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Population dynamics of Batesian mimicry
under interspecific competition
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ABSTRACT

Question: What is the basic feature of population dynamics of Batesian mimicry under
interspecific competition?

Mathematical method: We built the population dynamics equation of Batesian mimicry
under Lotka-Volterra competition. By means of the phase plane analysis, we examine the
dynamics and equilibria in comparison with the four unique phase planes of the Lotka-Volterra
competition model with no mimicry.

Key assumptions: Both the benefit of mimicry for a palatable species mimicking a distasteful
model species and the cost for the model are dependent on their frequencies relative to each
other. The mortality of the model by predation increases as the frequency of the mimic
increases, while the mortality of the mimic decreases as the frequency of the model increases.

Predictions: The mimetic species in general benefits from mimicry depending on the adult
predatory mortality. The assemblage of the model and mimetic species reaches different
equilibria depending on whether the benefit of the mimic or the cost of the model increases
under interspecific competition. The most complicated phase plane appears between stable
co-existence of the assemblage and survival of the mimetic species only, depending on the
initial conditions.

Conclusion: The benefit of the mimic and the cost of the model are key factors in determining
the evolutionary process of Batesian mimicry.

Keywords: Batesian mimicry, frequency dependence, Lotka-Volterra competition, predation.

INTRODUCTION

Batesian mimicry is one of the most powerful ways of demonstrating the outcome of
adaptive evolution by natural selection in the wild (Fisher, 1930; Sheppard, 1958; Ford, 1975; Turner, 1977).
It is known in a wide range of both animals and plants (wickler, 1968). In Batesian mimicry,
a palatable species resembles the conspicuous appearance of a sympatric model species that
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is protected from predation. When the naive predator attacks the model, it learns the model
appearance through noxious experience with the model. The predator then avoids attacking
prey candidates that have a similar appearance to the model. Thus the palatable mimics gain
a benefit of reduced predation risk in sympatry (Bates, 1862).

Several studies have employed mathematical models to explore the evolutionary
dynamics of predator—prey interactions with mimicry (Huheey, 1964; Emlen, 1968; Estabrook and
Jesperson, 1974; Luedeman et al., 1981; Turner et al., 1984; Turner and Speed, 1996; Speed and Turner, 1999; Speed, 2001;
Johnstone, 2002; Sasaki et al., 2002; Sherratt, 2002, 2003; Kokko et al., 2003; Franks and Noble, 2004; Sherratt et al., 2004).
However, these models have only embedded or assumed the population dynamics of
mimicry to investigate evolutionary processes in a species assemblage of the model and
mimic, and have not explicitly examined the population dynamics of Batesian mimicry.

Yamauchi (1993) has constructed a mathematical model to demonstrate the dynamics of
Batesian model and mimetic populations, with no assumption of competition between the
model and mimic. His model has successfully demonstrated multiple dynamic equilibria
observed in the model and mimic in the wild. However, it was not capable of sustaining the
model population in allopatry without the invasion of the mimic.

The model and mimic are likely to share common resources such as nectar in sympatry,
although the two species may not be close in phylogeny. Thus, it would be reasonable
to assume their competitive interactions. In the present study, we explored population
dynamics in Batesian mimic and model species that compete for common resources in
Lotka-Volterra competition.

In Batesian mimicry, an increase in the frequency of the mimic relative to the model
increases the chance of predators learning the mimetic appearance as the searching image
of palatable prey (Turner and Speed, 1996; Speed and Turner, 1999). It would then increase the mortality
of both the model and mimic populations. Here we assume that the mortalities of the mimic
and model are dependent on the frequency of competitive opponents. We analyse the
equilibria using the phase planes, in comparison with those expected under Lotka-Volterra
competition with no mimicry. We discuss the implications of the population dynamics
elucidated for understanding the evolutionary process of Batesian mimicry.

MODEL CONSTRUCTION

General assumptions

Batesian mimicry involves animal species with three major roles: a protected model,
a palatable mimic, and a predator. A naive predator that has no experience of the noxious
model attacks it as prey. Because of noxious protection such as the model’s distastefulness
or toxicity, the naive predator learns the model’s appearance to avoid attacking it, unless
the naive predator lacks the ability to learn. Because of morphological or behavioural
mimicry (e.g. Howarth er al., 2004), predators that have experienced the noxious model also avoid
the mimetic species. However, if the predator experiences palatable mimics, then the
predator could learn their wing pattern or behaviour as the searching image of a suitable
prey and start attacking both the mimic and model. Therefore, the mortality of the mimic
and model species would be positively correlated with the frequency of the mimic in
the assemblage of model and mimetic populations. For simplicity, we assumed that male
and female mimics exhibit a common mimetic appearance or behaviour without
non-mimetic morphs.



Batesian mimicry with interspecific competition 593

Population dynamics equation

Predatory mortality is built into population dynamics of Lotka-Volterra competition
(Yoshimura and Clark, 1994). Here B; = B,(N;, N;, 0,;) denotes the birth rate, and M; = M(N;, N;, 0,
the death rate. The overall growth rate is R;= B; — M;, which includes density dependence
induced by interspecific competition. Then the population dynamics equation is expressed
as

dn,
E:(Bi_Mi)Ni:RiNi (1)

Death may or may not be caused by predators. By introducing the proportion of mortal-
ity that is induced by predation, p, for 0 < p, < 1, we divide the mortality into predatory and
non-predatory fractions, such that

E: {B;— (1 = p)M;— p:M;} N, 2

where the terms B; and M, are defined as

N;+a.N;

By= bt (= ba){ 1= =) )
N;+a;N;

M;=mj+ (my — mio)( K ) 4)

Here the terms b,, and m,, denote the intrinsic birth and death rates respectively, while the
terms b, and m; denote the birth and death rates at the carrying capacity N, = K; respect-
ively. The term a; is the Lotka-Volterra competition coefficient of species j on species i.
Note that b, =m, because of the definition of carrying capacity where the birth rate is
balanced with the mortality (Yoshimura and Clark, 1994). In equations (3) and (4), b, and my,
are independent of density. In contrast, the second terms are density-dependent. Therefore,
by definition of the birth and death rates, it should be satisfied that b,,— b, >0 and
My, — My 2 0.

We should also note that the fraction p, for 0 < p, < 1 is the mortality caused by predation
in the adult stage. Here we assume that the same value of p; is used for both mortality terms
that are dependent and independent of density. However, the fraction p; may be different
between these two terms. In the extreme case, predatory mortality could be entirely density-
dependent or density-independent. In the Discussion, we briefly show that the predicted
outcome remains qualitatively similar.

The predatory mortality here is different from the usual functional responses in common
prey—predator models. We suppose that the predator community is large and stable and
does not depend on consumption of the model and mimetic individuals. When the prey
density is higher, they have to spend more time exposed to predation, because they need to
forage more in sites with higher predation risk after low-risk sites have been depleted. The
predators may also focus on them as an easy and common food resource when their density
is higher. Thus we assume that the predatory mortality depends on the prey density as in the
usual Lotka-Volterra competition model.
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Frequency dependence

Suppose two sympatric species S; (i =1,2), where i =1 indicates the model and i=2 the
mimic. Mimicry changes the predation mortality. The effect of mimicry on the mortality
depends on the frequency of competitors (d;):

d;=d(N,, N;) = N;/(N;+ N)) 5)

where N; and N; are the population sizes of species i and species j respectively. We assume
N;+ N;=1 and thus d; 2 0.

Introducing the effects of mimicry (equation 5) into the competition dynamics (equation
2), we get

dN
d_tlz {B,—(1-p)M,— (1 +d)pM}N,=(R,-d,p;M,)N, (6)
ds ={B,~(1 =p)M, — (1 =dy))p,M,} N, = (R, + d,p, M) N, (7

Here the effect of mimicry is only expressed as predatory mortality (p;). Furthermore, this
effect is negative (—d,) for the model species S; and positive (+d,) for the mimic species S,.
Note that d; becomes d, in equation (6) and d, in equation (7), because the effects of
mimicry depend on the frequency of competitors.

The effects of frequency dependence d; on the model may also be weaker than those on
the mimic. For example, beak marks on butterfly wings indicate that they have escaped from
a bird predator’s attacks (e.g. Ohsaki, 1995). A predator that leaves a beak mark will have tasted a
piece of fragile wing without killing the butterfly (Devries, 2002). Thus, the model would have a
better chance of surviving after the initial unsuccessful attack than the mimic that may be
killed through immediate repeated attacks by the same predator, even when the model has
become extremely rare (d; =1 in equation 6). In contrast, the mimic escapes completely
from attacks by predators when it is rare (d, = 1 in equation 7). We could include additional
parameters in the current model to manipulate this asymmetry in the frequency dependence
of predatory mortality between the model and mimic. However, to avoid further complexity
with parameters already involved, we assume inherent inequality of their predatory
mortalities, such as p, < p, and/or M, < M,.

All phase planes were drawn directly by Mathematica (Wolfrum Research Inc.) with
parameter values by =m=0.1, by =m, =02, byy=0.2, m;=0.09, b,;=0.3 and
m,, = 0.14 unless otherwise specified.

RESULTS

Setting dN;/dt =0, we obtain the zero-growth isoclines for the model and mimic (Fig. 1).
The isocline for the model is lower than the isocline of the Lotka-Volterra competition
model with no mimicry (Fig. 1A). The N,-intercept ¢, and N;-intercept ¢, are given by

_ byg = (1 +pymyg ky
¢ = — 3
b= (1 +pmg+piby oy

.= by — (1 = pa)myy ﬁ )
? bao = (1 = pa)myy — paby Gy
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A: model

B: mimic

N,

Fig. 1. The zero-growth isocline in population dynamics of frequency dependence (solid line). The
predation fraction of mortality p; is varied (thin line: p; = 0.3; intermediate line: p; = 0.6; thick line:
p:=0.9). The isoclines of the Lotka-Volterra competition model with no mimicry are also shown for
comparison (dotted line). (A) Model species. The N,-intercept ¢, is smaller than K,/a,, when mortality
is positively frequency dependent. (B) Mimetic species. The N;-intercept c, is larger than k,/a,, under
positive frequency dependence.

These intercepts are limited within a certain range. The range of the N,-intercept ¢, is given
by

K 2myy—b K
Sy 0> 10~ 010 Ky
(U7) 2myg—byg— by 0y

(10)
where the upper and lower bounds correspond to 0 < p, < 1 respectively. On the other hand,
the isocline for the mimic is higher than the isocline under Lotka-Volterra competition with
no mimicry. The range of the N,-intercept ¢, is given by

K, by K,
<o g—2 -2
Oy byo = Doy 0y

(11

where the lower and upper bounds correspond with 0 < p, < 1 respectively.
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The current mimicry model is expanded from the standard Lotka-Volterra equation
(p1=p,=0). As the p’s increase in Fig. 1, there is an effect of the mimicry interaction which
is beneficial to the mimic (its nullcline moves up in the (V;, N,) plane) and harmful to the
model (its nullcline moves down). The possible effects of mimicry can therefore be expressed
in terms of threshold values of the predatory portions of mortality p, and p, (see Appendix
1 for details). Below a threshold, the model acts like the corresponding Lotka-Volterra
model without mimicry. Above a threshold, however, things can change generally to the
benefits of the mimic.

Figures 2-5 show the phase planes of Batesian mimicry under Lotka-Volterra
competition. Each figure corresponds to one of the four cases of the Lotka-Volterra phase
plane. Figure 2A is the case where only S| survives in the Lotka-Volterra system (K; > K,/0,,
and K, < K,/ay,). S; survives as in the Lotka-Volterra system when K,/a;, > ¢, > K, and
K)o, < ¢, < Ky; that is, 0 < p; < py* and 0 < p, < p,* respectively, where the two thresholds
p* and p,* are defined as

_ (Do —m)(K; — 01,K5)
MoKy + (b — M), K,

*
1

(12)

. _ (bag — M) (05, K, — K5)
MKy + (Do — M)y Ky

(13)

D2

The right-hand equality holds for either p,* or p,*, but not both (see below for when both
hold). Similarly, the combinations of p, and p,, instead of ¢, and c¢,, can describe all other
cases. Note that when p; = p;*, ¢;= K; for i # j. Thus p,* and p,* are the common thresholds
for the current phase planes.

Figure 2B shows that the model (S;) and mimic (S,) co-exist, when p; < p;* and p, > p,*.
Figure 2C shows that either S; or S, survives, when p, > p,* and p, < p,*. Figure 2D shows
that only S, survives when p; > p;* and p, > p,*. When the values of both p;, are slightly
larger but close to p;*, depending on the curvature of both phase planes, there may be two
stable equilibria and one unstable equilibrium (Fig. 2E). In this case, the co-existence of
species S; and S, or the survival of S, alone is a possible outcome depending on the initial
conditions. However, this seems to be rare under the combinations of possible parameter
values. In Fig. 2F, ¢; = K, and ¢, = K| (i.e. ¢; = K;), which means p, = p;* for i = 1 and 2. In this
case, a narrow crescent shape starting from N, = K, to N, = K, appears, where N, = K is the
only stable equilibrium and thus only S, survives as in Fig. 2A.

Figure 3 is the case where only S, survives in the Lotka-Volterra system (K, < K,/a,, and
K, > K,/a,,). Figure 4 shows the case where only either S; or S, survives in the Lotka-
Volterra system (K, > K,/a,, and K, > K,/a,,). Figure 4A shows that only either S; or S,
persists when p, < p,*. Figure 4B shows that only S, survives when p, > p,*. Figure 5 is the
case where both S; and S, persist in the Lotka-Volterra system (K; < K,/0,; and K, < K,/a,,).
Figure 5A shows that only S, survives when p, > p,*. Figure 5B shows that S, and S, co-
exist when p; < p,*.

We also analysed the case with no competition — that is, a; =0 (dotted straight lines in
Fig. 6). By introducing Batesian mimicry, the two species become dependent on each other.
The stable equilibrium moves upward and leftward (Fig. 6A). When p; is larger, it moves
further (Fig. 6B).
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Fig. 2. Phase planes in population dynamics of Batesian mimicry when only the model species (S;)
survives under Lotka-Volterra competition. The isoclines are anchored at (K;, 0) and (0, ¢,) for the
model, and at (0, K,) and (c,, 0) for the mimic (S,). Solid circles and lines are for mimicry and open
circles and dotted lines are for Lotka-Volterra competition with no mimicry. (A) No change in the
equilibrium (S; only) is expected when p; < p;* for i=1 and 2. (B) Stable co-existence (S; and S,) is
expected when p, < p,* and p, > p,*. (C) Initial dependence (either S; or S,) is expected when p; > p,*
and p, < p,*. The solid triangle indicates a saddle point. (D) Replacement (S, only) is expected when
the proportions of predatory mortality in both species are sufficiently larger than the corresponding
thresholds (i.e. p; > p;*). (E) Complicated phase plane with either only .S, or co-existence is expected
when the proportions of predatory mortality are slightly larger than their thresholds (i.e. p, > p;* and
;= p;¥). There is one stable and one unstable equilibrium. (F) Similar to (A) but when p;=p;* fori=1
and 2.
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Fig. 3. Phase plane in population dynamics of Batesian mimicry when only the mimic (S,) persists in

Lotka-Volterra competition. The point of stable equilibrium is identical to that in the Lotka-Volterra
system with no mimicry.

N

(X’Zl

Fig. 4. Phase planes in population dynamics of Batesian mimicry when either the model (.S;) or mimic
(S,) survives in Lotka-Volterra competition (triangles indicate unstable equilibria, i.e. saddle points).
(A) When p, < p,*, either S, or S, survives. The solid triangle is a saddle point. (B) When p, > p,*, only
S, persists.

DISCUSSION

The present study has shown that density-dependent competition between the model and
mimetic species leads their populations to diverse equilibria depending on the relative values
of parameters. The results are strikingly different from those in the model of Yamauchi
(1993), which includes no interspecific competition. As expected of mimicry, the benefit for
the mimic population increases in all cases. However, some unexpected results were
observed such that only the model persists under resource competition with the mimic. The
mimic may co-exist with the model when the mimic gains a certain amount of benefit (Fig.
2B). In contrast, the model and mimic exclude each other depending on the condition if the
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Fig. 5. Phase planes in population dynamics of Batesian mimicry when both the model (S;) and
mimic (S,) co-exist in Lotka-Volterra competition (open circles: stable equilibria with no mimicry;
solid circles: those with mimicry). (A) When p, = p,*, S, wins with mimicry. (B) When p, < p,*, S; and
S, co-exist with mimicry.

N N,

0 K,
Fig. 6. Phase planes in population dynamics of Batesian mimicry without Lotka-Volterra
competition (open circles: stable equilibria with no mimicry; solid circles: those with mimicry).
Frequency-dependent mortality shifts the equilibrium densities of the model and mimic. (A) When
p;is small (p;=0.3). (B) When p; is large (p;=0.9).

model gains no benefit (Fig. 2C). The mimic excludes the model if the mimic gains benefit to
a certain extent while the model gains nothing (Fig. 2D). These results correspond with the
four cases of Lotka-Volterra phase planes. Whether both species co-exist or only the mimic
persists depends on the initial conditions, when the proportions of predatory mortality are
approximately equal or slightly larger than the thresholds (Fig. 2E). This is the new phase
plane that never appears in Lotka-Volterra competition with no mimicry.

In the present model, we assume that the effects of mimicry (p,) are proportional to the
overall adult predatory mortality. Thus these effects are equally distributed to both density-
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dependent and density-independent mortalities. However, in extreme cases, these effects
may be either dependent or independent of density. Figure 7 shows the phase planes in these
extreme cases. When mimicry only affects the density-independent mortality (Figs. 7A and
7B), the effects are similar to those in the proportional case (Fig. 1). In contrast, when
mimicry only affects the density-dependent mortality (Figs. 7C and 7D), the effects on the
model species are minimized, whereas those on the mimic are similar to those in the pro-
portional case (Fig. 1B). The N;- and N,-intercepts, ¢, and ¢, (see equations § and 9), for
these cases and their corresponding thresholds, p,* and p,* (see equations 12 and 13), are
listed in the Appendix. From the above graphical interpretation, the qualitative results
appear to be similar to the current results. However, a full analysis will be required to verify
them.

From the evolutionary perspective of mimicry, the model should be protected from
predation by its own noxious traits and thus be sustained unless the cost of noxiousness

N,
A: model B: mimic
KZ S
Nl 0 K, ¢ Nl
(X’Zl
N, N,
K C: model D: mimic|
alZ
¢
K2
0 K, N A
P
21

Fig. 7. The zero-growth isoclines in population dynamics of Batesian mimicry where predatory
mortality is density-independent or density-dependent (solid line). The predation fraction of
mortality p; is varied (thin line: p; = 0.3; intermediate line: p; = 0.6; thick line: p;=0.9). The isoclines
of the Lotka-Volterra competition model are shown for comparison (dotted line). (A) Model species
when the mortality is density-independent. (B) Mimetic species when the mortality is density-
independent. (C) Model species when the mortality is density-dependent. (D) Mimetic species when
the mortality is density-dependent.
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exceeds the benefit of protection. Traits for mimicry would cost the mimetic individuals,
and also the benefit of mimicry negatively depends on their frequency (Ohsaki, 1995; Pfennig et al,
2001). It is crucial to explore the balance between the benefit and cost for the model and
mimic, incorporating the effects on population dynamics. Our model indicates that even if
mimicry reduces predation of the mimic, it does not guarantee that the mimic spreads into
allopatry of the model. The present results show that the benefit of mimicry for the
mimic and the detriment of mimicry for the model need to be separately and explicitly
investigated.

Where there is no resource competition between the model and mimetic species (o, = 0;
Fig. 6), our model predicts the equilibria analogous to those of Yamauchi (1993). Here
intraspecific density dependence is assumed in each of the model and mimic species, such
that each population goes to the carrying capacity. In this case, the model may be either
reduced in density or eliminated as the result of additional predatory mortality.

The present model assumes that the mortality is equal to the frequency of mimetic
individuals in the assemblage of the two species (equation 5). However, avian predators use
the searching image to prey. They learn the searching image of palatable prey depending on
frequency of encounter. Their learning efficiency may increase non-linearly with the relative
frequency of the mimic (Rausher, 1978; Yamauchi, 1993). In that case, the predatory mortality (d)
may change non-linearly with the mimic frequency. Whether it is linear or not, however,
does not change the fundamental dependence of predatory mortality on the relative
frequency of the mimetic individuals. Thus, the primary points of dynamic equilibria
predicted by our model remain with no critical changes even if the predatory mortality
increases non-linearly. The non-linearity in phase planes is already included because of
frequency dependence in equation (5) (Yoshimura and Clark, 1994).

Batesian mimicry involves the reduction of mortality through avoidance of preying on
the model species by an avian predator. Therefore, the adaptive evolutionary process
of mimicry involves population dynamics in its essence. This paper provides theoretical
analyses of population dynamics of Batesian mimicry under interspecific competition. The
current results demonstrate the dependence of evolutionary processes of mimicry on the
balance between the benefit and cost for the mimic and model species. Mimicry may be
difficult to evolve when the cost to the model is large, because the model can be excluded
depending on the initial condition (Fig. 2C). In contrast, mimicry is shown to occur when
the benefit of the mimic is large, as the mimic can stably co-exist with the model (Fig. 2B).
The present approach may also be useful for the population dynamic analysis of Miillerian
mimicry, where both species gain the benefit of mimicry (Speed, 2001; Sasaki et al, 2002; Franks and
Noble, 2004).
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APPENDIX 1

Let p,** and p,** be the threshold values of the predatory portions of mortality p; and p,
respectively. These values are given by

big—=myg = (byg — Myp)0y,

sk _
P =
my

s by + Myg + (bag — Mgty

P2
My
When 0 < p; < p;**, its nullcline curves downward. When p, = p;**, it becomes a straight
line. When p; > p;**, it curves upward. Because of these curvature shifts, some phase
planes become qualitatively different from the standard Lotka-Volterra model when
p: < p;¥*. The conditions of existence of these threshold values are derived from the range of
p:i(0<p;<1)as

byo—2
2107 Mo L<l
by = miyg
for p,** and
b
1<ay,< 2
by — 1ng
for p,**.
APPENDIX 2

The N,- and N,-intercepts, ¢, and c¢,, for the model with density-independent mortality are

o= byy = (1 +pymyo K,y
=
bio—myg (QP)

and

= by — (1 = py)my &
’ by —my, Oy

respectively. Their corresponding thresholds p,* and p,* are

(b1 — my)(K; — 0,K5)
mq Ky

= (byg — My)(0y, Ky — K)
’ myK,

Pt =
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For the density-dependent case, ¢; and ¢, are

byg— 1y &

Ci =
' Pibi+ by — (1 +ppmyy ayy

by — My K,

CH=
: = Pabag + by — (1 = pr)myy 0y

Their corresponding thresholds p,* and p,* are

_ (byo — my)(K; — 04,K3)

=

(b1 — M) K,

*_ (bag — M) (03, K, — K5)
(b — M)y Ky

2



