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We analyse a mathematical model of the population dynamics among a mimic, a corresponding model,
and their common predator populations. Predator changes its search-and-attack probability by forming
and losing its search image. It cannot distinguish the mimic from the model. Once a predator eats a model
individual, it comes to omit both the model and the mimic species from its diet menu. If a predator eats a
mimic individual, it comes to increase the search-and-attack probability for both model and mimic. The
predator may lose the repulsive/attractive search image with a probability per day. By analysing our model,
we can derive the mathematical condition for the persistence of model and mimic populations, and then
get the result that the condition for the persistence of model population does not depend on the mimic
population size, while the condition for the persistence of mimic population does depend the predator’s
memory of search image.

Keywords: population dynamics; hybrid model; mimicry; search image; memory
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1. Introduction

Batesian mimicry is such a phenotype that a prey species (mimic) resembles some warning signals
of another species (called model species) which is more or less unpalatable for the predator due to
its physiological or morphological defence. To reduce the predation pressure, the mimic species
benefits from the predator’s learning ability to avoid eating the unpalatable species after it eats the
model species by chance [3,11,14,16]. In general, the predator—prey interaction is affected by the
predator’s learning ability to create the search image for its prey and its memory, which have been
attracting observational /experimental/theoretical researches in behavioural, psychological, and
evolutionary ecology [6,10,18-20]. Mimicry is naturally one of the main subjects in such research.

The efficiency of mimicry significantly depends on the frequency of predator’s encountering the
model individuals, because the lower frequency makes the smaller probability for the predator to
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create the repulsive search image, that is, the smaller mimic benefit. The frequency is determined
by the model and the mimic population densities. Therefore, the efficiency of mimicry depends
on the population dynamics among the model, the mimic, and their predator, too. In this paper, as
a theoretical problem, we consider the population dynamics of model-mimic system, involving
the predator’s memory of the search image for its prey.

Tsoularis and Wallace [24] and Tsoularis [21-23] considered a type of mathematical model
with the predator’s learning and forgetting and discussed its effect on the predation rate, making
use of numerical calculations of the mathematical model, ‘learning automaton’ as it is called by
themselves. They mainly discussed the predation efficiency from the viewpoint of its optimality as
foraging strategy. Some other researchers have considered mathematical models with Monte Carlo
numerical simulation, too, mainly to discuss some evolutionary aspects of mimicry, for example,
mimic polymorphism [20], Batesian—Miillerian dichotomy [7-9], coexistence of co-mimic or
other palatable species [6,18,19], etc.

In this paper, we analyse a mathematical model of the population dynamics among a mimic, a
corresponding model, and their predator populations. The mathematical model was constructed
and preliminarily analysed in [17]. Predator changes its search-and-attack probability by forming
and losing its search image. Our mathematical model consists of the daily population dynamics
with ordinary differential equations, the seasonal population dynamics with difference equations,
and the annual population dynamics with difference equations. Analysing our model system, we
can get the result that the condition for the persistence of model population does not depend on the
mimic population size, while the condition for the persistence of mimic population does depend
on the model population size and the predator’s memory of search image. From these results, we
can give a mathematically explicit conclusion about the important role of the predator’s memory
of search image for the establishment of persistent model-mimic system.

2. Base modelling

We analyse a mathematical model consisting of the daily population dynamics with ordinary
differential equations, the seasonal population dynamics with difference equations, and the annual
population dynamics with difference equations (see Figure 1). Each predation season is composed
with the daily dynamics repeated in T days.

The predator population size is assumed to be kept constant, given by P, independently of the
model and the mimic population sizes. This means that the predator is assumed to be a generalist
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Figure 1. Multi time-scale structure of population dynamics in our model.
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Figure 2. Pradator’s state transition due to eating the model or the mimic prey.

and have some other prey to keep the stationary population size, so that it can survive and sustain
its population even if the model and the mimic population go extinct.

The reproduction of model and mimic populations is assumed to occur in the period between the
subsequent predation seasons. There is no reproduction of model or mimic within the predation
season, so that the model and the mimic populations monotonically decrease during the predation
season due to the predation.

Differently from the previous models of population dynamics about model-mimic system with
either ordinary differential or difference equations system (e.g. [2,25]), our model can be regarded
as a hybrid system of them (for a similar modelling, see [15]). However, our system could not be
considered to be more complicated than the previous ones, because our modelling resulting in a
hybrid model is neither for increasing the complexity towards the reality nor for introducing any
new factor into the theoretical discussion, but rather for a mathematically tractable structure led
from a simplification of natural scheme in the population dynamics of model and mimic species.
We do not know any other mathematically tractable population dynamics model analysis about
model-mimic system involving the effect of predator’s behavioural change linked its memory of
search image.

2.1. Daily dynamics

We assume that the predator cannot distinguish the mimic from the model, so that the predator
searches and attacks them with a common probability. Once a predator eats a model individual
in a day, it comes to omit both the model and the mimic species from its diet menu, and then not
to search for nor attack them in the same day. In contrast, if a predator eats a mimic individual,
it comes to increase the search-and-attack probability for both the model and the mimic (see
Figure 2).

This kind of role of predator’s search image in the predator—prey relationship has attracted
many researchers in behavioural ecology (for a general review, see [10]). Although our assump-
tions including those given in the following sections would seem oversimplified in contrast to the
reality, we expect that our assumptions do not lose the principal nature of model-mimic popula-
tion dynamics, in order to theoretically elucidate some important issues in the establishment of
persistent model-mimic system.
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In the kth day of predation season, the predator frequency without any search image for the
model/mimic prey, that is, at the neutral state in terms of the search-and-attack probability, is
givenby p¥(1) (k = 1,2,...,T) at time ¢ after the beginning of the predation period (1 = 0) in the
kth day of predation season. pg(t)P gives the corresponding predator population density at time 7.
In the same way, the predator frequency with the higher search-and-attack probability after eating
a mimic prey is given by p,j' (1), and that with zero probability after eating a model prey by p, (7).
It is satisfied that

PO+ +p ) =1, (1

forany ¢ € [0, t], where 7 is the length of predation period in which the daily dynamics undergoes
in each day. The model and the mimic population sizes are given by m; (f) and x (¢) attime ¢ € [0, 7]
in the daily dynamics.

In our model, the daily dynamics is governed by the following ordinary differential equations
(for the detail of modelling, see [17]):

+

% =P {pg(t) + pkcf) } my(1),
dxe (1) pi®

a1 = —P {pg(t) 4+ ];+ }Xk(t),

0
dpg# = — {mg(t) + x(0)} pY(D), &
dpi (1) MO
FLEZ = pu® - B m o).
dp; (1) MO

where parameter ¢t is positive and less than 1, the inverse value of which indicates the increase
factor of predation rate by the formation of attractive search image due to the predation of the
mimic prey.

2.2. Seasonal dynamics

The model and the mimic population sizes at the end of kth day in the predation season are given
by my (7) and x; (7). They give the initial population sizes for the next day: (m;1(0), xx+1(0)) =
(mg (7),x%(7)). This is the boundary/continuity condition for the dynamics of mimic and model
populations in the predation season. We ignore the death rate due to any other reasons except for
the predation in each day of predation season.

As for the frequencies in the predator population, we introduce the probability of losing the
search image, say, the forgetting probability. The predator loses its search image with a proba-
bility between subsequent days in the predation season. The predator with the higher predation
probability loses its attractive search image with probability 1 — o™ per day, where o™ means
the probability per day to keep the attractive search image (0 < o™ < 1). The predator with the
zero predation probability loses its repulsive search image with probability ] —oc~ (0 <o~ < 1)
per day. So the parameter 0~ means the probability per day to keep the repulsive search image.
With these assumptions, we give the relation between the predator frequencies at the end of kth
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day and those at the beginning of (k + 1)th day as follows:

PY 1 0) =pl() + (1 — o Hpf (1) + (1 — o7 )p; (1),
P (0) = o pif (1), 3)
P (0) = 07 py (0.

Hence, if model and mimic populations do not exist, the frequency p° asymptotically approaches
1 in a geometric manner day by day.

These conditions for the model/mimic populations and the predator frequencies essentially
govern their seasonal dynamics through each predation season of T days.

2.3. Annual dynamics

Let us consider the nth predation season. The initial population sizes of model and mimic are
given by m;(0) and x;(0) from the definitions for the daily dynamics. These initial population
sizes simultaneously define the initial population sizes for the nth predation season, now rewritten
by M, (= m1(0)) and X, o (= x1(0)).

In our model, the reproduction of the model and the mimic populations is given by what is called
Beverton—-Holt model (e.g. see [1]). Since the reproduction season is now assumed to be between
subsequent predation seasons, their population sizes (mr(t),xr (7)) at the end of nth predation
season determine (M,+1,0, X,+1,0) = (m1(0), x1(0)) at the beginning of (n 4 1)th predation season
with the following reproduction functions:

vy (T)
My, = —mr(®
1 + Bumr(t) @
rxxr(T)
Xpt1 0= —7——,
1+ Bxxr (1)

where ry and rx are, respectively, the intrinsic growth rate, By and Bx the intra-specific density
effect coefficient. ryi/Bwm and rx/Bx are, respectively, the carrying capacity for the model and the
mimic populations.

We assume that the predator completely loses the search image in the period between subsequent
predation seasons. Thus the initial condition for the predator’s frequencies according to the state
of search-and-attack probability is given by

P1(0).pf (0, p7 (0)) = (1,0,0) ®)

on the first day of any predation season, independently of their values at the end of previous
season.

3. Complete model

3.1. Mathematical nature of daily dynamics

To complete our modelling, we first consider some mathematical nature of daily dynamics for the
base model given in the previous section.

From Equation (2), we can easily find that d(log ;) /dt = d(logx;)/dt for any ¢ € [0, t]. This
means that the ratio x; () /my (¢) is constant independently of #, so that x; (¢) /my () = x;(0)/my (0)
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forany s € [0,7]andany k = 1,2,...,T. Moreover, from the boundary/continuity condition that
(My11(0), x41(0)) = (my (1), x4(7)), we lastly have
a0 x© 0 x0) ©)

) m©0) T m(0)

forany ¢t € [0,t] and any k = 1,2, ..., T in the nth predation season. The ratio u, is an invariant
constant for the population dynamics in the nth predation season. Let us remark that, from the
definition, x; (0)/m;(0) = M,,0/X,0, Which is the ratio at the beginning of the first day in the nth
predation season.

Further, from Equation (2), we can find that d (my + p, P)/dt = 0 for any ¢ € [0, 7], too. Thus,
we have

m (1) = m(0) — {p, (1) — p; (O)}P, (N

for any ¢ € [0, 7].
With these features, the arguments in [17] give the following result about the mathematical
nature of daily dynamics:

In the daily dynamics given by Equation (2) for the nth predation season, the system has the nature to asymptotically
approach the equilibrium state as follows:

Ox o +*x —x : -
0,30, P20, (0, 5 1) — Eo(0,0,pY . p . p ™) if m(0) < {1 —p, (0)}P, ®

oo | Ex(my, unm;,0,0,1)  if mg(0) > {1 — pi (0)}P,

fork > 1.

3.2. Egquilibrium state approximation (ESA)

To complete our modelling, we introduce a mathematical approximation for the state at the end
of each day in the predation season. Let us assume that the state (my (¢), x (¢), pg(t), p,j(t), Py (1)
approaches the equilibrium state given by Equation (8) sufficiently fast. In other words, we assume
that the state at the end of kth day (m(t),xx(7),pL(v), pf (v),p; (v)) is sufficiently near the
equilibrium state given by (8). Then, as a mathematical approximation, we hereafter use the
equilibrium state given by (8) as the state at the end of kth day (i.e. at t = 7).

With this equilibrium state approximation (ESA), we reset up the relation between the predator
frequencies at the end of kth day and those at the beginning of (k 4 1)th day as follows (k > 1):

P ©) = lim (pR(0) + (1 =0 ")pf (1) + (1 = o )pp (),
P (0) = lim o™ pf (1)}, ©)
Py (0) = lim {o7p, (D)},

instead of Equation (3). Thus, the boundary/continuity condition for the dynamics of mimic and
model populations in the predation season of our complete model is consistently given by

my+1(0) = tlilglo my (1),
) (10)
X1 (0) = lim x; (7).
—00

At last, in our complete model, the daily and seasonal dynamics are given by Equation (2)
with Equations (1), (9) and (10), while the annual dynamics is by Equation (4) with Equation (5),
substituting lim,_, o, m7 (¢) and lim,_, o x7 (), respectively, for my(t) and x7 (7).
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In our modelling, the ESA by Equations (9) and (10) is not simply an approximation, but is one
of the important steps in constructing our complete model. If we consider the daily dynamics of
base model (2) with (3), the extinction of model or mimic population within a predation season
never occurs even when the predator’s overgrazing makes the population very small. Subsequently
in this case, the extinction never occurs in any finite year. This is one of the mathematical nature for
many models with differential equations, which could sometimes be regarded as a mathematical
approximation or a mathematical idealization to the reality. On the other hand, this mathematical
treatment ignores some biologically practical aspects, for example, the demographic or environ-
mental stochasticity, the Allee effect, etc. For our model, we have chosen the ESA as a part of
modelling to introduce such effect of demographic or environmental stochasticity or Allee effect
which could cause the population extinction in a finite time due to sufficiently small population
size, as shown in the following sections.

4. Analysis

4.1. Daily dynamics

From Equations (8) and (9), as far as the mimic population persists, we have

@210, pf (0, p 1 (0) = (1 —07,0,07). 1)

In contrast, once the mimic population goes extinct in the kth day with the equilibrium state £y
in Equation (8), which may be regarded as the consequence of predator’s overgrazing, we have

P (0 =p + (1 —oD)p* + (1 — o )p ™,
P (0) = o,

p;:+1(0) = O’_p;*.

Subsequently in this case, since both mimic and model populations have gone extinct, the
system (2) gives no change of the predator frequencies during the subsequent day. Thus, we
have

P =pl+ (A —oDpl + (-0 )p ",
P =0
Piii =0 P

Therefore, the predator frequencies geometrically approach (1, 0, 0) day by day after the extinction
of mimic and model populations, because of the predator’s losing the search image.

With Equation (8), the arguments in [17] give the following result about the persistence of
mimic and model populations:

The mimic and the model populations persist in the kth day if and only if m(0) > (1 — o ~)P for k > 1 and
m1(0) > P. Then, (pg*,p,':*,pk_*) = (0,0, 1) and m;; = my(0) — (1 —o~)P for k > 1 and m} = m;(0) — P. If and
only if mg(0) < (1 — o~ )P for some k > 1 or m;(0) < P, the mimic and the model populations go extinct in the kth
or the first day of predation season, and then we have the equilibrium state £y with 0 < pg* <1,0< pz’* < 1and

0 < p;* < 1. After their extinction, (pf*,pz'*,p;*) asymptotically approaches (1,0, 0) as k increases.

As for a special case without the model population, when the system contains the mimic and the
predator, we can easily show that the mimic population goes extinct in the first day of predation
season (Appendix 1).
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We remark that, if the predator is absent, the population sizes of mimic and model are kept
constant throughout the predation season, due to ignoring any factors of their death other than
the considered predator’s predation. This means that the predation has the important role for the
above-mentioned dependence of mimic persistence on the model population.

4.2. Seasonal dynamics

Let us consider the case that the mimic and the model populations persist till the kth day of
predation season (k > 1). Then, from Equations (7)-(11), we have the following daily recurrence
relation about the initial model population sizes of subsequent days:

mj11(0) = m;(0) — (1 —p; O}P  forj=1,2,....k—1. (12)

Since p; (0) = 0 and P (0) = o~ forj > 1 from Equation (11), this recurrence relation gives the
following general form of m;(0):

mj(0) =m;(0) —{14+G—-2)(1 —0o7)}P forj=23,... k. (13)

Therefore, since the necessary and sufficient condition that the mimic and the model populations
persist in the T'th day (= the last day) of the predation season is given by m7(0) > (1 —o™)P
from the result in the previous section, we get the following result about the seasonal dynamics:

The mimic and the model populations persist through the nth predation season if and only if
Myo=m(0) >me:={1+ T —1)(1 —o7)}P. 14)

Otherwise, the mimic and the model populations simultaneously go extinct in the k,th day of the nth predation season,

where k, is given by
M,o/P — 1
k, = [[L + 1]] ) (15)
1—0~

The symbol [x] means the smallest integer not less than x. The critical size m. defines the lower
bound for the initial population size according to the persistence of mimic and model populations
through the predation season. We remark that the critical size m, is determined by the predation
pressure given by P, the length of predation season T, and especially the faculty to keep the
repulsive search image given by o ~.

In the case that the mimic and the model populations persist throughout the nth predation
season, the model population size m7. at the end of the predation season is given by

m; =mr(0)— (1 —-—0)P=mO0)—{14+(T -1 —-0")}P
= Mp,o — Mc. (16)

As a consequence, the extinction of only one of mimic and model never occurs in the seasonal
dynamics of our model, while it is likely that both of them go extinct in a predation season.

A numerical example of the seasonal dynamics governed by Equation (2) with Equations (9)
and (10) is shown in Figure 3.

We note that the condition of extinction depends on the initial value of model population in
the predation season and the strength of predation pressure related to the predator’s memory of
repulsive search image. In short, the above-mentioned mimic extinction in the seasonal dynamics
is due to the extinction of model population by the high predation pressure with sufficiently poor
memory of repulsive search image. The extinction of model population is necessary for that of
mimic population.
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Figure 3. A numerical example of the seasonal dynamics governed by Equation (2) with Equations (9) and (10) . (a)
(m1(0),x1(0)) = (52.4469,26.2234); (b) (11 (0),x1(0)) = (26.2234, 13.1117). Commonly, 7 = 50, t = 2.0, ¢ = 0.1,
ot =05,0" =0.1,P = 1.0, mc = 45.1. The mimic and the model populations persist through the predation season in
(a), while they go extinct at a day in (b).

4.3. Annual dynamics

From Equation (4) with Equations (9) and (10), the model and the mimic populations at the
beginning of (n + 1)th predation season, M, and X410, are now given by the following
reproduction functions:

*

rmmy

My1o=—"F7"—

1+ ﬁMmT

. (17)

X rXxT

k0 = >

1+ ﬂxx;i
where
x1(0) X0
Xy = umy = my = —=mk

mi(0) T My

from Equation (6). Then, from Equations (8), (14), (16) and (17), making use of the result
obtained in the previous section, we have the following difference equations to determine the
annual dynamics in terms of the model and the mimic population sizes at the beginning of
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predation season:

rM[Mn,O - mc]+
1+ BulMyo — me)y”
rx[Mpo — me]+ X0
Mo + Bx[Myo — mel+ X0

Mn+l,() ==
(18)

Xnt10 =
where the symbol [ ], is defined as follows:

x forx >0,

bely = 0 forx<O.

We note that the annual dynamics of model population is independent of that of mimic population,
while the latter depends on the former.

Analysing the first equation of (18), we can obtain the following result about the persistence of
model population (Appendix 2):

If and only if the following conditions are satisfied, the model population persists in any predation season, and
Myo—> M*=me+ iy = (v — 1 —me/Ay)/Bm as n — oo:

v = (1 + v/Bume)?, (19)
Mig>me+i_ = M’ 20)
Bm

where

1
b 1= v — (14 Bume) & VD),
Bm @n

{rv = (14 v/Bume) Y = (1= /Bume)*).

Otherwise, the model population goes extinct in the n.th predation season with M,,, o < m., where

=14 H:log{(l — Mo —mely /A4) /(1 — [M10 — mc]+/)~—)}j|] .
' log{(1 + BmA+)/(1 + BuA-)}

The symbol [[x] is the same as before. Ay is positive whenever the condition (19) is satisfied.
Parameter dependence of the persistence of model population is shown in Figure 4, where we
also used the following condition mathematically equivalent to conditions (19) and (20) in order
to draw the boundary curve:

D:

(22

Mio(1 Mo —
Miy>m, and ry > Lol + AuMio — Pume)

(23)
Ml,O — M

Furthermore we can prove that, even if the mimic population is absent, the seasonal and the
annual dynamics for the model population is the same as shown above (see Appendix 3). Let us note

:B.VIMI.U v

PERSISTENT i PERSISTENT

N !

1+BuM, o F

0 (a1 Bum, 0 BuMo Bym,

Figure 4. Parameter dependence of the persistence of model population. Boundary curves are given by (19) and (20),
or by (23).
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that the above condition for the persistence/extinction of the model population is independent
of any parameter of mimic. This means that the extinction of model population in our system
can be regarded as the consequence of high predation pressure which depends on the faculty of
predator’s memory of repulsive search image. In our model, it is independent of the presence
of mimic population. In contrast, the persistence of mimic population depends on the model
population, as we will see in the following analysis.

As for the mimic population governed by the second difference equation of (18), let us consider
it here with M, o = M* = m. + A for any n. This is because the model population dynamics is
independent of the mimic one. Besides, as we have already seen, if the model population goes
extinct, then so does the mimic population. So we now focus the mimic population dynamics
when the model population has reached its equilibrium state according to the annual dynamics
governed by the first difference equation of (18). Hence, instead of the second difference equation
of (18), let us consider here the following annual dynamics of mimic population:

rXXn,O
1+ me/hy + BxXno

Xnt10 = (24)

From this difference equation, we can obtain the following result about the persistence of mimic
population:

Only when the model population persists at its equilibrium state, if and only if the following condition is satisfied,
the mimic population persists in any predation season:

me M* )
rx>1+—=m(1—- , (25)
Ay ( r™/Bm
and then ) p
me M rx —
Xpo — X¥ = — rx—(l—i-—L)}:—M*—i- (26)
"0 Bx { At Bx Bx

as n — oo. Otherwise, the mimic population goes extinct, that is, X,, 0 — 0 as n — oo for any X; o > 0.

Differently from the case of model population, there is no condition for the initial value X o.
Since A, > 0 whenever the model population persists, the condition (25) indicates it necessary
for the mimic population persistence that the intrinsic growth rate rx is greater than 1. Parameter
dependence of the condition (25), for the mimic population persistence is shown in Figure 5,
where we used also the following condition mathematically equivalent to the condition (25) in
order to draw the boundaries:

m < Bume+2rx —1
rx > 1 and or 27
rx
Bwmme + rx.

1Y >
rx—l

Additionally, from conditions (23) and (27), we can easily prove that, if the following condition
is satisfied, the mimic population necessarily persists when the model population persists:

BuMio < rx(rx — 1). (28)
On the other hand, if
0 <rx(rx — 1) < BuM,p, (29)

the persistence of mimic population depends on some other parameters of mimic and model
populations (see Figure 5).

We note that, unless the condition (25) is satisfied, the mimic population tends to go extinct,
though its extinction never occurs at any finite time as long as the model population persists. As
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Figure 5. Parameter dependence of (a) the persistence of mimic population when the model population persists; (b) the
coexistence of mimic and model populations for the light colored region in (a). In (a), the light colored region is given
by (29). For the persistent region in (a), the mimic population can persist whenever the model population can. For the
extinct region in (a), the mimic population eventually goes extinct even when the model population persists. For the light
colored region in (a), the persistence of mimic population depends on some other parameters as shown in (b). In (b),
boundary curves are given by (23) and (27). For the light colored region in (b), the mimic population can persist with
the persistent model population. For the dark colored region in (b), the model population persists while the mimic goes
extinct. As rx — 1 + 0, the persistent region in (b) for the mimic population disappears. For the extinct region in (b), the
model and the mimic populations go extinct. g; and g, are respectively the smaller and the larger of 1 + fmM; o — rx
and (1 — 1/rx)BmMi . p1 and p, are respectively the smaller and the larger of BMMi0/(1 — 1/rx) and BMM 0 + rx.

already shown in the seasonal dynamics, the mimic population goes extinct in a predation season
only when so does the model population. Thus, the mimic’s extinction in the above result means
the long-term tendency to go extinct. In such case, the mimic population size decreases not only
day by day in the predation season but also year by year in annual scale. This is the case that the
mimicry would not be the adaptive strategy for the species which has the faculty to mimic the
model species. So in such cases, the model-mimic system could not be established also in the
evolutionary context. Such mimic extinction in our model can be caused by too small (intrinsic or
net) growth rate of mimic population that could be regarded as the cost of mimicry. Only mimic
species with sufficiently smaller cost of mimicry in terms of the growth rate can coexist with the
model, and can establish the persistent model-mimic system.

Consequently, for our model, the establishment of persistent model-mimic system (as a pop-
ulation dynamics) requires that the conditions (19), (20), and (25) are simultaneously satisfied,
being shown as a parameter region in Figure 5.

4.4. Equilibrium population size ratio

When the model population is persistent under those conditions (19) and (20), we can show, from
Equation (6), that the ratio of their population sizes approaches a constant as n — ©0:

= =u =
Mo  m(@) " M*  Bx  ru—1—mhy

Xo _ %@ _ X0 Pu [rx—1—me/Aily 30)

where [ ], is defined as before. Numerical illustrations of m.-dependence of the equilibrium
population size ratio are given in Figure 6.

We can easily prove that m. /A4 (= BmA—) is monotonically increasing and m. + A is mono-
tonically decreasing in terms of m.. Since m, defined in Equation (14) is monotonically decreasing
between its minimum P and maximum 7P in terms of o ~, the results of our analysis indicate that
the persistence of model and mimic populations depends on the predator’s memory of repulsive
search image. Moreover, as shown in Figure 6, it is likely that the predator’s memory of repulsive
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Figure 6. mc-dependence of equilibrium population sizes at the beginning of predation season, that is, for the annual
dynamics (18). (a) rx = 1.2; (b) rx = 1.5; (¢) rx = 2.5. Commonly, ry = 2.0. In case of (a), the mimic population is
extinct for a range of m. in which the model population is persistent. In cases of (b) and (c), the mimic population is
persistent as long as the model population is.

search image could determine the population size ratio between the mimic and the model popu-
lations. We note that the equilibrium population size ratio is not always decreasing in terms of m,
as indicated by (26) and illustrated by Figure 6(c) in case of rx > ry.

4.5. Establishment of persistent model-mimic system

For our model, when and only when the conditions (19), (20), and (25) are simultaneously satisfied,
the model-mimic system can be persistently established as a population dynamics, that is, both the
model and mimic populations are persistent to coexist. Since the right-hand sides of inequalities in
those conditions (19), (20), and (25) are monotonically increasing in terms of ., the establishment
of persistent model-mimic system is harder as the value of m, gets larger. We note that the
dependence of those conditions on the predation pressure (i.e. on P) and the predator’s memory
of repulsive search image (i.e. on ¢ ) is only through m..

Since m, is monotonically increasing in terms of P and decreasing in terms of ¢ —, this result
means that

the stronger predation pressure or the weaker memory of repulsive search image could make the establishment of

persistent model-mimic system harder. In other words, it is necessary for the establishment of persistent model—

mimic system that their common predator has so strong memory of repulsive search image as to provide the model
and the mimic populations with sufficiently weak predation pressure.

5. Concluding remarks

From the result of our model, we conclude that, as the predator’s memory of repulsive search
image is stronger, it is more likely for the model population to persist, and the equilibrium model
population size gets larger. This is because the stronger memory of repulsive search image is to
repel the predator longer from the model population so as to make the predation pressure weaker
for it. This feature can be adopted to the persistence and the equilibrium size of mimic population,
too.

Then, as for the establishment of persistent model-mimic system, we derive the conclusion that
it is necessary that their predator has so strong memory of repulsive search image as to provide
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the model and the mimic populations with sufficiently weak predation pressure. This conclusion
may be regarded to be consistent with the result of Speed and Turner [20] with a Monte Carlo
numerical simulation model that the mode of forgetting has a more significant effect on mimetic
relationships than the rate of learning.

In our model, the effect of the predator’s memory of repulsive search image on the population
dynamics is represented by parameter o ~. It is likely that the memory would be closely related
to the strength of stimulus given by the model to its predator. For example, the model’s higher
unpalatability (e.g. stronger toxicity) for its predator could make the predator’s repulsive search
image decline slower, to be kept longer or be more hardly lost. This argument implies that the
species of low unpalatability could not become the model for a mimic species from an evolutionary
viewpoint, so that such a low unpalatable species could not belong to any persistent model-mimic
system. Model species of a persistent model-mimic system would be required to be unpalatable
highly enough.

Our result also implies that the higher predation pressure in the habitat of model species would
be unfavourable for the establishment of persistent model-mimic system. From an evolutionary
viewpoint, in the habitat under high predation pressure, the mimic species fails to invade so that
the model-mimic system is hardly established.

In our result about the establishment of persistent model-mimic system, any relevance to
parameters ot or ¢™ of the daily dynamics does not appear. Parameter ¢ representing the effect
of attractive search image formation on the predation rate affects the speed of temporal variation of
population sizes/frequencies in the daily dynamics. Furthermore, it affects the equilibrium values
of pg*, p,f*, and p; * when the model and the mimic populations go extinct to be (m},x;}) = (0, 0),
too. However, as mentioned in the section to introduce ESA in our modelling, if the population
sizes/frequencies temporally change sufficiently fast towards the equilibrium state in the daily
dynamics, our result implies that the contribution of parameters o+ or ¢* to the condition for the
establishment of persistent model-mimic system would be little even without the introduction
of ESA (thus, with the seasonal dynamics with Equation (3) instead of Equation (9)). Our result
emphasizes the importance of predator’s memory of repulsive search image for the establishment
of persistent model-mimic system.

In our model, the model population may become extinct in some cases, and then so the mimic
population does, because the mimic population goes extinct in the absence of model population.
The extinction of model population in our model can be regarded as the consequence of high
predation pressure depending on the predator’s memory of search image. It is taken for natural
that the model population would be persistent against the predator in any established model—
mimic system. In other words, the system in which the *model’ population became extinct in the
history of evolution cannot be identified now as the model-mimic system. The mimic population
with the model population under high predation pressure would be hard to persist, because the
high predation pressure may limit the model population size at so low level that the mimicry
would be maladaptive in such condition, as discussed, for example, in [4,5,13]. Extinction of
the mimic population in our model could be regarded as corresponding to such extinction. If the
model species of an established model-mimic system in a habitat could be observed in another
independent habitat without any mimic species, it might be due to the higher predation pressure
that makes the mimicry’s invasion hard in the latter habitat.

In the framework of our mathematical model, we do not take account of non-mimic subpopu-
lation belonging to the mimic species, although many mimic species have been observed to have
such non-mimic subpopulation. Since the predator in our model is a generalist with some other
prey species, such non-mimic subpopulation must have the predation pressure separately from
that for the mimic subpopulation. This is because we assume that the predator may generally dis-
tinguish the mimic from the non-mimic, although the predator in our model cannot distinguish the
mimic from its model. In such cases, the non-mimic may go extinct under the predation pressure.
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If the non-mimic were more cryptic than the mimic against the predator, the reduced predation
pressure may allow the non-mimic to persist. Although the net growth rate of mimic population
must depend on the non-mimic subpopulation, we focus the persistence of mimic subpopulation in
our mathematical considerations, so that the problem on the coexistence of mimic and non-mimic
is out of the scope of this paper.

In this paper, we consider a mathematical model with a hybrid system of differential and differ-
ence equations. However, as seen from those mathematical results we obtained, our system could
not be considered to be complicated, but be rather mathematically tractable, which has a struc-
ture led from a simplification of natural scheme in the population dynamics of model and mimic
species. As most of the previous theoretical works about mimicry, numerical simulation-oriented
modelling has been an easy choice of available theoretical consideration way in mathematical
biology, and been useful to give some perspectives for the development of theory for some bio-
logical problems. However, it is frequently difficult to design a rational and satisfactory numerical
scheme to derive results which could bring theoretically meaningful results, because of lack of
biological data to estimate the parameter values used in numerical calculations. This is the case
for the mimicry. In contrast, mathematical tractable model can give theoretically objective results,
which is not affected by the lack of biological data, although they may be over-simplified or too
abstract to bring some connection to observational/experimental research. Nevertheless, as his-
tory implies, such mathematical studies could be useful for developing the theoretical frameworks
to understand the nature. We expect that our model would be so. Indeed, we do not know any
other mathematically tractable population dynamics model about model-mimic system involving
the effect of predator’s behavioural change linked its memory of search image.
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Appendix 1. Dynamics without model population

In this appendix, we consider the system (2), (4), (9) and (10) without the model population, that is, with my (f) = 0 and
M,, = 0 for any k, any ¢ and any n. In this case, the system consists of mimic and predator, and the daily dynamics is
governed by

i
WO _ _p {pi’@ L B0 }xm),

dr ct
apl (s
L d"t( ) R, @ab
dpf (1)
St = PO (1),
Pl () = lim {p() + (1 — o )p (1),
(A2)

P41 0) = lim {0 pf (),

with (p‘lJ 0), p?’ (0)) = (1, 0). Since the unpalatable model population is absent, there cannot be any predator with lower
search-and-attack probability, that is, p; (¢) = 0 for any k and any ¢. This means that pg ) + p;r (t) = 1 for any k and

any t.
du _ (1 P11
dpf — \ct ct1-pf’

From Equation (Al), we can find that
X (0) — =P 71 -1 {p 0 —p + —1lo
k( ) )Ck(t) N k ) k (t)} B g

and hence,

1— +
Pikf'). A3)
1- P @)
Since dxi /dt < O for any pz' > 0and x; > 0, xx(¢) is monotonically decreasing in terms of # > 0. On the other hand, since
xx () = 0 is a specific solution for the first differential equation of (A1), xx(¢) with any positive initial value x;(0) > 0
is bounded from below, because of the uniqueness of solution. Therefore, lim,_, oo xx (1) = x;; > 0 exists with x}} < oo.
From Equation (A1) with the trivial boundedness such that p™ < 1, making use of the analogous arguments, we find that
lim,_)oopk+ (t) = p;“* > 0 exists, too. At the same time, this means that limf_,oopg(t) = pg* > ( exists.

Now, from Equation (A3), since pfr (0) = 0, we have

1 P
x1(0) —xf = —P <C¢ - 1) P - — logd -p™). (Ad)
From the third differential equation of (Al), xj =0 or PT* = 1. However, it is impossible that p?’* = 1, because the
right-hand side of Equation (A4) is positively infinite when pT* = | whereas the left-hand side is positively finite from
the above arguments. Therefore, we find that xf =0.

Consequently, in case of no model population, the mimic population goes extinct in the first day of predation season.



1050 H. Seno and T. Kohno

)

Figure Al. The function governing the discrete dynamics (A5) when the condition (19) is satisfied. A_ and . are roots
of (A6) and given by (21).

Appendix 2. Annual dynamics of model population

Substitute x,, for [M,, o — mc]+ in the first difference equation of (18), and consider the following one-dimensional discrete
dynamics for x, € R:

'MXn

ntl = ————— — M. A5
Xn+1 1+ Bun me (A5)

Making use of what is called cobwebbing method (for instance, see [12]), it is easily proved that x, < 0 for some n > 0
even with any x; > 0 unless the following equation of A has real positive roots:

A

A= —— —mg. A6
1+ BmA e (A0)

Hence, the existence of real positive roots for the above equation of A is necessary for x,, > 0 for any n > 0. If and only
if the condition (19) is satisfied, the equation (A6) has two distinct real positive roots, Ay and A_ given by Equation (21).
When Equation (A6) has two distinct real positive roots, making use of cobwebbing method again, we can easily find that,
if and only if x; > A_, we have x,, > 0 forany n > 0 and x, — Ay as n — oo (see Figure Al). If x; < A_, then there is
some n > 0 such that x, < 0. These arguments give the necessary condition (20) for the persistence of model population.

Alternatively, since the difference equation (A5) is directly solvable, and we can obtain the following general solution:

-1
X1 = Ao (14 Burs )]
xn=x++<x+—x):xi_k+ <1+:$) —1} : (A7)

we can easily confirm the above-mentioned features of Equation (AS5). Further, from this solution, we find that, when
X1 < A_, Xxp is positive for n less than n, given by Equation (22), and x, is non-positive for n > n,. Non-positive x,
corresponds to M, o < m. and subsequently to M, ;1o = 0 in Equation (18).

Appendix 3. Dynamics without mimic population

In this appendix, we consider the system (2), (4), (9) and (10) without the mimic population, that is, with xx(f) = 0 and
X, =0 for any k, any ¢ and any n. In this case, the system consists of model and predator, and the daily dynamics is
governed by

d";"t(t) = — PR (o),
0

WD _ . (A8)
dr

o

2D 00y o),

dr
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PR @) = lim (1) + (1 = o )py (),
(A9)
Pt ©) = lim (07 p; (1)),

with (p(l)(O), p; (0)) = (1,0). Since the palatable mimic population is absent, there cannot be any predator with higher
search-and-attack probability, that is, p;r(t) = 0 for any k and any . This means that pg () + py (1) = 1 is satisfied for
any k and any ¢.

From Equation (A8), we can find that d(my + p; P)/dt = 0 for any ¢ € [0, T]. Thus, we have Equation (7) again for
any ¢. Since dmy /dt < O for any pg > 0 and my > 0, my(t) is monotonically decreasing in terms of # > 0. On the other
hand, since my () = 0 is a specific solution for the first differential equation of (A8), my (¢) with any positive initial value
my(0) > 0 is bounded from below, because of the uniqueness of solution. Therefore, lim;_, o My (f) = m,’{‘ > () exists.
From Equation (A8) with the trivial boundedness such that p~ < 1, making use of the analogous arguments, we find that
lim; 00 py (1) = p;* > ( exists, too. At the same time, this means that lim,ﬁoopg (1) = pg* > ( exists.

If my > 0, then, from Equation (A8), it is necessary that pg* =0 so that P;* = 1. In this case, from (7), m; =
my(0) — {1 — p; (0)}P, which is valid when and only when my (0) > {1 — p; (0)}P. In contrast, from (7), if m}} = 0, then
pk_* = p; (0) + m(0)/P which is valid when and only when p; (0) + m(0)/P < 1, that is, m (0) < {1 — p; (0)}P.

Suppose that the model population persists till the kth day. Then, we have (pg 0),p; (0) =1 —-07,07) for kI.
Therefore, if the model population persists through the kth day, we have the recurrence relation (12) with j = k. These
arguments are the same as those for the system (2), (4), (9) and (10) with the mimic population. Consequently, the seasonal
and the annual dynamics for the model population are not affected by the presence/absence of mimic population. In more
detail, although its temporal variation in the daily dynamics is affected by the presence/absence of mimic population, its
persistence in the seasonal and the annual dynamics is not.
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