the
eventual foraging mode of the predator-prey system. Otherwise, we can expect
more complicated non equilibrium behavior whereby predator and/or prey strategies
oscillate over time.

3. The Lotka-Volterra model. For the LV model, substituting Fap(x) = aspx
into (1), (2) and (3) yields the following population density dynamics

r = rx (1 - %) —apmOyylx — apmsbyy (1 —6,)
—Qsp (1 - ey) y9z33 — gs (1 - ey) Yy (1 - ez) z (6)
Yy = —py+coymbyybsx + cansbyy (1 —6,)x

+eagy (1 —0y) Yoz + cags (1 —0y)y (1 —0,) x
and (replicator) strategy dynamics
0 = uby (1= 6) (—onmmsOyy — cvsns (1= 0,) y + ansyy + ass (1 - 0,) y)
9y = vy (1 — 0,)(capmbex + cons (1 — 03) v — cagybx — cags (1 —6;) x) .

For fixed positive densities z and y, (7) corresponds to a two-strategy zero-sum
evolutionary game between two species [22] with payoff matrix given by Table 1.
We first analyze this strategy dynamics in the following section before considering
the four-dimensional co-evolutionary coupled system (6) and (7) in Section 3.2.

3.1. The strategy dynamics. The general analysis of a two-strategy zero-sum
evolutionary game between two species can be classified into two types, depending
on the relative sizes of the entries in Table 1 (specifically, on the comparison of the
diagonal entries to the off diagonal entries).

If the off diagonal entries ajp;s and agy are both larger than both diagonal
entries apy and agg, then neither the predator nor the prey has a winning (also
called a “dominant”) strategy. In particular, the predator forages more efficiently
if it has the opposite strategy to its prey and, conversely, prey are better able to
avoid predation if they have the same strategy as the predator. Thus, if all prey are
sessile, then it is optimal for the predator to be mobile and this, in turn, implies
the prey should be mobile and so the predator is better off being sessile, etc. In
game-theoretic terms, no pure strategy of either population is dominated, in which
case the strategy-dynamics (7) is expected to cycle (as we will see below).

A similar argument shows that there is no dominated strategy when the off diag-
onal entries of Table 1 are both smaller than the diagonal entries (i.e. aps and agy
are both smaller than ap and agg). This case is mathematically equivalent to
the previous paragraph (e.g. the strategy-dynamics again cycle but in the opposite
direction) but is of little interest biologically since it models such unrealistic scenar-
ios as when sessile predators have a better chance of encountering sessile prey than

2In this article, “stability” refers to local asymptotic stability under the relevant dynamics.
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mobile predators do.?> For this reason, the LV model where there is no dominated
strategy will refer to the situation where

ays and agys are both larger than apgy and agg (8)

for the remainder of the paper. In this case, game theory predicts that evolution
will lead to polymorphism, i.e., a mixture of sessile and mobile individuals.

The second type of evolutionary game is when there is a dominated strategy.*
We will concentrate on one particular case of a dominated strategy in what follows
since there are analogous effects in the LV model (6) and (7) whenever there is
a dominated strategy. For example, in all cases, the evolutionary outcome of the
strategy dynamics will be a pure strategy for both predator and prey. As will
become apparent in what follows, these results are also true when the smoothed
best response strategy dynamics (11) replaces the replicator equation in (7).

3.1.1. The effect of a dominated strategy. Suppose a mobile predator has higher
foraging efficiency than a sessile predator independent of the strategy of the prey
(i.e. mobility is the dominant strategy for predators in that apms > asy and
aps > agg). From (7), the proportion of mobile predators is increasing (i.e. 9y >0)
and will evolve to 1. Now, once 0, is sufficiently close to 1, 6, is always positive
(if apm < ayg) or 0, is always negative (if apns > apg). These results are also
true when the smoothed best response strategy dynamics replaces the replicator
equation in (7).

Suppose ap > aps. We are then in the situation considered by Yapp [41]
where it is argued that predator-prey encounter rates increase whenever the predator
or prey (or both) become more mobile. From the preceding paragraph, the only
possible outcome of the strategy dynamics are that all predators are mobile and all
prey are sessile (i.e. 6, =1 and 6, = 0), agreeing with the conclusion reached in [41].
This conclusion also follows from the game-theoretic method called the iterated
elimination of strictly dominated strategies. Here the sessile predator strategy is
eliminated first by domination and then, in the remaining system where there are
only mobile predators, the mobile prey are eliminated by strict domination. The
strategy pair of mobile predators and sessile prey is called a strict Nash equilibrium
(NE) of this game.

Unless otherwise specified, the model with a dominated strategy will refer to the
situation where

oMM > asu,ous > ags and oy > s, 9)

i.e. where the winning strategy combination has all predators being mobile and all
prey being sessile.

3.1.2. No dominated strategy. When foraging efficiencies satisfy (8), there are five
equilibria of the replicator equation (7). These are the four pure-strategy pairs
plus the equilibrium where both strategic behaviors are present for each species.
In mathematical terms, the latter is an interior equilibrium E = (63, 9;), with

3 A more realistic assumption is that agg is the smallest entry in Table 1.

41t can be shown that, if none of the foraging efficiencies in Table 1 are equal (a condition we
assume throughout the paper), then either there is no dominated strategy or at least one of the
pure strategies of the predator or prey will be dominated.
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0 < 03,0, <1. From (7),

Qps — Oss asy — Qss
asy — apM T aMs — Ass ’ agy — apyy + aps — ass

In fact, (0;, 9;) is the only NE for this frequency-dependent evolutionary game be-
tween predators and prey. In particular, with densities fixed at (z,y), no individual
can increase its fitness by altering its strategy when the proportions of mobile prey
and predators are given by 67 and 9;, respectively. However, the replicator strat-
egy dynamics (7) does not converge to this NE. Instead, trajectories form neutrally
stable cycles around (10) in the unit square ([22]; see also Figure la).

The smoothed best response dynamics

0‘ - ezem(—QMM"yy—°SM(1—"”y)?/) 0
ro emem(*aMM@yy*QSM(1*9y)y)+(1_9m)@'"(*‘IMS%y*ass(lf"y)y) z

*ey

(11)

eyen(caMNIGmm+c(xA4S(1—913)7:)

Hy - de"(co‘MM9wm+CQMS(1*91>"')+(1_0y)e"(CD‘SM9mZ+CD‘SS(1—9.70)1)
has the same equilibria as (7) but now trajectories spiral inward to F at fixed
population densities (Figure 1b). The intuition here is that the smoothed best
response strategy dynamics has a more stabilizing effect than the replicator equation
and this is reflected in the comparison of the trajectories shown in Figures la and
1b for the respective systems.’

3.2. The Lotka-Volterra system with strategy evolution. In this section, we
analyze how the results of Section 3.1 for the strategy dynamics affect the four-
dimensional co-evolutionary system where population densities are also evolving
according to (6). That is, we analyze the four-dimensional dynamical system (6)
and (7) when there is a dominated strategy first (Section 3.2.1) and then when there
is not (Section 3.2.2).

3.2.1. The effect of a dominated strategy. From Section 3.1.1 where game-theoretic
methods predict mobile predators and sessile prey, the proportion of mobile preda-
tors is increasing (i.e. Hy > 01if 0 < 6, < 1) if there are prey present. In fact,
cannot evolve to 0 if there are some prey initially (z — 0 implies (z,y) — (0,0) and
this is impossible since (0,0) is a saddle point equilibrium of (6)). Thus 6, — 1.
Once 0, is sufficiently close to 1, éx is always negative since ap; > aps and so
either 6, evolves to 0 or else y evolves to 0 (in which case x evolves to the carrying
capacity K from (6)).5 These results are also true when the smoothed best response
strategy dynamics replaces the replicator equation in (7).

From the preceding paragraph, the only possible outcomes of the population
density and strategy dynamics (6) and (7) are either that all predators are mobile
and all prey are sessile or else that the predators go extinct and the prey evolve
to their carrying capacity.” In the first case, any trajectory approaches one on the

5The global asymptotic stability of E under the smoothed best response is not surprising given
that the same result holds for the perturbed best response [20].

SNow, y can in fact evolve to 0 as we see in Figure 2b. This is a common phenomenon of
evolutionary games that include density effects (see, for example, [5]) in which event we cannot
expect 0, to evolve to 0.

"In the latter case, the limiting value of 6y, is irrelevant since there are no predators and the
limiting value of 6, can be anywhere between 0 and 1 depending on initial conditions.
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FIGURE 1. Trajectories of the decoupled LV strategy and density
dynamics when there is no dominant strategy. Panels (a) and (b)
show clockwise trajectories of the replicator equation (7) and the
smoothed best response dynamics (11) respectively with densities
fixed at (z*,y*) given by Fp in (15). Panel (c) shows the coun-
terclockwise trajectory of the density dynamics (6) with strategies
fixed at (03,0;) given by E in (10). Parameters: asy = 1.3,
ays =15, a5 =02, apyyyy =02, r=2, K =6, u=03,c=1,
u=v=1and m=n=20.

face with 6, = 0 and 6, = 1 where the dynamics is

X
[ = 1 — —) —_
x rr ( apNSYT
Yy = —py+comsyzx.

K— .
£ rleamsK—p) ) if and
cans caMSK

Clearly, this system has an interior equilibrium (z,y) = (
only if £ < aps. Moreover, it is well-known [21] that this equilibrium is globally
asymptotically stable if it exists; otherwise, (x,y) evolves to (K, 0).

In terms of our four-dimensional density-strategy dynamics (6) and (7), the equi-
librium (z,y,6,,0,) = ( p_ rleansK-p) o 1) is globally asymptotically stable if

cans’ CaJMSK
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it exists (i.e. if Lo < aprs);® otherwise, (,y) evolves to (K, 0) and (6,,0,) evolves
to a single point of the form (0, 1). In summary, when the mobile predator strategy
dominates the sessile strategy (i.e. apy > agy and ays > ags) and the sessile
prey strategy does better than the mobile prey strategy when predators are mobile
(i.e. apm > ays), the outcome of the predator-prey system is either the globally

asymptotically stable equilibrium ( p_ rlcoysK-p) o 1) if it exists (Figure 2a)

capys’ ca?vISK

or, if not, a unique point on the equilibrium line with no predators and prey at
carrying capacity (see Figure 2¢ and 2d). From the figure, we see that these re-
sults hold whether the replicator equation or the smoothed best response is used for
the strategy dynamics. Analogous results emerge whenever there is a dominated
strategy for either predator or prey.

That is, the behavioral effects and density effects can be separated to predict
the eventual outcome no matter what the time scales of these two processes are (cf.
[12]). Specifically, first fix the population densities and then the strategy dynamics
evolves to the strategy found by game theory through the iterated elimination of
dominated strategies (i.e. the strategy where all predators are mobile and all prey
sessile, (65,0,) = (0,1)). Substitution of the strategy into the density dynamics
results in a standard LV two-dimensional predator-prey system that evolves to an
interior equilibrium if it exists or else to predator extinction. This final step (i.e.
the analysis of the density dynamics) is the approach used by Kfrivan [26] who
obtained the same result when prey logistic growth and predator mortality rates
are independent of mobility.

The technical reason that the method of time scale separation determines the co-
evolutionary outcome is that the linearization of the four-dimensional LV system in
Appendix A is upper block diagonal. However, as shown by Cressman and Kfivan
[12], a similar independence of time scales also emerges for two-patch LV predator-
prey systems with dispersal (where strategies correspond to species’ distributions
between the patches) even though their linearizations are not upper block diagonal.
What is common for both the dispersal model and the mobility model of this paper
is that, for fixed population sizes, there is a unique stable strategy that specifies
the behaviour of each species. This intuition is further strengthened by the analysis
of a two-patch LV competitive system [12] where there is strategy bistability and
time-scale separation does not work.

3.2.2. No dominated strategy. In this section, the equilibrium of most interest now
is one where both strategic behaviors are present for each species. Biologically,
there are two possible explanations. First, both populations become polymorphic
with some individuals mobile and some sessile. This can be an onset of a specia-
tion process leading eventually to the emergence of different species. Alternatively,
proportions 6, and 6, can refer to animal behavioral modes, where these propor-
tions are interpreted as the proportion of animal lifetime the individual is moving.
In mathematical terms, this is an interior equilibrium £y, = (z*, y*, 05, 07), with
r*, y* > 0 and (0;,0;) given by (10) as the interior NE of the frequency-dependent
evolutionary game between predators and prey of Section 3.1.2 with densities fixed
at (z*,y).”

Conversely, with the mobile proportions fixed at their equilibrium values 6%
and 0y, anm0;0; + asub; (1 — 9;) + aps (1—6%) 0y + ass (1-6%) (1 — 9;) =

8See equilibrium Fs in Section 3.2.2.
9This equilibrium cannot exist in Secion 3.2.1 due to dominance.
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FIGURE 2. Trajectories of the four-dimensional LV system when
there is a dominated strategy. In panel (a), Eo given by (17) exists
since = < apys (K = 6, p = 0.3, ¢ = 1). In panels (b,c,d),
E5 does not exist since ays < 4 (K =1, p = 0.9, ¢ = 0.4).
Trajectories are shown for the system (6) with replicator strategy
dynamics (7) for the projection on the x — y plane (a); the time
history of y (b); the projection on the x; — zo plane (c). Here
x1 (respectively, xq) is the number of mobile (respectively, sessile)
prey. The trajectory of the LV system (6) with smoothed best
response strategy dynamics (11) projected on the z1 — x5 plane (d).
Other parameters: agy = 1.3, ays = 1.5, ags = 0.2, aprpr = 1.6,
r=2,u=v=1and m=mn=20.

a:ﬂf fgi;‘fw ;aasjjg"f AM—. Thus, the population dynamics (6) becomes the following

standard Lotka-Volterra predator-prey system

x re (1 — E) —atxy

K (12)
y = —pytcatzy
where

asy — OpM T+ aps — ass
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Provided the equilibrium prey density z* = -£: is less than the prey carrying
capacity K, i.e.
K *
— < 14
b <o, (14)

*,0* and z* into

the interior equilibrium E; exists. Moreover, substitution of a*, 67, 6y

(12) yields

Tt = £
ca*?
* T e
¥y =% (1 cKa* )’ (15)
0* = AMS—QASS
z asmy—oaMMtapms—ass’

f* — asmM—ass
Y asM—aMMtaMs—ass

It is well-known ([21]; see also Figure 1lc) that the equilibrium FE; is globally
asymptotically stable for (12) with the mobile proportions fixed at their equilib-
rium values 67 and 6 in each population. When E} exists, the question is then
whether the asymptotic stability of the density dynamics combined with the neutral
stability of the replicator strategy dynamics in Section 3.1 leads to stability of the
coupled system (6) and (7). The standard stability analysis through the linearized
dynamics at F4 is inconclusive since there are purely imaginary eigenvalues as shown
in Appendix Al. This is not surprising given the neutrally stable cycles (Figure
la) around (6},0;) when densities are fixed at (z*,y*). However, from extensive
numerical simulations of the system, it appears that F; is globally asymptotically
stable under the coupled system (6) and (7), although the convergence to E; can
be quite slow (see the first four panels of Figure 3).!° Further evidence of the global
asymptotic stability of F; is given in Appendix A2 where it is shown analytically
that prey density must converge to z* when u = v = 1 (i.e. when density and
strategy dynamics evolve on the same time scale).

It is also instructive to consider the coupled system (6) and (11) with strategy
dynamics given by the smoothed best response. From Section 3.1.2, when FE; ex-
ists, this dynamics spirals inwards to it at fixed equilibrium densities (Figure 1b).
Although the linearized dynamics of the coupled system (6) and (11) at F4 remains
inconclusive (see Appendix A2), simulations again show convergence to a globally
asymptotically stable F; (see Figure 3e and 3f). The convergence here is faster
than for the replicator equation since m = n = 20 was chosen in Figure 3e and 3f
as compared to u = v = 1 (in the corresponding panels Figure 3b and 3c¢).

The coupled system (6) and (7) may also have equilibria where both predators
and prey are present but the populations adopt pure strategies. Specifically, under
the condition

"
— 1
K < apys ( 6)

the coupled system (6) and (7) has the equilibrium
por(cansK —p)
cays’ ca, oK

E, = , 0, 1), (17)

10The slow convergence to F; in our deterministic model means that stochastic effects due to
finite population size or small perturbations in parameter values will keep the system from evolving
exactly to Ej. In fact, it is well-known that stochastic effects break the neutral stability when
two-dimensional predator-prey systems (that do not include strategy considerations) exhibit cyclic
behavior and that one of the species will eventually disappear from the system [6, 30]. Species
and/or strategy extinction is also likely to occur in stochastic versions of our four-dimensional
system, a topic that is beyond the scope of our paper.
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FIGURE 3. Trajectories of the four-dimensional LV system when
there is no dominated strategy and F; exists. The trajectory for
(6) with replicator strategy dynamics (7) is shown as projected on
the  — y plane (a); the time history of z (b); the time history
of 6, (c); the time history of 6, (d). The trajectory of the LV
system (6) with smoothed best response strategy dynamics (11) is
illustrated by the time history of « (e) and the time history of 6,
(f) Parameters: asp — 1.3, ap s — 1.5, ags — 0.2, QAN M — 0.2,
r=2,K=6,u=03,c=1,u=v=1and m=mn=20.

where predators and prey coexist but adopt opposite strategies (i.e. all prey are
mobile and all predators are sessile). The equilibrium Es is the one considered
in Section 3.2.1 where it is globally asymptotically stable if it exists due to the
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dominated strategy there. However, when there is no dominated strategy as as-
sumed in this section, Fs is unstable if it exists. For example, Fo can be invaded
by mobile prey (see Appendix Al). Other possible equilibria where predators and

. o n r(cagm K—p) o I r(cass K—p)
prey coexist are E3 = (caSM’ K 1,0),Ey = (cass’ ol K 0, 0) and

Es = (=£—, rlcaymK-p) 1 1). None of these are stable either.
canN M conMK

The only other equilibria of the coupled system (6) and (7) are when the predator
population is extinct. These are when the prey population is at carrying capacity;
namely,

EG = (K7 07 é:m O>7

E7 = (K7 Oa 9:87 1)’ (18)

AN s — Oss é )
Yy

E8 = (K7 Oa )
asy — MM+ AMS — Ass

where 6, and éy take any value between 0 and 1. Finally, there is also the trivial
equilibrium with no prey and predators Eg = (0, 0, 0, éy)

When E; does not exist, the simulations (see Figure 4) indicate the predators
eventually go extinct and the prey evolve to carrying capacity (i.e. (z,y) evolves to
(K,0)) in that each trajectory evolves to one of the points in (18).

1 1
@ Xf/fo (0
08 0.8
0.6 0.6
< <"
0.4 / 04
02 x1+x2:K 02
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
X X

FIGURE 4. Trajectories of the LV system when there is no domi-
nated strategy and F; does not exist. Projection of the trajectory
on the z1 — x5 plane (where 21 = 0,2 and x5 = (1 — 6,)z are the
densities of mobile and sessile prey respectively) for the LV sys-
tem (6) with replicator strategy dynamics (7) (panel (a)) and with
smoothed best response strategy dynamics (11) (panel (b)). Pa-
rameters: agy = 1.3, apys = 1.5, ags = 0.2, apypr = 0.2, r = 2,
K=114=06,c=0.5u=v=1and m=n=20.

Based on these analytic and numerical results, the eventual outcome again emerges
by separating the behavioral and density effects. In particular, the strategy dynam-
ics cycles inward toward (6%, 9;) and; if Fy exists, the density dynamics converges
to (z*,y*); otherwise, it converges to predator extinction and to prey carrying ca-

pacity.
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All the results of Section 3 for the four-dimensional LV system can be nicely
summarized in terms of dominance effects and the strength of the interaction coeffi-
cients (i.e. the foraging efficiences). With weak interaction coefficients (i.e. o < %
where o = o* (respectively o = ajrg) without dominance (respectively, with dom-
inance)), the system evolves to predator extinction and prey carrying capacity. For
strong interaction coeflicients, the system evolves to an equilibrium where preda-
tor and prey coexist with strategy distributions given by the stable equilibrium of
the strategy dynamics (i.e. a mixed strategy (respectively, pure strategy) for each
species without dominance (respectively, with dominance)). These results are also
summarized in table form in the final Discussion section (see Table 2 there).

4. The Rosenzweig-MacArthur model. In this section, we consider the game
between the prey species and predator species with Holling type 1T functional (be-
havioral) response. By substituting F(z) = the population density and
(replicator) strategy dynamics become

ax
1+aha’

a:) _ asmbsx(1-04)y ams(1-04)z0yy amm0s20yy  ass(1—05)z(1-04)y
asyOzxh+1 ams(1—60,)zh+1 ammOsch+1 ass(1—04)zh+1

dv:rx( - %

. casmbzz(1—0,)y cans(1—0;)z0yy canmbz20yy cass(1—0.)z(1—0,)y
Y= ,ley+ asyOzxh+1 + (thv[s(l—az)mh+1 + anymOrch+1 + ass(l—é;).’l)h-ﬁ-l
(19)
) _ anmsfyy _asm(1=0y)y ass(1=0y)y ammbyy
0 =uby(1—0,) (aMs(pez)th aoniOoahtl T ass(1—0.)sht1 — anarfsahtl (20)
9’71}0 (179) caps(1=0z)r cagybzx capmbzxz cass(1—0z)x
y—""y Y/ \ams(1—60y)xh+1 aspOzrh+1 apmbOexh+1 ags(1—0z)xzh+1) °

We are particularly interested in the effect that the handling time h has on
this four-dimensional co-evolutionary coupled system. For short handling time, the
system will be close to that of the LV models of Sections 2 and 3 since, with A = 0,
strategic effects are again linear in 6, and 6, and so (19) and (20) revert to (6)
and (7). We follow the same procedure as in Section 3; namely, we start with the
analysis of the strategy dynamics followed by the analysis of coupled system (19)
and (20).

4.1. The strategy dynamics. For the strategy dynamics, assume that the prey
and predator population sizes are fixed at positive values x and y respectively. We
first examine the case of a dominated strategy with domination given by condition
(9) where game theory predicts the evolutionary outcome of the LV system is mobile
predators and sessile prey.

4.1.1. The effect of a dominated strategy. Since aprpy > agy and ays > ags,
capymbzx casypbOzx cops(1—0q)x > cass(1=60z)x
apmOzrh+1 asnOzxh+1 apms(1—0,)zh+1 ass(1—0y)zh+1

éy > 0. Thus, 8, evolves to 1 (i.e. all predators are mobile). Then, by substituting
6, = 1 into (20), the strategy of the prey population eventually evolves according

to
' s ay M
= 1 - h .
0, = ub, ( ex)y(aMs(l_az)xh—kl CVMMQz.’Eh-Fl)

and

which implies that

However, unlike Section 3.1.1, aps > aps no longer implies that 91 < 0 for all
0 < 0; <1 and so 6, does not necessarily evolve to 0. '
In particular, it depends upon the handling time since 6, = 0 at

g = Omm —oms + ommomsth 1 L oMy ams 1
v QCMMM()(MSZ’h 2 QOzMMOéMSI’h 2.
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From o — apys > 0, 5 > 1 for short handling times and so all prey eventually
become sessile (i.e. 0, < 0) and all predators mobile as in Section 3.1.1. However,
for h > Qm—ous 1 < 0, < 1. For these handling times, 6, > 0 for 6, > 0, and

waﬂlﬂlalﬂs
6, < 0 for 6, < 8,. That is, both (05,60y) = (0,1) and (6,,6,) = (1,1) are stable
equilibria. The strategy dynamics evolves to all mobile predators and either all prey
are mobile or all prey are sessile.'!

This bistable outcome can be understood in terms of the dilution effect generated
by the Holling IT functional response [13, 16]. When prey density is small, each prey
best avoids predation by choosing the strategy with the lower predator foraging
efficiency (i.e. by adopting the sessile strategy). However, since the mortality
risk of each prey decreases as the number of conspecifics using the same strategy
increases, for large prey density, it is better for each prey to adopt the same strategy
as the rest of the population.

4.1.2. No dominated strategy. For short handling times and no domination (i.e.
condition (8) holds), there is no stable equilibrium of (20) on the boundary of the
unit square and a unique equilibrium (6}, 6;) in the interior since this dynamics is
approximated by that of the LV system (7). However unlike the LV system, all
nearby trajectories spiral outward away from (67, 9;)

For longer handling times, stable boundary equilibria can occur where predator
and prey adopt opposite foraging modes (i.e. at (6;,6,) = (0,1) and (6,,6,) =
(1,0)).'3. For example, when prey density is sufficiently high (specifically, if cpz5(1—
apypmxh) < apypy and so % < apn), then mobile predators and sessile prey
form a stable equilibrium of (20). The complete theoretical analysis of the effects
of all such possibilities on the four-dimensional RM system is beyond the scope of
this paper. Instead, these effects are illustrated through simulations in Section 4.2.2
(see Figure 7 there).

The theoretical analysis here and the beginning of Section 4.2.2 is restricted to
the special case when o and agg are both 0 here and in Section 4.2.2 below.
In this case, there is a unique equilibrium of (20) (note that (20) simplifies to (27)

below) in the interior of the unit square given by

NS asM

* *
L U O LU —
* aps + asm Y ans + asar

Here the subscript h indicates “Holling Type II”. The behavioral equilibrium
(031, 0;5) is the same as for the LV model when there is no dominance (cf. (10)).
However, unlike the LV model, (6}, 0;,) is unstable under the strategy dynamics
given by the replicator equation (20) at fixed positive prey and predator densities
z and y (Appendix B1). In fact, trajectories spiral outwards to the boundary of

HThe analysis in this section assumes the strategy dynamics is given by the replicator equation
(20). The same results hold when the smoothed best response (see (21) below) is used instead.
Moreover, the choice of strategy dynamics does not alter the evolutionary outcome for the four-
dimensional RM system when there is a dominated strategy. For this reason, we have omitted the
analysis of the smoothed best response in Sections 4.1.1 and 4.2.1.

12For small h, the Jacobian will have the same sign structure as Jgp,1 1, in Appendix B1; namely,
[ i —g } where € is small but positive. There are then two complex conjugate eigenvalues with
positive real part and so trajectories spiral outward from the interior equilibrium.

130n the other hand, it is never stable for predators and prey to adopt the same foraging mode
(i.e. the pure-strategy pairs (65,60,) = (1,1) and (0z,0y) = (0,0) are always unstable).



MOBILITY IN PREDATOR-PREY SYSTEMS 3413

the unit square (Figure 6a below). Interestingly, the situation changes when the
strategy dynamics is given by the smoothed best response:

) _ 0, A _
0 = 0, A+(1-0,)B 2

(21)

éy = 9,0 91’109 5 — by
yC+(1-0y)
Here
_masy(1=0y)y _ mapmyy
A = e agpOzch+1 aMMamzh+17
_ mapglyy  magg(l—6y)y
B = e oms(-f2)ehfl ags(-0Oz)ehFl
(22)
ncaprg(1—6z)x + neapn prfz
C = eomsO-0g)zhtT " aprpfpzhtl

)

ncagny Oz + ncagg(l—0z)x
D = e%smOzthtl " agg(l-07)ahtl

Although (6%, ;h) is still unstable under (21) when ayn = ass = 0 (Appendix
B2), the trajectories now spiral to a globally stable limit cycle around (6}, 0;) (Fig-
ures 6b), confirming again that the smoothed best response has a more stabilizing

effect on the strategy dynamics compared to the replicator equation.

4.2. The Rosenzweig-MacArthur system with strategy evolution. In this
section, we analyze the four-dimensional system (19) and (20) in two steps; namely,
when there is a dominated strategy (Section 4.2.1) and when there is not (Section
4.2.2).

4.2.1. The effect of a dominated strategy. By Section 4.1.1, there are two possible
stable equilibria of the strategy dynamics if the predators do not go extinct. The
stable equilibrium with all predators mobile and all prey sessile (i.e. (6,6,) =
(0,1)) always exists. With strategies fixed at (6, 0,) = (0, 1), the density dynamics
(19) becomes

P _ X)) _ _QMSTY

T - T (1 K) apsch+1 (23)
. _ _ caMSTY

y = KY + o sahtl

which is the standard RM predator prey system with foraging efficiency a,sg. It is
well known [22, 31] that an interior equilibrium (xf;,y3;) of (23) exists if and only
if uh < cand 2§, = m < K; otherwise, the predators go extinct and the
prey population evolves to carrying capacity. Moreover, when (zf;, y;) exists, it is
globally asymptotically stable for (23) if and only if

KaMSh— 1

< xr K. 24
2ansh S Zgp < (24)

On the other hand, if 0 < z§; < %7 the equilibrium is unstable and there is
a globally stable limit cycle around (81, yg1)-

These outcomes can be classified intuitively in terms of the foraging efficiency
aprs and the handling time h as follows (see also Table 3 in the Discussion). If the
predator population goes extinct for the LV model (i.e. if the interaction type is
weak in that ajg < %), it will also go extinct in the RM model since the extra

time to handle prey lowers the predator’s fitness. The predator will also go extinct
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when anrs > J& if the loss of fitness due to handling is large enough (specifically,

: cKaps—p
if h > <Ak,

For 0 < h < %, the equilibrium (z8;,y5;) exists. For h in this range, we
have the following outcomes. For intermediate interaction strength (specifically for
L <ays < (342v2)4)," (zf1, yé) is globally asymptotically stable. When in-
teraction type is strong (ans > 5.8242), (251, ¥6;) is globally asymptotically stable
for either short or long handling times whereas a globally stable limit cycle around
(231, y5,) emerges for handling times of medium length.'® These two outcomes are
illustrated by the solid black curves in Figure 5.

For the four-dimensional system (19) and (20), simulations indicate correspond-
ing local behavior emerges. Specifically, if h > %, then trajectories that start
close to the plane with (6,6,) = (0, 1) stay close to this plane and evolve to preda-
cKays—p

nKans 7
then (6, 0,) evolves to (0,1) and either the system evolves to the locally asymptoti-

cally stable equilibrium (z;, yg1,0, 1) or to a stable limit cycle around (81, yg1,0,1)
in this plane (Figure 5, solid black curves).

From Section 4.1.1, the four-dimensional RM system has a second possible stable
equilibrium of the strategy dynamics when h is large enough; namely, all predators
and prey are mobile (i.e. (65,0,) = (1,1)). With strategies fixed at (6,,0,) = (1,1),
the density dynamics corresponding to (23) is

tor extinction and prey carrying capacity. On the other hand, if 0 < h <

. _ _ T\ _ _aMMTY

€T - rr (1 K) ay pmrh+1 (25)
. . o COMMIY

y = py =+ apprh+1°

The outcome for this dynamics is the same as described above for (23) (where strate-

gies were fixed at (0,6,) = (0,1)) except that anrar replaces aprg. In particular,

the interior equilibrium (7, y7,) exists with 27, = =555, if and only if uh < ¢
. K _

and o7, < K (i.e.0 < h < Kepami),

However, when the handling time is short, the plane with (6,,6,) = (1,1) is
now unstable (i.e., this plane is a repeller since 6, is decreasing (6, < 0) for
any trajectory with 6, < 1 close to this plane). This makes it more difficult to
analyze all evolutionary outcomes (in terms of model parameters) for trajecto-
ries of the four-dimensional system (19) and (20) that start close to this plane.

For weak interactions (aarnr < Z) or for long handling times (specifically, for

), the predators will still go extinct.

cKapv—p cKapms—p
h > K oo nr > nKans

For h in the range 0 < h < %, trajectories that start close to the plane

with (05,6,) = (1,1) may undergo an abrupt change in behavior as h increases.

Koapsgh—1 for
2aprsh
all handing times. This factor also appears in the classical two-dimensional RM model (23) with

« fixed at ajpsg. Similar thresholds for handing times mentioned in the remainder of this section
are also a consequence of the parameters chosen for the classical RM system. They are given for
illustrative purpose and are not meant to reflect any specific predator-prey system.

151n technical terms, a Hopf bifurcation occurs at these transition values of the handling time.
Conditions when a Hopf bifurcation occurs for the RM model are usually given in terms of the
carrying capacity K [22]. When K < (¢ + ph)/(apsh(c — ph)) the equilibrium is locally asymp-
totically stable and for larger values of K a locally stable limit cycle exists. This is known in the
ecological literature as the Paradox of Enrichment, because more productive environments tend
to destabilize the resource-consumer interactions.

14The precise factor 3+2v/2 ~ 5.82 appears since aprg < 5.82 % implies 3, >
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CKOlMs—M) or
pKams
else all trajectories converge to the plane where (6,,60,) = (0,1) (in which case,

the outcome is the local behavior near this plane as described above). For longer
handling times, the trajectories converge to the plane where (6,,6,) = (1,1) and
then either (z7;,v71,1,1) is locally asymptotically stable or there is a stable limit
cycle around this equilibrium. That is, although all predators are mobile in the
long run, there is an abrupt change in behavior of the prey as h increases from all
trajectories converging to the plane where prey are sessile to the bistable situation
where all prey are sessile or all mobile.

The transitions between these different qualitative behaviors occur at parameter
values of the model that depend on both the handling time and the strength of
interaction. This is illustrated in Figure 5 where, for h < 0.208, all predators are
mobile and all prey sessile at the evolutionary outcome which is the globally stable
equilibrium (2§, y3;,0, 1) (see the black curve in Figure 5). Then, for 0.208 < h <
2.17, the plane (6,,6,) = (1,1) is locally stable with trajectories that are initially
nearby converging to the stable equilibrium (z7;,33;,1,1) for 0.208 < h < 0.5 and
1.67 < h < 2.17 and to a stable limit cycle for 0.5 < h < 1.67 (the red curves in
Figure 5). Finally, for h > 2.17, the predator goes extinct. For other parameter
values, the abrupt change as h increases can occur when there is a stable limit cycle
on one plane (say (6,6,) = (0,1)) and a stable equilibrium or limit cycle on the
other.

For short handling times, either the predator goes extinct (if h >

4.2.2. No dominated strategy. As pointed out in Section 4.1.2 where ass and a gy,
are both larger than a,s, and agg, the strategy dynamics can become quite com-
plicated with stable boundary equilibria existing when handling times are long. For
this reason, we will start this section with the theoretical analysis assuming that the
mobile (active) predator catches only sessile prey and the sessile (ambush) predator
catches only mobile prey (i.e. appr =0 and ags = 0). One interpretation of this
assumption is that it models a specialist predator who is “intentional” ([11]) in that,
for a given foraging mode, it has a preferred type of prey and will only attack this
type (specifically, a mobile predator only attacks sessile prey and vice versa). From
this perspective, predators in the general model with arbitrary foraging efficiencies
given in Table 1 are (partially) “opportunistic” in that they will also attack prey of
the non preferred type.

With the simplification ajrp = 0 and aggs = 0, the population density and
strategy dynamics (19) and (20) becomes

. oz asmbzz(1-0y)y  ams(1-0.)z0yy
r = rr (1 K) asyOzch+1 ams(1—0,)zh+1 (26)
- + cagyOzx(1—0,)y + canrs(1—04)zbyy
vy o= rY asnyzxh+1 ans(1—0z)zh+1
) _ _ anmstyy _ asm(1-0y)y
0, = ub,(1-20,) (aMs(l—é)T,)ach+1 st Onaht 1 (27)
9' - 0 (1 —0 ) cams(1—0z)r cagyb,x
y Y Y apvs(1—0,)zh+1 asnOzzh+1 )

The equilibrium that we are most interested in is the interior equilibrium where
the prey and predator species coexist with both strategies used by each species.
The interior equilibrium is given by En1 = (23, y5, 0%, G;h) with «}, y; > 0 and
0 <03,0,, <1, where
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FI1GURE 5. The bifurcation diagram for the four-dimensional RM
model with respect to the handling time h when there is a domi-
nated strategy. The diagram is generated by trajectories that start
close to the planes where all predators are mobile and prey are
either all sessile or all mobile. For a fixed value of h, the local
maxima and minima values of x along the trajectory are plotted
(solid curves) for sufficiently large times so that transient behavior
is not expected to be a factor. Thus, a stable equilibrium corre-
sponds to those values of h for which maxx = minz (e.g. the solid
black curve when h < 0.59 and when h > 1.55). For intermediate
values of h, maxz and minx are single-valued but unequal (the
solid black curves for 0.59 < h < 1.55), indicating the trajectory is
periodic with a unique maximum and minimum. The equilibrium
of the density dynamics (23) with (6,,0,) fixed at (0,1) is shown
as the dashed black curve for 0.59 < h < 1.55 and as the solid
black curve outside this interval. This shows that the predator
goes extinct and prey reach carrying capacity at x§; = K (i.e. for
h > 2.14). The plane (6,,6,) = (1,1) is only locally stable under
(19) and (20) for A > 0.208 where the outcome is then given by the
solid red curve; otherwise the system evolves to the plane where
(05,0,) = (0,1). This abrupt jump in the evolutionary outcome is
clear from the change in the stability at h = 0.208 from the un-
stable dashed red curve to the stable solid red curve. Parameters:
asy = 0.2, ayg = 0.55, ags = 0.1, apyypy =06, r =2, K =5,
p=04 c=1u=1and v =1.

o _ w
T, —  a*(c—ph)
* _ rc _ I3
Yn —  a*(c—ph) (1 (cfp,h)Ka*)
* _ ams
zh apmstosm

* — asm
yh aps+asm
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and o = 2MsesM > () (cf. (13)). With the mobile proportions fixed at these

asmtanms
equilibrium values, the population dynamics (26) becomes

jj = rT (1 - %)*_ a(*la:fa;il (29)
OO ca*xy
y = —HY + a*rh+1"

This is the same as (23) and (25) with foraging efficiency now given as o*. Thus,
if the interior equilibrium E}; does not exist, the predators go extinct and prey
evolve to carrying capacity.

In fact, Fpy exists if and only if
cKa* —p

uKaox -
In this case, (z},y;) is globally asymptotically stable for the standard RM preda-
tor prey system (29) with strong predator-prey interaction (specifically, if a* >
5.82-). For intermediate interaction strength (X < ams < 5.822%%), (7,y})
is globally asymptotically stable for either short or long handling times whereas a
globally stable limit cycle around (z},y;;) emerges for handling times of medium
length.

However, from Section 4.1.2, (0;,,,0;,) is always unstable under the replicator
strategy dynamics at fixed equilibrium densities (z}, y5). Thus, it is not surprising
that Ej; is always unstable by evaluating the 4 x 4 Jacobian matrix (Appendix
B1) at this equilibrium for the four-dimensional dynamical system (26) and (27).
This instability implies that we can no longer predict the eventual outcome of the
four-dimensional RM system by separating behavioral and density effects when
FEp exists, as we could for the LV system of Section 3. This is clear from Figure 6
(panels (c) and (d)) where the simulations indicate the dynamics projected onto the
density plane is periodic of period 4 or lower when handling time is short (h < 0.14).
For handling times of medium length (0.14 < h < 0.86), the system displays rich
dynamic behaviors [28] including intervals of period doubling bifurcations for h
as well as intervals where the dynamics appear to exhibit chaotic behavior. For
0.86 < h < 1.41, trajectories with period two again appear with maximum prey
density now close to carrying capacity. A small number of predators maintain
oscillations between mobile and sessile prey populations (i.e. 05 maz and 0, i are
essentially 1 and 0 respectively). For 1.41 < h < 3.09, the predators eventually
go extinct but not before the prey evolve to their preferred strategy (prey prefer
mobility here since foraging efficiency of predators is greater for sessile prey (i.e.
0, = 1 since agpy < apg)). Finally, when Ej; does not exist (i.e. for h > 3.09),
predator extinction occurs so rapidly that there is no selection for the prey strategy
which then evolves to a neutrally stable (mixed) equilibrium that depends on the
trajectory’s initial conditions.

The situation changes when the strategy dynamics is given by the smoothed
best response. Although Ej; remains unstable (Appendix B2) under the coupled
RM system (26) and (21), the rich dynamic behavior observed for the replicator
equation for 0.14 < h < 0.86 no longer occurs. For all handling times where Ej
exists (i.e. 0 < h < 3.09), the dynamic behavior more closely resembles periodic
motion with a single maximum for the strategy dynamics (Figure 6, panel (f)) and
either one or two local maxima for the density dynamics (Figure 6, panel (e)).

In fact, it is clear from Figure 6 that the four-dimensional RM system driven by
the replicator equation and the one driven by the smoothed best response dynamics

0<h< (30)
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FIGURE 6. Trajectories of the strategy dynamics and bifurcation
diagrams with respect to handling time for the four-dimensional
RM system when there is no dominant strategy and Ej; exists.
Panels (a) and (b) show trajectories of the replicator equation (27)
and the smoothed best response (21) respectively when A = 0.25
and densities are fixed at (z*,y*) given by Fjp; in (28). Panels
(c) and (d) give bifurcation diagrams projected on the density and
strategy planes respectively for the RM system (26) and (27) (i.e.
the strategy dynamics is given by the replicator equation). Panels
(e) and (f) give these same bifurcation diagrams when the strategy
dynamics is given by the smoothed best response (21). The (local)
maxima (blue) and minima (red) values plotted in panels (c), (d),
(e) and (f) are taken along a trajectory (as in Figure 5). The dashed
lines in these four panels give the interior equilibrium FEj; as a
function of h for densities (panels (¢) and (e)) and for strategies
(panels (d) and (f) where this equilibrium is independent of h).
Other parameters: agy = 1.3, apys =15, r=2, K =6, u = 0.3,
c=lL,u=1lLv=1l,m=1andn=1.

equation behave significantly differently whenever Ej; exists. Under the replicator
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equation, the total population size of the predator approaches 0 when A > 1.41.
With the extinction of the predator, the prey population reaches its carrying ca-
pacity K. However, under the smoothed best response, both the prey and predator
species survive when 1.41 < h < 3.09. With the increase of h, the predator species
has less time to spend chasing prey. As a result, their abilities to survive and to
reproduce decrease. In this case, for the predator species, the ability to adjust
behaviors to maximize their fitness is very important. Since, for the same fitness
difference, the smoothed best response allows the predator species to react more
quickly than under the replicator equation (Appendix B3), the predator species is
more likely to survive when its strategy evolution is based on the smoothed best
response.

Next we consider the coupled system (26) and (27) when Ej; does not exist. In
this case, there may be boundary equilibria where predators do not go extinct. For
example, (26) and (27) has the biologically feasible pure strategic equilibrium

1 re 7

Bz = (aMs (c— )’ anrs (c— ph) (1 <c—uh>KaMs> 0 1)

if and only if ph < ¢ and (c—;iiih)l( < aprs. However, this equilibrium where all
predators are mobile and all prey sessile is now unstable since sessile prey can invade
such a system (see also Appendix B). The other possible boundary equilibrium

M re M
Ens = , 1-— . 1,0
" (aszvz(c—uh) aSM<c—uh>< (c—uh)Ka5M> )

where all predators are sessile and all prey mobile (which exists if and only if p h < ¢
and W < agy) is also unstable. Based on this, we expect the predators will
always go extinct and the prey go to carrying capacity just as occurred in the LV
system of Section 3 when there is no dominating strategy and the interior equilib-
rium does not exist. This intuition is illustrated in Figure 6 (panels (¢) and (e))
where, for h > 3.09, Ej; does not exist and = equals the equilibrium carrying ca-
pacity K = 6 since no predators survive. The predator extinction occurs so rapidly
for A > 3.09 that the prey strategy approaches a neutrally stable polymorphic
equilibrium (Figure 6, panels (d) and (f)) that depends on the trajectory’s initial
conditions.'6

The analysis so far in this section assumes that there is no dominance since
ayy = 0 and ags = 0. When aprpys and agg are not both zero, the interior
equilibrium E}j; can no longer be determined analytically as in (28) but can be
found numerically. This is illustrated in Figure 7 where agg is taken as 0 and the
numerical solution for Ej; is shown as the dashed black curves in panels (a), (b),
(d) and (e) as aprps increases. For the parameter values chosen there, there is no
dominance for 0 < aprp < 1.3. Figure 7, panels (a) and (b), also shows the rich
dynamic behavior of the four-dimensional RM system under the replicator equation
(20) compared to that under the smoothed best response (21) given in panels (d)
and (e). In fact, there appears to be chaotic behavior under the replicator equation
for most choices of ajsps in this parameter range whereas trajectories are often of
period two or four under the smoothed best response. These results are consistent
with the maximum Lyapunov exponent being mostly positive for the replicator

16This contrasts with prey strategies either oscillating or approaching a pure strategy for h <
3.09. Simulations of prey population size for h > 3.09 (not shown) indicate that prey evolve to
their carrying capacity in similar fashion to those shown in Figure 4 for the LV system (i.e. to a
single point on the line where z1 + z2 = K).
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equation (panel (c¢)) compared to intervals where it is negative for the smoothed
best response (panel (f)).

Maximum Lyapunov exponent
o
=

0.04

SET
ST

-0.04]

) .- (red) |

* min

Maximum Lyapunov exponent

-0.06

FiGURE 7. Bifurcation diagrams for the RM system showing the
dependence of the long-run behavior on a sy, when Ep; exists and
there is no dominance (i.e. 0 < apn < 1.3). The numerical
solution for Ej; is shown as the dashed black curve. The long-
run local maxima (blue) and minima (red) values of the prey den-
sity (respectively, strategy) along trajectories are plotted under the
replicator equation in panel (a) (respectively, panel (b)) and un-
der the smoothed best response in panel (d) (respectively, panel
(e)). (The exception is in panel (a) where only the local maxima
are plotted since the diagram becomes too hard to decipher if lo-
cal minima are also included.) The maximum Lyapunov exponents
under the replicator equation (panel (¢)) and under the smoothed
best response (panel (f)) are also given for these trajectories. The
horizontal line at height 0 is provided in these panels to emphasize
where the Lyapunov exponent is positive and where it is negative.
Parameters: asy = 1.3, apys = 1.5, ags = 0, r = 2, K = 6,
h=03 =03, c=1Lu=1Lv=1,m=1andn=1.

The above analysis of how the four-dimensional RM system depends on apsas
can be extended beyond the range where there is no dominance. Specifically, for
aypy > min{agy, ans), there is dominance. Thus, when the other parameters
are those used in Figure 7, we are back to the situation of a dominant strategy
as discussed in Sections 4.1.1 and 4.2.1 when azps > 1.3 since apps > agy and
apys > ags. The simulations, which are not provided here, show that the system
evolves to a mobile predator population and that either all prey become mobile or
all sessile (as predicted in Section 4.2.1). In fact, for these parameters, there are
stable limit cycles on the corresponding ¢, = 0,6, = 1 and the 6, = 1,0, =1
boundary planes since we are in the middle range of handling times as in Figure 5.
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Here, however, the simulated limit cycles show the two species take turns getting
quite close to extinction.

5. Discussion. To study co-evolution in predator-prey systems, it is important to
understand how behavioral (i.e. strategy) evolution in each species can influence
population dynamics (and vice versa). In particular, it is important to know when
these two factors can be analyzed separately when studying such co-evolutionary
systems. Two complementary approaches based on the assumption of complete
time scales separation have been developed. The first approach assumes that the
behavioral process acts on a fast time scale and instantaneously reaches its equilib-
rium for any given population sizes, which we use to solve for the stable equilibrium
of the resulting population dynamics [25, 26]. The second approach, called adaptive
dynamics, assumes that population dynamics are at a population equilibrium at the
current trait value and then solves for the trait dynamics (e.g., [14, 15, 19]).
However, it is often the case that behavioral and density evolutionary processes
do not operate on different time scales [12] or that one (or both) of these processes
do not evolve to equilibrium. A general framework for dealing with such systems
was developed by Vincent and Brown [39]. It is such circumstances that are the

Interaction Interaction Foraging Population
Type Strength Mode Dynamics
Dominant Strong Predator Mobile Globally Stable
Strategy 2 < aws Prey Sessile Predator-Prey Coexistence
Prey Sessile Weak Prey at Carrying Capacity
Predator Mobile ﬁ > aums Predator Extinct

Stable Coexistence

ron . . loball, 1
No Dominant LSt<O o;g* of Mobile and Sessile Preditzllr)—aP’r}(;yS tCa:e(jcist
cK Predator and Prey
Strategy Weak Prey at Carrying Capacity
te>a” Predator Extinct

TABLE 2. How the evolutionary outcome of the Lotka-Volterra
model with interspecific strategic effects depends on strategy dom-
inance and the strength of predator-prey interaction. When in-
teractions are weak (i.e. predator foraging efficiency « is small
compared to other model parameters, o < Z), the prey evolve to
carrying capacity and predators go extinct. The foraging mode of
the predator and prey is then irrelevant as indicated by the two
blank entries in this column. For strong interactions, the forag-
ing mode either evolves to the dominant strategy (which is mobile
predator and sessile prey when dominance is given by condition
(9) with corresponding foraging efficiency agsps) or to the stable
coexistence equilibrium of both strategy types when there is no
dominant strategy (with corresponding foraging efficiency a* given
by (13)). In both cases, there is a globally stable equilibrium where
predators and prey coexist.

subject of our investigation. For the predator-prey models we consider, we assume
that each species can adopt either mobile or sessile behaviors. Our results are
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most complete when the density dynamics is given through a Lotka-Volterra model.
We then show that, independent of time scales, the evolutionary outcome depends
only on whether one of the species has a dominant strategy. For example, if mobile
predators do better than sessile predators no matter what behavior their prey adopt,
then the co-evolutionary outcome will be given by assuming that all predators are
mobile and prey adopt their best choice against such predators. Depending on
the predator foraging efficiency (i.e. the interaction strength) when the species use
these two behaviors, either there is predator-prey coexistence or the predators go
extinct. This is reported in the top half of Table 2 where it is assumed that prey
are better off being sessile if predators are mobile. When there is no dominant
strategy (bottom half of Table 2), neither species should use one strategy all the
time. In fact, a specific mixed strategy (i.e. a mixture for each species) is best and
then there is stable predator-prey coexistence at this stable mixed strategy or the
predators go extinct.

Interaction Strength Foragin . .
versus Handing T%me Mogde © Population Dynamics
Very Weak Prey at Carrying Capacity
avmK(c— ph) < p - Predator Extinct
Weak Prey at Carrying Capacity
avsK(c— ph) < p - Predator Extinct
< aumK(c— ph) Predator Mobile Locally Stable Equilibrium
< min{ C+}fh, Kcans} Prey Mobile Predator-Prey Coexistence
. Locally Stable Equilibrium
Intermediate Predator Mobile or Locale Stable Eimit Cycle

Prey Mobil il .
rey Mobile or Sessile Predator-Prey Coexistence

Strong
cams < amm (c—ph) Predator Mobile Globally Stable Equilibrium
< c}*—&h, Prey Sessile Predator-Prey Coexistence

u < amsK(c— ph)

TABLE 3. How the evolutionary outcome of the Rosenzweig-
MacArthur model with interspecific strategic effects depends on
handling time h and the strength of predator-prey interaction
aps and/or apps when there is a dominant strategy.  For
very weak interaction strength compared to handling time (i.e.
an K (c—ph) < p), the predator goes extinct and the prey evolve
to carrying capacity (first row). This outcome also occurs for weak
interaction strength (second row) or else predator and prey coex-
ist with a locally asymptotically stable equilibrium when they are
both mobile. For intermediate interaction strength (third row), the
predator is always mobile and there are locally stable coexistence
equilibrium or locally stable limit cycle with prey either mobile or
sessile. Finally, there is a globally stable coexistence equilibrium
with predator mobile and prey sessile when interaction strength
compared to handling time is strong (row 4).

The results in Table 2 show that the co-evolutionary system can be understood
by first finding the stable evolutionary outcome of the behavioral dynamics and then
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solving the density dynamics at these fixed behaviors. It is important to emphasize
here that these results do not assume behavioral evolution operates on a different
time scale than changes in population sizes. Table 2 is then useful for biologists
to predict observed behavior in predator-prey systems. What is needed from these
observations is the dominance relationship among strategies and estimates of the
foraging efficiencies.

Table 3 summarizes the corresponding results (which now depend on interaction
strength compared to handling time) for the Rosenzweig-MacArthur model when
there is the dominant strategy given by mobile predator and sessile prey (with
corresponding foraging efficiency ajsg) in that condition (9) holds. If biologists
suspect there is a dominance relationship among the strategy types, Table 3 can
be used to predict the observed outcome of the predator-prey system once foraging
efficiency and handling times have been estimated.

If there is no dominance among strategies (i.e. when the game theory pre-
dicts polymorphism), the evolutionary outcome is more difficult to describe in the
Rosenzweig-MacArthur model. The analysis of the important special case when
a predator never catches a prey that adopts the same movement strategy (i.e.
ayy = ags = 0) (e.g. the predator’s foraging behavior is intentional [11]) is
most complete. There will then be predator-prey coexistence if and only if there
is a polymorphic equilibrium in both species (e.g. some predators will adopt the
mobile strategy and others the sessile). The coexistence equilibrium is now never
stable; instead, either periodic motion (with amplitude depending on both the type
of strategy dynamics and on the handling time) around this equilibrium emerges,
or there is “rich” dynamic behavior that includes chaos and period-doubling bi-
furcations. Otherwise, the predator goes to extinction and the prey to carrying
capacity, which occurs when interaction strength at the polymorphic equilibrium is
weak compared to handling time (i.e. a*(c — ph)K < p).

The strategic outcomes for foraging modes in Tables 2 and 3 should shape the
way ecologists think about the evolution of movement in predator-prey systems.
The results summarized there suggest that, if there is a dominance relation among
strategies, then most individuals in a given species can expected to be mobile (or
most sessile). That is, either observing a stable mixture of foraging modes in one
species or observing fluctuations in foraging modes in a predator-prey system indi-
cates that there is no dominance among the strategies of either predators or prey and
that foraging efficiencies are relatively high in order to avoid predator extinction.'”

Finally, when there is no dominance but predators are not strictly intentional,
monomorphic foraging modes with predator-prey coexistence can appear in the
evolutionary outcome of Rosenzweig-MacArthur models as discussed at the end of
Section 4 (cf. Figure 7). Furthermore, dominance relations among strategies may
change as population sizes evolve as environmental factors alter (situations that are
beyond the scope of this paper). These possibilities should also be kept in mind
when biologists consider the effects of strategies on interspecific interactions for real
predator-prey systems. The analyses of such models are important topics for future
research.

70ur analysis also indicates that fluctuating foraging modes means that the predator-prey
system is not of LV type. For us, we then have an RM system based on the Holling II functional
response. Interestingly, the rich dynamic behavior tends to occur for the replicator equation rather
than for the smoothed best response dynamics.
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Appendix A. The Lotka-Volterra Model.

Appendix A1. The stability of the Lotka- Volterra model when there is no
dominated strategy. First, we study the stability of the interior equilibrium FE;
when it exists in Section 3.2.2 for the coupled system (6) and (7) (i.e. the strategy
dynamics is given by the replicator equation). The linearization at the equilibrium
E; is the following Jacobian matrix:

77“[1(* —at* 0 0
cay* 0 0 0
J p—
Bl 0 0 0 uy* (aspr — anr) 0%
0 0 —cvx* (aMS—aMM)% 0

(31)

To obtain these entries for Jg1 (e.g. these in the first row) from (6), note that
i = afr(1-%)— ammbyybs — amstyy (1 —6,)

—asm (1= 0y) ybs — ags (1 —0y) y (1 - 0,)],
where the expression in the square bracket is 0 at Fq. These entries, in order, are

thus

oz _ r

= m*(_i)’
oz _ * ™ * * ok
3 = fxr(lf—F.)/yffax,

887952 = —z*y* (OéMMQ; — OéM59; + asp (1 — 9;) — agss (1 — 9;)) =0,

(32)

(33)

[ok: _

ﬁ 0.
Similar calculations are done to find the rest of the entries of Jg; as well as the
other Jacobians in Appendices A and B.

The eigenvalues of the block diagonal matrix Jg; can be obtained from its upper
main diagonal block matrix

rz* %,k
-z —ao*z
Jepw = XK, ;
ca’y 0

and its lower main diagonal block matrix

J _ [ 0 uy* (s — annr) 05 ]
E1L = .

—cvz* (ans — anr) 0y 0

That is, the eigenvalues emerge by linearizing the density dynamics (6) about Fj
holding the frequencies fixed (i.e. the dynamics (12)) to yield Jg1p and vice versa to
yield Jg1r,. Under the assumption (8), if the interior equilibrium E; is biologically
feasible, we have

*

rx
K7

tI‘(JElU) = —

and
det(Jg1p) = ¢ (o) z*y* > 0.
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The eigenvalues of matrix Jgi1py both have negative real parts since this 2 x 2-
matrix has negative trace and positive determinant. That is, (z*,y*) is a locally
asymptotically stable equilibrium of the dynamics (12), as is well-known for the
linearization method.

Next we consider the eigenvalues of matrix Jg1r,. Since the diagonal entries of
JEe1r are both 0 and

det(JElU) = cuvx*y* (aSM — aMM) (OLJ\/[S — OéMM) 9;9; > 0,
the two eigenvalues of matrix Jg1py are purely imaginary. This is also well-known
for the strategy dynamics given by the replicator equation [22].
Secondly, consider the coupled system (6) and (11) (i.e. the strategy dynamics
is given by the smoothed best response), which share the same equilibria as (6) and

(7). Assuming that the interior equilibrium F; exists, the linearization at E; is now
the Jacobian matrix

e 0 0
cay* 0 0 0
J =
B 0 0 0 my* (asy — amm) 0
0 0 —nex* (aps — apwm) 0, 0

(34)
That is, by comparing (31) with (34), we see that m and n play the same role for the
smoothed best response that u and v play for the replicator equation as mentioned
in the main text. In particular, the stability analysis of E; through linearization
is the same for both strategy dynamics. That is, since the matrix Jg; has two
eigenvalues with negative real parts and two purely imaginary eigenvalues in both
cases, the stability analysis of F; through linearization is inconclusive as claimed in
the main text.

Finally, we study the stability of the equilibrium E» = (t—, T(C?;‘%ffK_ W, 1)
when it exists. For the coupled system (6) and (7), the corresponding Jacobian at
FEs is given by

__ur _pu rlecapysK—pplapms—amm) rlcapysK—p)p(ass—ans)
caps K c c2al K cZay o
r(capsK—p) 0 T(COLMSK*H)#(%MM*QMS) rcapysK—p)plaps—oss)
J o an s K CO‘JWSK CO‘MSK
B2= 0 0 ur(capsK—p)(anms—oanm) 0
c QMSK
0 0 0 vp (ss—ams)
ans

The eigenvalues of Jgo can be obtained by calculating the eigenvalues of the fol-
lowing two 2 x 2 block matrices due to the 2 x 2 zero matrix in the lower left
corner:

_ kT _K
JE2U = r(cacj\(/flg[fgi(u) Oc )
(XMsK
and
ur(cansK—p)(ans—anrar) 0
ca? K
Ms
Jp2r =
0 v (ass—ams)
ams

The two eigenvalues of matrix Jgoy both have negative real parts, corresponding to
the stability of the density dynamics when strategies are fixed as (6,,6,) = (0, 1).
On the other hand, the eigenvalues of Jgo;, depend on whether there is a dominant
strategy.
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When the mobile predator strategy is dominant (Section 3.2.1, apnm > aps
and ays > agg), both eigenvalues of Jgoy are negative and so Es is locally
asyptotically stable (in fact, it is globally asyptotically stable as shown in the
main text since (0,1) emerges from the iterated elimination of dominated strate-
gies). However, in Section 3.2.2 where there is no dominant strategy, the eigenvalue

urlcamsK—p)(ams—amm) - ( and so F, is unstable. This instability of Ey is also
cay; oK

clear from the fact that when all prey are sessile and predators are mobile (i.e.
at (05,6,) = (0,1)), mobile prey have higher fitness due to predation than sessile
prey (i.e. —apnm > —ans) and so can invade the system at this equilibrium. The
stability analysis of each of the boundary equilibria Fs, F3, E4, F5 are all similar.

For the coupled system (6) and (11) (i.e. the strategy dynamics is given by the
smoothed best response), the corresponding Jacobian matrix at Fs is

o ru n r(comsK—p)pu(ams—anm) r(camsK—p)p(ass—ams) ]
carnsK c c2aj, oK 2ol K
r(cansK—up) 0 r(camsK—p)p (saMM*aZWS) r(camsK—p)p(ams—ass)
apms K coz?v[SK c O‘?MsK
"”"("‘MS*"‘J\/I;VI)(C“A4SK*“)
0 0 e e sk -1 0
nu(ass—ams)
0 0 0 e aMs —1
"”(f’Ms—OM2M)(C"MSK—%‘) X
Since e coqrs K —1 > 0 if and only if mr(aMS*(z;WZM)E(CO‘MS D)
MS

nu(ess—ans) . oo np(ass—ans) . .
and e “Ms — 1> 0 if and only if % > 0, the eigenvalues of this

Jacobian have the same properties as those of Jgs. Thus, when Fs exists, it is
unstable under (6) and (11) when there is no dominated strategy and stable when
there is.

Appendix A2. An alternative Lotka-Volterra model and convergence to
E;. The Lotka-Volterra predator-prey dynamics with strategic mobility effects (6)
and (7) can also be developed in terms of the densities of mobile and of sessile
individuals in each population. This equivalent formulation will prove quite useful
in the analysis below. Specifically, let z; and zo be the densities of mobile and
sessile prey respectively (i.e. 1 = 0,z and 2 = (1 — 6,) z) and y; and ys be the
densities of mobile and sessile prey respectively (i.e. y1 = 6,y and y2 = (1 —6,) y).
A lengthy but straightforward calculus exercise yields the system

B)

i = ray (1- —asMT1Y2 — AMMT1Y1

ziz2(u—1)(amsy1+assy2—Asmy2—am M Y1)
+ o
142

By = rag (1 — BE22) — apgaayr — agszays
+1’17«'2(u—l)(OéSMy2+OéMMy1—aMsy1—Oéssyz)
. wites (35)
Y1 = —pyrtcapsTayitcap iy
+y1yz(vfl)(caMs:vz+conMw1fcaszwwlfcasswz)
y1+y2
Y2 = —pYy2FcaspyTiys + cassraye

y1y2(v—1)(casmT1+cassra—CcansTa—CapmpMT1)
+ : .
Yy1+y2
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The equilibria listed above can also be given in terms of the equivalent formulation
of the model (35). Specifically, the interior equilibrium E; corresponds to

x u(ams—ass)
Ty = )
clamsasmM—assanmm)
x _ pwlasm—annr)
Ty = )
clamsasm—assanr)
Yt = r(asm—ass)(—pavms+amscasy K+panm —cass Koy —pasm+pass)
1 Kc(omsasm—ossana)? ’ (36)
y* — r(—ammtams)(—pamstamscasu K+pan v —cass Kanp v —pasv+pass)
2 Kc(anmsasm—assonr)? ’
1 r(cKasm—p)
whereas Fo, F3, F4 and FEs5 correspond to (m, 0, 0, W)’
i r(apscK—p) I r(Keags—p) I3 r(cap v K—p)
(0’ caps’ CKO‘?\/IS ’ 0)7 (0’ cags’ 0’ cKaQSS ) and (COAMM’ O’ cKoc?uM O)

respectively. Finally, all the equilibria Eg, E7 and Fg correspond to the line Fx =
{(z1,22,0,0) | 1 + 22 = K} where the prey population is at carrying capacity and
there are no predators.

In particular, in the special case that u = v = 1, we obtain

i1 = ray (1— 8E2) —agyaiye — apm T

By = raa(l— BER2) — ansToy — agsTaye (37)
Y1 = —pyr +canpsrayl + canmpmriyl

Y2 = —py2+casyTiye + cossTaye.

We note that system (37) has the same equilibria as system (35). Now suppose that
there is no dominated strategy (as in Section 3.2) and that F; exists. The global
asymptotic stability of F; for (37) can then be shown by considering the following
Lyapunov function

V=elm o —aii(5) +e (e —oiaimn (32)) + (n—vi i (1))

(- —wsn (%)),

(38)
which has a unique minimum at E;. The derivative of V' is obtained as
V o= ¢z —23) (r(1—%) — asmy2 — anmyr)
te(wy —as) (r(1 - £) — amsyr — assyz)
+(y1 — y}) (—py1 + cansma + caprprey) (39)

+ (yz — y%‘) (—[L +cagypxi + COtss.TQ)

= —% (2 — 2t +ay—a3)’.

Thus, V < 0 unless & = z*. By LaSalle’s invariance principle (LaSalle, 1976), any
interior trajectory of (37) must converge to an invariant subset of {(x1,z2,y1,¥y2) |
1+ 29 = x* and y > 0}. That is, prey density converges to z* as stated in Section
3.2.2.

In fact, it can also be shown that F; is an w—limit point of all these trajectories.
To this end, let M be the maximal invariant subset of {(z1, z2,y1,92) | 1 +22 = z*
and y > 0} under (37). We first show that every interior trajectory of (37) that is
initially in M converges to F;. For any such trajectory, since £ = 0 and x = x*,

y=ct+y= c(m:* (1 - %) —My> by (37). But crz* <1 — %) = uy* at E;
and so y = u(y* —y). Thus, (z1,22,y1,y2) converges to an invariant subset of
{(z1,22,y1,92) | 71 + 22 = 2" and y; +y2 = y*}.
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Substituting z* and y* from (15) into (6) with & = 0 yields

T<1_3;;) (OéMs+OéSM—OéMM—Oési),quQQ:O7 (40)
c(apmmass — apsosny)
where
Q1= 0 (amm + ass — ams — asy) + aps — ass
and

Q2 =0y (apm + ass — aps — asy) + asy — ass.

Thus, we have @1 = 0 or Q2 = 0. That is, either 0, = 0; or 6, = 0, from (10).
In the first case, 1 = x7 and x5 = x5, and 0, = 0. Thus, by the first equation
of system (7), y1 = Oyy = yi and y» = y5. Similarly, 6, = ¢, implies y1 = y7,
y2 = y3 and then the second equation of (7) implies 1 = z} and xzo = x3. That is,
E; is the only invariant subset in the interior of {(x1,z2,y1,¥y2) | 1 + 22 = 2* and
y1 + y2 = y*}. Thus, every trajectory of (37) (i.e. of (6) and (7) when u =v = 1)
that is initially in the interior of M converges to ;. Since every interior trajectory
of (37) converges to M (whether it is in M initially or not), it has F; as an w—limit
point.

Appendix B. The Rosenzweig-MacArthur model when there is no dom-
inant strategy.

Appendix B1: RM model with replicator equation. To investigate the sta-
bility of Ep1, we consider the Jacobian matrix of (26) and (27) at Ej;, which is
obtained as

re; (Ko"h—1—2axz; h)
: K(o*zj h+1) ’ _% 0 0
; @ aphi T 0 0 0
Ehl = . .
0 0 %(1—%) ur(l—%)
0 0 vp (ph—c) 0

c

We notice that the eigenvalues of the following matrices,

ray, (Ka"h—1—2a"z} h) I
K(a*zih+1 T
JEhlU[ cayr ) 0 ] (41)
(a*x} h41)2

and

urph (1 — ﬁ) ur (1 - w—’)
JeniL = [ CW (Hh_C)K 0 K (42)

are also the eigenvalues of matrix Jgp1. Thus, linearization shows that Jgpy is
locally asymptotically stable if and only if Jgp1y and Jgpir, both have negative
trace and positive determinant. We note that det(Jgpi1p) > 0, and det(Jgp1r) =

L (¢ —ph) (1— %’1) > 0 when Ej; exists. Also, notice that tr(Jgp1p) < 0 if and

only if Kg‘;hh_ L < x; < K as stated in the main text. Finally, we consider the trace

of matrix Jgp1r. It is easy to verify that tr(Jgpip) = th(l — %’) > 0. Thus
JEr1r has an eigenvalue with positive real part and so E}j; is unstable.
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Next we consider the stability of the biologically realistic pure strategy equilib-

riumEhQ:(aMs(/:—uh)’ OAMS(TCC—Mh) 1- (c—p hSLKaMs ’ 0’ 1) - (9322, y;:z’ 9;h2’ 0;}12)'
The Jacobian matrix of systems(26) and (27) at Fps is given by

by (Cemphyreh,  _po _rwsip o o rie)? oo
c cK c apysKc apsc K h2
* * 2
i _ i THZ]y x _ re(@hy)®
JER2 = aps K + (C K h) r 0 s + amsk  TCTh2 K
0 0 ru1-2) 0
0 0 0 — v

Due to the structure of matrix Jgpa, its eigenvalues can be obtained by calculating
the eigenvalues of the following two 2 x 2 matrices

[ hrp | (Cemph)ran, _u]
J _ c cK c
Eh2U = - )
—QMSK—F(—ph—FC)r 0
and
U 1—@> 0
JEhQL:[ ( K 1
0 —uv

Since the eigenvalues of the diagonal matrix Jgpor are ru (1 — %) >0 and —pwv,

FE5 is unstable when it exists.
The instabilities of the other boundary equilibria where predator and prey coexist
can be proved in a similar way.

Appendix B2: RM model with smoothed best response strategy dynam-
ics. For the Rosenzweig-MacArthur model, the game between the prey species and
predator species can also be described using the smoothed best response:

. oz asmb.z(1-04)y  ams(1-0.)x0yy
T = e (1 K) asnbzxh+1 aMS(l—Gm)zh+1 (43)
- + caspbzx(1—6,)y + cons(1—04)zbyy
Y= ry asyOzxh+1 apms(1—04)zh+10
~_magpy (1-6y)y
9' o O,e agpOzxzh+1 _ 0
x - 77naSA{(1—6y)y _ mapnrgOyy x
91 agpOzxh+1 + 179:: apns(1—=0z)xzh+1
¢ 710@1\/15((179,;))2 (44)

0, MS(I=0)zh+1

0, =

—0,.

ncaprg(l—0g)x ncagn Oz
GyeaMS(l—ez)x}Hrl +(176y)e°‘SM91""h+1

We notice that systems (26), (27) and systems (43), (44) share the same equilibria.

We first consider the stability of the interior equilibrium Ej; of systems (43) and
(44). Linearizing systems (43) and (44) at Ej; yields the corresponding Jacobian
given by

[ rzy (Ka*h—1—2a"z} h) 4 ]
’ K(a*z; ht1) ’ _% 0 0
ety 0 0 0
a* xFh+1 2
Jsn1 = (o aih+1) ) )
0 0 —mTC"h (1 - %’1) rm (1 - %)
0 0 np(hp—c) 0
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This is the same matrix as Jgp1 for the replicator equation with m and n taking
the place of u and v. Thus, the interior equilibrium FEj; of the four dimensional
RM system with smoothed best response (43) and (44) is unstable.

Next we consider the stability of the pure strategic equilibrium Fj5. Linearizing

systems (43) and (44) at Epa, we obtain

[ hrw | (emphyrag, o _rpag, o orp r(Ene)? k]

c + cK c aysKe + apsc K TTpo
. . 2
—_T _ _ Ty THZpo x _ re(Tho)

aps K + (C H h) r 0 aums aus K TCTho K

Jsn2 = .
rm(l—%)
0 0 e -1 0
0 0 0 e —1

The stability of matrix Jgpo is determined by the eigenvalues of the following
two matrices

hrp | (emuhrai,  _p
Jsnov =| ., oK ¢ ;
—QMSK—I—(c—uh)r 0
and
1_Tha
Jsnar = erm( x ) —1 0
0 e M —1

Tho
Since the eigenvalues of matrix Jgpar are erm<1 K ) —1>0and e *™—1<0,
the pure strategic equilibrium FEjs is unstable. The other boundary equilibria of
systems (43) and (44) where predator and prey coexist can also be shown to be
unstable by a similar analysis.

Appendix B3: Predator reaction time in the RM model. Let AW denote
the fitness difference W), — Wy of the predator species, i.e.,

cays(l—0,)x 3 cogyOzsx copnr Oz __ cass (1-6,)x
aps (U —0)zh+1  aspybezh+1  appbezh+1l  ags (1 —0,)xh+ 17

The predator strategy dynamics can then be written as

AW =

0, = v, (1 —6,) AW, (45)
for the replicator equation (20) and as
. 9. enAW
0y = — 0y (46)

B OyendW + (1 —0,)

for the smoothed best response dynamics (21).

If we assume that most predators are sessile (i.e., , ~ 0), then most prey will
also be sessile (i.e., 8, =~ 0) to avoid being caught. In this case, the fitness of the
predators is minimized since aypr = ags = 0. In order to survive, the predators
must increase their per capita growth rate by reacting to the fitness difference AW.
Partial differentiation of (45) and (46) with respect to AW yields

a0

8A11;V = Uey (1 - ey) ’ (47)
and ) Aw
00, e"
> =nf, (1—10,) , (48)
N O S Pk
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respectively.
AW @gy
G, i10,)° > 1 for 0, — 0, 5x1

response dynamics than for the replicator equation. Thus, the predator species
reacts more quickly and has a higher chance to survive under the smoothed best
response. The same conclusion is reached using a similar analysis if we assume most
predators are mobile (i.e. 6, ~ 1).

Since is greater for the smoothed best
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