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. Abstract

> Mimicry is an anti-predator strategy in which prey species (the mimic) resemble an unprofitable
s species (the model) to deceive predators. Despite theoretical expectations for perfect mimicry,
+ imperfect mimicry, where the mimic resembles its model imperfectly, is widespread in nature. To
s understand how imperfect mimicry can persist ecologically, we studied the effect of different preda-
¢ tor recognition processes on the dynamics and stability of various mimicry systems. Specifically,
7 we extended a dynamical model that integrates optimal foraging and signal detection theories
s by introducing a novel abundance-dependent recognition mechanism, where predators” percep-
o tion of the similarity between mimic and model is influenced by the relative abundance of prey
1 types. We demonstrate that intermediate similarity promotes stable community dynamics and
1 increases mimic abundance in single Batesian mimicry systems. Moreover, abundance-dependent
12 recognition leads predators to reduce attack on mimics with low morphological similarity, further
13 contributing to system stability. Extending the framework to a multi-mimicry system, we find that
14 Batesian and Miillerian mimics have contrasting effects: intermediate Batesian similarity continues
15 to stabilize the system, while high Miillerian similarity provides additional protection and can off-
16 set destabilization caused by highly similar Batesian mimics. Our study offers a novel explanation
17 for the prevalence of imperfect mimicry in nature and highlights how recognition processes shape
18 the ecological stability of mimicry systems.

19

20

22 Keywords: Batesian mimicry, imperfect mimicry, Mimicry complex, morphological similarity,

22 Miillerian mimicry, signal detection theory, optimal foraging theory
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» Introduction

2« Mimicry is a complex anti-predator adaptation that involves interactions among three main players:
s the mimic, the model, and the predator (Ruxton et al., 2004, Quicke, 2017). In this system, the model
26 is an unprofitable prey that displays aposematic signals to advertise its unprofitability. The mimic,
27 on the other hand, displays phenotypes that resemble those of the model, including behavior,
22 chemical compounds, and, more commonly, morphological characteristics such as color, pattern,
20 and shape (Kikuchi et al., 2013). These phenotypes deceive predators into misidentifying the mimic
30 as the unprofitable model. One can categorize a mimicry system based on the mimic’s profitability
a1 to the predator, with Batesian and Miillerian mimicry being the two most widely recognized forms.
2 In Batesian mimicry, the mimic is a profitable prey that reduces its predation risk by resembling
;3 an unprofitable model. However, the model in this system involuntarily suffers higher mortality
a4 as the presence of the Batesian mimic confuses the predators, thereby reducing the effectiveness of
s the model’s aposematic display (Bates, 1862). In Miillerian mimicry, the mimic is an unprofitable
3 prey that shares a common aposematic signal with the model. Unlike Batesian mimicry, both the
;7 mimic and the model benefit from their resemblance in Miillerian mimicry due to the positive
;s reinforcement of the aposematic signal (Miiller, 1879, Vane-wright, 1980, Mallet & Joron, 1999,
3 Ruxton et al., 2004). It has been suggested that natural selection should favor mimics that closely
s resemble their model in both mimicry systems, resulting in highly similar mimic-model pairs
s (Nur, 1970, Sherratt, 2002, Ruxton et al., 2018). However, empirical evidence shows that many
»2 mimics do not closely resemble their models despite the apparent advantage of high similarity, a
53 phenomenon known as imperfect mimicry (Sherratt, 2002, Kikuchi et al., 2013, Sherratt & Peet-Paré,

w2017, Bosque et al., 2018, McLean et al., 2019).

45 This contradictory phenomenon raises the question: what mechanisms allow imperfect
4 mimicry to persist in nature? Many hypotheses and theories have been proposed to explain
s the existence of imperfect mimicry (Penney et al., 2012, Pfennig & Kikuchi, 2012, Kikuchi et al.,
s 2013). On one hand, evolutionary explanations, such as the ”chase-away” hypothesis, predict
s that imperfect mimicry exists because models evolve away from their mimic (Nur, 1970, Oaten
so et al., 1975, McGuire et al., 2006, Franks et al., 2009, Akcali et al., 2018) (also see Sherratt (2002),
s1 Penney et al. (2012), Johnstone (2002), Pfennig & Mullen (2010), Tomizuka & Tachiki (2024) for


https://doi.org/10.1101/2025.10.15.670298
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.10.15.670298; this version posted October 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

s more evolutionary hypotheses). On the other hand, ecological explanations, such as the “eye of
3 the beholder” hypothesis, argue that what is perceived as imperfect mimicry by humans may in
s« fact be effective from the perspective of the predator (Cuthill & Bennett, 1993, Dittrich et al., 1993).
ss Furthermore, the “multiple models and multiple predators” hypothesis suggests that imperfect
s mimicry could arise either because the mimic resembles multiple models or because multiple
s7  predators rely on different signals to detect the mimic (Edmunds, 2000, Sherratt, 2002, Pekar et al.,
ss. 2011). As a result, the mimic might resemble many aposematic signals from different models,
so resulting in a signal that partially resembles several model species but does not closely match any

o single one (also see Kikuchi et al., 2013 for additional ecological hypotheses).

61 In addition to morphological similarities, different types of predator recognition processes
2 could also influence the dynamics of mimicry systems (Darst, 2006, Chittka & Osorio, 2007). These
3 recognition processes shape the realized similarity perceived by the predator, which may differ
e« from the actual mimic-model morphological similarity. Predator recognition can be affected
s by the learning efficiency of the predator (Huheey, 1964) or by the abundance of different prey
ss items (Nelson et al., 2010). Miillerian mimicry is a classic example of such abundance-dependent
e7 recognition — a higher abundance of unprofitable mimics increases predator encounters and
¢ reinforces the association between the aposematic signal and unprofitability (Miiller, 1879). This
o type of abundance-dependent recognition is particularly important on an ecological timescale
70 as it creates intricate feedback between prey abundance, predator recognition, predator attack

7 decisions, and subsequent community dynamics.

72 Despite numerous hypotheses being proposed to address the emergence of imperfect mimicry,
73 its effects on population dynamics and the stability of mimicry systems remain unclear. Under-
= standing these ecological mechanisms and their consequences clarifies how imperfect mimicry
75 persists over short ecological timescales, which is essential for setting the stage for its evolution
76 over longer timescales. Previous theoretical studies addressing the stability of mimicry systems
77 often lacked comprehensive dynamics of the entire system: some overlooked the dynamics of the
7 predator (e.g., Getty, 1985), while others omitted both the predator and the non-mimetic alternative
79 prey (e.g., Yamauchi, 1993, Kumazawa et al., 2006). Other studies have focused on how mimicry

so dynamics are shaped by factors such as the influx of alternative prey, the degree of similarity
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s1  between the mimic and the model, and the level of defense equipped by the model species (Brower
sz & Moffitt, 1974, Rowell-Rahier ef al., 1995, Kikuchi et al., 2022). Many of these theoretical studies
53 employed optimal foraging theory, which assumes that predators make attack decisions based on
s properties of the prey items (i.e., their profitability and abundance; Charnov, 1973, 1976, Stephens
ss & Krebs, 1986).

86 Although previous theoretical studies on mimicry population dynamics have mostly focused
&7 on single Batesian mimic system based on morphological similarity, natural mimicry often forms
ss multi-mimicry complexes involving multiple types of mimicries and various recognition processes.
so  Specifically, multi-mimicry complexes involving both Batesian mimicry and Miillerian mimicry
o0 are common in nature (e.g., Heliconius butterfly Quicke, 2017 and Pachyrhynchus weevils Schultze,
o1 1923), where abundance-dependent recognition may also play an important role. With a greater
o2 number of prey types involved, the predator needs to juggle between multiple mimic—-model
o3 similarities and prey profitabilities when making attack decisions. Importantly, Miillerian mimics
u differ fundamentally from Batesian mimics: the resemblance between the Miillerian mimic and the
s model produces a positive reinforcement that provides both species greater protection, whereas
s the resemblance between the Batesian mimic and the model imposes a cost on the model species.
o7 Therefore, Batesian and Miillerian mimics may differentially influence the dynamics of the multi-
e mimicry system. To investigate the persistence of imperfect mimicry in natural systems with both
% Batesian mimicry and Miillerian mimicry, it is essential to consider the interactive effect of their

1o similarity with the model and their profitability for the predator.

101 Here, we extended the framework proposed by Kikuchi et al. (2022), which offers an exciting
102 opportunity to investigate the persistence of imperfect mimicry and its resulting community dy-
103 namics by integrating optimal foraging theory into a dynamical model of the full mimicry system.
14 By exploring the impact of mimic-model similarity in a single Batesian mimicry system, we offer a
105 novel perspective on the ecological dynamics of mimicry systems: imperfect mimicry can stabilize
s community dynamics and lead to a higher mimic abundance. We then explore how this stability
17 pattern conferred by imperfect mimicry varied with different predator recognition mechanisms.
s To this end, we formulated a novel phenomenological representation of the predator’s recognition

109 process, which depends on both the innate mimic-model similarity (i.e., morphological similarity
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1o based on prey traits) and the abundance ratio of the mimic and the model. Finally, we expanded the
m  framework to a multi-mimicry system encompassing both Batesian and Miillerian mimicry. We ex-
12 plored how the dynamics of the multi-mimicry system are influenced by the similarities between
us different mimics and the model under the aforementioned abundance-dependent recognition-
14 determining process. Overall, we show that imperfect mimicry can, counterintuitively, promote
us higher mimic abundance and greater stability across a range of mimicry systems that differ in

us predator recognition mechanism and the number of mimic species involved.

ww Method

us  We used a theoretical model to study how mimic-model similarity and different predator recogni-
19 tion processes influence predation decisions and the dynamics of mimicry systems. Our ordinary
o differential equation (ODE) model is built upon the theoretical framework of Kikuchi et al. (2022),
122 which combines optimal foraging theory and signal detection theory to simulate the dynamics of
12 mimicry systems. We extended this framework to investigate how mimic-model similarity and
123 predators” abundance-dependent recognition influence the abundance of mimic species and the
124 stability of the system through predator decision-making (Fig. 1). In the following sections, we first
125 introduce the foundations determining the predator decision-making process, including optimal
e foraging theory, signal detection theory, and abundance-dependent recognition. We then present
127 the population dynamic framework that governs the abundance of species within the mimicry

128 system. Finally, we describe the numerical setup used in our study.

120 Predator decision-making process
130 Optimal foraging theory

131 We followed the classic assumption that predators determine their probability (p;) of attacking
132 three different types of prey items — mimics (N,;; j = 1,2,--- ,n), model (N,,), and alternative
133 prey (N,) — through optimal foraging theory (Charnov, 1973, 1976; Fig. 1A). Assuming a multi-

134 prey Holling type-II functional response, the term that predators attempt to optimize while making
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foraging decisions is:

S (Z Nijcj Ue; + NpPpmVm + ann“n)
J

: (1)
I+s (Z chpcj th + Nmpmhim + annhn>
J

Here, p; represents the probability of the predator attacking prey item i (i = c¢j, m, n for mimics,
model, and alternative prey, respectively). The parameter v; represents the value that the predator
gains from consuming one individual of prey item ¢, whereas h; represents the time predators
spend handling one individual of prey item . Therefore, each N;p;v; term in the numerator
represents the value gain of consuming species i, whereas each N;p;h; term in the denominator
represents the cost of consuming species i. The parameter s represents the predator’s search rate,
which is assumed to be equal for all prey items. Here, we defined a prey item’s profitability
based on its i% (Charnov, 1976). We further assumed that at least one mimic species is a Batesian
mimic and will have the highest profitability, followed by the alternative prey, and, finally, the

model. Therefore, when there is only one mimic species (i.e., the Batesian mimic; j = 1), this

parameterization ensures that Z: > Z—’; > Z—Z, i.e., the (Batesian) mimic will be the most profitable
prey. In classic optimal foraging theory, which assumes that predators have complete information
about the system and can instantaneously recognize different prey types, predator behavior always
follows an all-or-nothing manner (Charnov, 1976, Stephens & Krebs, 1986). That is, predators will
either always include that prey in their diet (p; = 1) or never include that prey in their diet

(pi = 0) upon encounter, with a decision-switching threshold determined by the profitability and

abundance of prey items (Stephens & Krebs, 1986).

Signal detection theory

In mimicry systems, however, predators may experience difficulty in distinguishing between the
mimic and the model. Such imperfect information results in a non-binary consumption probability
due to the numerical connection between p.; and p,,. Mathematically, this means that the predator
cannot make independent decisions on p., and p;, to optimize eq. 1; (Getty, 1985, Kikuchi et al.,

2022). One can first assume that the predator has a fixed recognition ability, which, in the simplest
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10 case, depends solely on the morphological similarity between the mimic and the model. Following
10 Getty (1985), the probabilities of attacking the mimic and the model are linked by a power law

161 function:

pCj = Pm, (2)

162 with the exponent k; € [0, 1] representing the morphological similarity between mimic N,; and
13 the model IV, (Fig. 1B). When k; = 0, the predator can distinguish between the mimic and the
164 model perfectly, indicating complete discriminability from the predator’s perspective. Following

15 classic optimal foraging, in a single Batesian mimic system (i.e., 7 = 1), the predator will always

166 attack the mimic (p.,, = 1) due to its higher profitability (i.e., Z‘: > p2). On the other end of
17 the spectrum, the two prey items are morphologically identical from the predator’s perspective
s when k; = 1 (i.e., perfect mimicry); the predator would treat the mimic and the model as the
10 same species and either attack or reject them altogether (p., = p,, = 0 or 1). However, in most
1o natural cases, mimicry falls between the two extreme cases, and k; will be a number between
i1 0and 1. Here, 0 < k; < 1 represents the scenario when imperfect information interferes with
12 optimal foraging decision-making, leading to non-binary optimal foraging decisions (i.e., 0 < P
3 pm < 1). As k; approaches one, predators experience greater difficulty distinguishing the mimic
174 from the model, leading to a higher likelihood of attacking the wrong prey (i.e., a higher perceived
175 mimic-model similarity). For our purpose, we defined intermediate similarity as 0.5 < k; < 0.8.
176 At the same time, the attack probability of the alternative prey remains consistent with the classic

17 optimal foraging theory (i.e., p, = 0 or 1).

1z Abundance-dependent predator recognition

179 In addition to the morphological similarity between the mimic and the model, we considered
10 a novel predator recognition process that determines the predator’s realized similarity K,cq, ;
11 based on three factors. First, the realized similarity is constrained by the innate morphological
12 similarity between mimics and the model, which corresponds to £; in eq. 2 and represents the
183 lowest value (highest distinguishability) that k.4, ; can achieve. Second, the realized similarity

14 is influenced by the abundance ratio of two prey categories: profitable (- > 0) and unprofitable
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w5 (7t < 0) prey. When unprofitable prey is significantly more abundant than profitable prey,
186 predators interacting with this mimicry complex are more likely to encounter unprofitable prey.
17 This causes the predator to associate the shared morphological traits with the unprofitable prey,
188 thereby perceiving both prey types as unprofitable prey. The opposite outcome occurs when the
189 abundance of the profitable prey is significantly higher than that of the unprofitable prey — the
wo predator will perceive both prey types as the more abundant profitable prey. However, when the
11 two prey categories have a similar abundance, the predator will encounter an equal amount of both
12 prey types; the resulting realized similarity will not be biased by prey abundance imbalance but
103 instead be determined by the innate mimic—-model morphological similarity. Finally, a third factor,
104 0, controls the sensitivity of the predator recognition to the ratio of prey abundance. To represent
105 this predator recognition process, we formulated the following abundance-dependent recognition
ws function, which phenomenologically characterizes how the realized similarity is affected by the

197 three aforementioned factors:

i N+ 32(1-6;)Ne; \ 2]
log — 4
& 30N
J

kreai,j =1— (1 —kj;) xexp |— 5 , 3)
20]-

s with §; = 0 if the profitability of N.; is equal or smaller than 0 and J; = 1 if the profitability is
199 greater than 0; the term within the logarithm thereby represents the abundance ratio of the two
20 prey categories. In a two-mimicry system that contains a Batesian mimic (/V.,) and a Miillerian
200 mimic (N,,), the abundance ratio term becomes (Nm+Nc;)/N.,. When the innate morphological
202 similarity does not constrain realized similarity, i.e., easily distinguishable mimic with k; = 0,
208 Kyeqt, ; 15 solely determined by the abundance ratio of different prey categories and can vary freely
204 between 0 and 1 (lower curve in Fig. 1C). As the innate morphological similarity k; approaches 1
205 (i.e., mimics become hardly distinguishable), the realized similarity k,.., ; becomes less responsive
206 to prey abundance ratio (upper curve in Fig. 1C). The functional form of eq. 3 implies that &,cq, ;
207 approaches 1 when the abundance of the unprofitable and profitable prey is highly unbalanced
208 (i.e., when (Nm+%:(16j)ch>/ > 9;N., approaches 0 or co). Under such a scenario, the predator
i

209 treats the two prey categories as if both were the more abundant prey category: with optimal

10
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210 foraging, both are treated as the profitable prey if the abundance ratio approaches 0, and both are

a1 treated as the unprofitable prey if the ratio approaches co.

22 Mimicry dynamic system

213 Finally, we incorporated optimal foraging theory, signal detection theory, and our novel abundance-
214 dependent recognition function into a multi-mimicry dynamical system. We simulate the dynam-

215 ics between mimics (N,;; j = 1,2, -+ ,n), the model (NV,,), the predator (V},), and an alternative

216 prey (Nn)

S <Z ch-pcjvcj + NppmVm + ann”n)
N J

dnN,
Tf = Vp — Mp (4-1)
1+s (Z ch-pc]- hcj + Nopmhm + annhn>
J
ch]. —ro N, [1- ch N SNijCJ' (4-2)
dt A K., P11+ 5(3 Neypejhe; + Nimpmhm 4 Nppnhin)
J
dN,, < Nm> SNppm
—=r, Ny (1—— | — N 4-3
dt fmm K, P11 + S(Z ch-pc]- th + Nopmhm + annhn) ( )
J
dN, N,
= D(Sy— Ny) ~ N, 5 Tnbn (4-4)

P14+ (22 Nejpejhe; + Nmpmhin + Nupnhn)
j

217 The per capita population growth rate of the predator consists of the consumption gain from
218 optimal foraging (first term within the bracket in eq. 4-1) and the density-independent mortality
219 rate p, (second term within the bracket in eq. 4-1). Specifically, the first term captures the
20 total foraging gain the predator obtains from consuming various prey types, where the optimal
221 combination of p; is instantaneously adjusted at each time step to maximize the consumption gain
22 (eq. 1) under the constraints imposed by signal detection theory (eq. 2) and abundance-dependent
23 recognition (eq. 3). The mimics and the model grow logistically, with intrinsic growth rates r;
24 and r,,, and carrying capacity K., and K,,, respectively. The population of the mimics and the

»s model decreases due to predator consumption, which depends on the optimized probability p.;

11
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234

and p,,, respectively (term within the bracket represents per predator consumption). Finally, we

assumed that the alternative prey has an external population source, thus following chemostat

dynamics with a continuous flux (D) and an external supply source (S,,); the predator also attacks

the alternative prey with optimized probability p,.

(A) Optimal foraging theory

8 (Nepeve + NonPmVm + Nopntn)

1+s (Ncpchc + Nipmhbm + annhn)

ks

144

Consuption rate
of the consumer

Diet composition

(B) Signal detection theory

Probability of attacking
the mimic, p.

o
o

.0
Probability of attacking the model, p,,,

10

(C) Abundance-dependent recognition

2
krew =1 — (1 — k) exp |:7 (log%:> ]

 EER ww v
e ¥ =

¥ o

Realized similarity, kyeqr

0.0ty " +
-2 0 2
Abundance ratio, log (Ny,/N.)

(D) Dynamic system

[] Model

] Mimic

Figure 1: Illustrative figure demonstrating how our study incorporates (A) optimal
foraging theory (i.e., predator optimizing attack probability p; to maximize foraging
gain), (B) signal detection theory (i.e., non-independence of attack probabilities via
mimic-model morphological similarity &), and (C) abundance-dependent recognition
(i.e., predator realized recognition k., also dependent of model-mimic abundance
ratio) into a (D) dynamic system of mimic—-model-predator. Here, only a single Bate-
sian mimic is shown for simplicity (so the secondary subscript j in N, is omitted). In
panels (B) and (C), we depict two scenarios with low (k = 0.1; red mimic) and high
(k = 0.9; orange mimic) innate mimic—-model morphological similarity k. See the main
text for the mathematical description of the full multi-mimic model.

Numerical simulations

We simulated two different mimicry systems: (1) a single-mimic system with only the Batesian

mimic (N.), and (2) a multi-mimic system with both Batesian mimic (N, ) and Miillerian mimic

(Ney). For simplicity, we omitted the secondary subscript j in N, in the single-mimic model,

but reintroduced it in the multi-mimic system (see Appendix A for the full equations). We used

12
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235 the fourth-order Runge-Kutta method from package deSolve (Karline Soetaert et al., 2010) to
236 numerically solve our dynamical system. In all simulations, the integration step size was set to
237 0.02 and the dynamics were simulated for 12,000 time steps. To incorporate optimal foraging,
28 the values of p; were adjusted at each integration step by finding the optimal combination that
23 maximizes foraging gain (i.e., eq. 1). To better capture the nonlinear function form of eq. 2, the
20 maximum foraging gain was found by evaluating eq. 1 with a range of p,, (and corresponding p.,)
2.1 values from 0 to 1 inincrements of 0.0001. While a larger increment for p,,, (e.g., 0.1) could accelerate
22 the numerical procedure, we note that it would lead to insufficient sampling along the nonlinear
23 curve. Parameters in the single-mimic system are as follows (note again secondary subscripts j were
244 omitted): v, = 1.6,v, = 0.8,v,, = 0,h. = hy, = hy, = 1. The intrinsic growth rate and carrying
us  capacity of the mimic and the model are r. = r,, = 2 and K. = K,, = 10, respectively, and the
26 deathrate of the predator is 1, = 0.75. The influx of the alternative prey is controlled by parameters
a7 Sy, = 20 and D = 1, and the search rate is s = 1. We used the following initial conditions for
25 all simulations: N,(0) = 0.5, N.(0) = 1, N,,,(0) = 10, N,,(0) = 20. The parameters for the multi-
29 mimics system are set as follows (secondary subscripts j were reintroduced to distinguish the
250 two mimics): 1., = 1, = 1y = 2; K¢y = K¢y, = Ky = 10; vy = 25,0, = vy, = 0,0, = 0.8;
1 hey = hey = hyy = by = 1; pp = 0.75, and S,, = 20. With v, = 0, N,, is the Miillerian
22 mimic in the system, while V., is the Batesian mimic with the highest profitability. The initial
253 conditions for the multi-mimics system are identical to those of the single mimicry system, with

s Ne, (0) = Noy(0) = 1.

255 To study the effect of mimic-model morphological similarity on community dynamics in the
256 single-mimic system, we explored £ across the parameter range of 0 to 1 by an interval of 0.01. For
257 both the single-mimic and multi-mimicry systems, we studied the effect of abundance-dependent
258 recognition (eq. 3) by varying the morphological similarity (i.e., k for the single-mimic system and
259 both k; and ks for the multi-mimic system) from 0 to 1. All simulations were carried out using
260 R 4.3.3 (R Core Team, 2024). When presenting simulation results, the last 80% of each simulated
261 time series was used to calculate the mean and variance of each species” abundance, which were
%2 then used to determine the stability and coexistence outcome of the system. Specifically, we set

23 the extinction threshold for each species as 1071°. The stability threshold was set at 10712, i.e., the
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264 System is considered stable if the variance of the predator population is less than 107! Since the
25 predator interacts with all other prey and exhibits the highest population abundance, calculating

26 the variance of the predator population is sufficient to determine the stability of the system.

- Result

s Single Batesian mimic system
20 Predator decision depending only on mimic-model morphological similarity

2o We first explored the dynamics of a single Batesian mimicry system where the predator’s decision
a1 depends only on the morphological similarity between the mimic and the model (k; Fig. 2A).
22 We showed that along the spectrum of mimic-model similarity (k¥ ranging from 0 to 1), low
213 and high similarity produced cyclic dynamics while stable population dynamics were observed
2+ under intermediate similarity. Moreover, intermediate similarity (0.5 < k£ < 0.8) also resulted
25 in higher predator and mimic abundance (red and orange, respectively, in Fig. 2A upper panel),
26 suggesting that intermediate similarity benefits the mimicry system in terms of stability and species
277 abundance. We discuss the dynamics below (see also Fig. 3 for detailed time series under different

218k values).

279 When the similarity between the mimic and the model is zero (i.e., k = 0, left-most value in
280 Fig. 2A), the mimic and the model are treated as two different species by the predator. In this sce-
281 nario, cycles emerge from diet composition shifts: while predators always ignore the unprofitable
232 model (;)T:Z = 0) and always attack the mimic due to its high profitability, predators switch between
283 including or excluding the alternative prey from its diet since changes in mimic abundance lead
284 to different optimal p,, (Fig. 3A; see also Appendix B and Fig. S1 for analytical derivation). With
265 slightly increased mimic-model similarity (i.e., increasing k towards approximately 0.2), the prob-
286 ability of the model being attacked increased while the attack probability of the mimic decreased
267 (light blue and orange, respectively, in the lower panel of Fig. 2A). This is because predators now
288 sometimes get confused between the mimic and the model and consume the wrong prey. Under
29 such low similarity scenario (0 < k£ < 0.2), we observed that the system still exhibits cycles in its

200 diet composition. However, unlike the scenario when k£ = 0, where predators exclude the model

14
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20 from their diet, here all three prey are included (Fig. 3B), demonstrating that even a slight similarity

22 between the mimic and model can influence the community dynamics.

203 As the mimic-model similarity continues to increase (as k approaches 0.5), predators find
204 it increasingly difficult to distinguish between the mimic and the model. Under this scenario,
25 maintaining a high attack probability towards the mimic will lead to accidental consumption of
26 the unprofitable model. To avoid this situation, optimal foraging leads predators to reduce their
207 attack probability on the mimic. This foraging decision releases the predator from the cost of mis-
208 takenly consuming the model, ultimately stabilizing the predator population at higher abundance
200 (Fig. 3C). At the same time, the mimic population increases in abundance due to the released
300 predation pressure, while the model population continues to decline due to occasional predation.
so0  Surprisingly, as the similarity between the mimic and the model increases further (0.6 < k£ < 0.8),
sz the probability of attacking the mimic rises again, producing a U-shaped relationship between
33 mimic-model similarity and attack probability across this intermediate range of k. This reversal
34 Occurs because, while predators could theoretically avoid accidentally consuming the model by
s further reducing attacks on mimics, optimal foraging prevents this strategy from being realized
306 as the predator still requires foraging gain from the mimic-model species pair. Instead, predators
37 unavoidably need to increase their attack probability on both prey items to make up for the fre-
08 quent unprofitable accidental attacks, thereby decreasing the abundance of the predator. Initially,
300 this decline in predator abundance allows the mimic population to rise further, reaching its peak
s10  just before similarity exceeds k = 0.8 (Fig. 3D). However, once similarity surpasses this threshold,
su  the rising attack probability on mimics leads to a decrease in mimic abundance. Consequently,
sz the peaks in predator and mimic abundance occur at different values of £, reflecting the shifting

313 balance between prey profitability and foraging pressure within the mimicry complex.

314 In addition to the counterintuitive increase in p., a higher mimic-model similarity also
s1is  results in the reoccurrence of cyclic dynamics (0.88 < k£ < 1; right-most region in Fig. 2A). When
a6 0.88 < k < 0.94, population cycles are characterized by diet composition shifts (Fig. 3E) similar
sz to those seen under low mimic-model similarity. However, once similarities surpass a certain
sis  threshold (k > 0.93), the cycles are akin to classic predator-prey population cycles and no longer

s19  involve diet composition shifts. Instead, predators now view the mimic-model species pair as

15
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3

[¥]

o a single species and consistently include both in their diet (p,, = p. = 1; Fig. 3F). Note that
;21 despite their inability to distinguish the mimic and the model apart, predators do not discard
;2 the mimic-model species pair from their diet because its collective value remains profitable. We
;23 show in Figure S2 that making v, < 0 can, heuristically, reduce the collective profitability of the
s« mimic-model species pair, eventually causing predators to discard the species pair altogether if

225 they share high morphological similarity (Fig. S2).

10
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Figure 2: Bifurcation plot for the single mimic system, with predator recognition pro-
cess based on (A) mimic-model morphological similarity or (B) abundance-dependent
recognition. Both (A) and (B) bifurcate along the innate mimic-model morphological
similarity (k). The upper panels of both plots illustrate the abundance of the preda-
tor (IVp; red), the mimic (V.; orange), and the model (IV,,; light blue). Note that the
abundance of the predator is divided by four for better visualization. The solid line
represents the mean abundance, and the dashed line represents the maximum and
minimum of the abundance. The lower panels of both plots illustrate the predator’s
attack probability on the mimic (p.; orange), the model (p,,; light blue), and the alter-
native prey (p,; dark blue). In panel (B), the realized recognition between the mimic
and the model (k,¢q; €q. 3) is plotted in green. The solid and dashed lines in the lower
panels also represent the mean and maximum/minimum values, respectively.

s26 Predator decision depending on abundance-dependent recognition

27 We next relaxed the assumption that the predator’s decision process is solely determined by mimic—

28 model morphological similarity (k), making it dependent on the abundance ratio of two prey

16
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Figure 3: Time series of species abundance and predator attack probability for the
single-mimic system with predator recognition based solely on mimic-model mor-
phological similarity (k). Similarity (k) values vary as follows: (A) k = 0, (B) K = 0.1,
(C) k=04, D)k =0.7 (E) k =0.9, and (F) £k = 1. The upper half of each panel
illustrates the abundance of the predator (V,; red), the mimic (N.; orange), and the
model (V,,; light blue). Note that the abundance of the predator is divided by four for
better visualization. The lower half of each panel illustrates the predator’s probability
of attacking the mimic (p.;; orange), the model (p,,; light blue), and the alternative
prey (pn; dark blue). Note in panel (F) the lines representing the mimic and the model
completely overlap as they are perceived as the same species under k = 1.

categories, i.e., the profitable mimic and the unprofitable model (NT’: ; €q. 3). We used the notation
kreal to represent the realized similarity between the mimic and the model from the perspective
of the predator (again, secondary subscript omitted for simplicity). Unlike the previous scenario
(Fig. 2A), which produced diet shift cycles under low similarity values, abundance-dependent
recognition leads to stable dynamics under a wide range of innate similarity values (0 < k < 0.88;
Fig. 2B). This suggests that when the innate mimic-model similarity is not too high, the predator
recognition is influenced by the observed ]]VV—T ratio and reaches an intermediate realized similarity
(green line in Fig. 2B lower panel). The realized intermediate similarity (0.46 < kyeqr < 0.88)
corresponds to values in Figure 2A that stabilize the system and lead to higher predator and
mimic abundance. In other words, abundance-dependent recognition leads predators to reduce

attack on mimics with low morphological similarity, causing the system to exhibit stable dynamics
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uo  associated with intermediate similarity values (i.e., kyeqr > k).

341 However, the predator becomes less responsive to the prey abundance ratio, and the real-
sz ized similarity becomes increasingly similar to k, as predator recognition becomes increasingly
u3  constrained by the innate mimic—-model similarity (i.e., high k). That is, the predator cannot adopt
s its realized similarity to an intermediate value that would stabilize the system. Instead, the high
us  innate mimic-model morphological similarity causes the predator to perceive the two prey as a
us single species, which causes k., ~ k as NT“: ~ 1; the resulting dynamics is a cyclic behavior with

s7  reduced population sizes (corresponding to a high k scenario in Fig. 2A).

1z Multi-mimic system with abundance-dependent recognition

s We expanded our model to consider a multi-mimic mimicry system consisting of a Batesian mimic
30 (IVg,), a Miillerian mimic (V.,), and a model species (1V,,), with the latter two considered as
1 unprofitable prey (ve, = v, = 0). We considered this community composition as it represents
32 the simplest mimicry complex with multiple types of mimicries (see also Fig. S3 for an example
353 with more species). We explored how the Batesian mimic-model morphological similarity (k1)
34 and the Miillerian mimic—-model morphological similarity (k2) influenced community dynamics,
35 assuming the predator possesses abundance-dependent recognition (see also Fig. ?? for the case
356 where foraging decisions depend solely on mimic—-model morphological similarity). Intuitively, a
ss7 high k.41 1 value causes the predator to perceive the mimicry complex as a more profitable group
s of prey, whereas a high k,.; 2 would decrease the overall profitability of the mimicry complex.
39 Briefly, the simulation reveals that while intermediate similarity in both Batesian and Miillerian
0 Mmimicry stabilizes the system and increases the abundance of the predator and mimics, different

31 types of mimicry vary in their impact on the species abundance (Fig. 4).

362 Our simulation suggests that the system exhibits two distinct dynamical regimes, governed
33 by the interplay between ki and k: (1) a consistent alternative prey inclusion regime (top-left
s Of Fig. 4) and (2) an occasional alternative prey exclusion regime (bottom-right of Fig. 4). In the
s first regime, in addition to always consuming the alternative prey (average p, = 1; Fig. 4H, ]),
s66 it is characterized by lower p.,, p., (top-left of Fig. 4B, D) and higher abundance of N., N,,

7 and N, (top-left of Fig. 4A, C, E). In contrast, in the occasional alternative prey exclusion regime,
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s the alternative prey is not always included (average p, < 1; Fig. 4H, J) but the Batesian and the
30 Miillerian mimics are consistently included in the diet with high attack probability, leading to their
so  lower abundance (lower-right of Fig. 4A-D). The difference in the diet composition suggests that
s these two regimes are governed by the predator’s diet strategy (see Appendix B for the analytical

s2 derivation of this boundary).

373 Additionally, most scenarios in the top-left consistent alternative prey inclusion regime
s exhibit stable population dynamics, while all scenarios in the lower-right occasional alternative
ars  prey exclusion regime exhibit cyclic dynamics (Fig. 4I). The boundary separating the two regimes
;6 shows a positive association between ki and ko, indicating that a higher value of k3 allows the
577 system to tolerate a greater k; before becoming destabilized (Fig. 4I). When £, is sufficiently
srs  high, the system eventually becomes unstable as the predator increasingly perceives the mimicry
sre - complex as a profitable food source, akin to the instability seen in the single Batesian mimic system
ss0 - with high similarity (Fig.2B). However, the presence of a Miillerian mimic can mitigate this effect:
se1  a Miillerian mimic with sufficiently high %k can stabilize the system, especially when £ is fixed at
22 low to intermediate values (Fig. 4I). This demonstrates that mimic types differ in their impact on
3 system stability, with a perfect Batesian mimic (high k1) causing the system to be unstable and a

;4 perfect Miillerian mimic (high k2) promoting stability.

385 Beyond stability, we examined how the Batesian mimic—-model morphological similarity
ss6 (k1) affects mimic abundance, while keeping the Miillerian mimic’s morphological similarity (k2)
se7  constant. Under abundance-dependent recognition, £, 1 remains within an intermediate range
8 (0.5 < Kpeqr,1 < 0.8; Fig. 4E), and Batesian mimic abundance exhibits a hump-shape pattern
39 with increasing k; (orange line in Fig. 5A). Moreover, compared to the scenario where predator
30 recognition relies only on morphological similarity ( Fig. 2?A), the resulting intermediate k,.¢q, 1
301 leads to a higher Batesian mimic abundance. The Miillerian mimic abundance, on the other hand,
32 decreases monotonically with the increasing k; (green line in Fig. 5A). As k; further increases,
33 the dynamics eventually transition into the aforementioned occasional alternative prey exclusion
s34 regime, characterized by unstable dynamics with consistently low abundance of both mimics as

305 the predator now consumes the entire mimicry complex as a single palatable prey.

396 Finally, we examined how varying the Miillerian mimic-model morphological similarity (k2)
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se7  affects mimic abundance, while keeping the Batesian mimic’s morphological similarity (k1) fixed.
38 When the Batesian mimic has an innate intermediate similarity (0.5 < ki < 0.8), the system is
309 likely within the occasional alternative prey exclusion regime with low abundance of both mimics
wo (Fig. 4A, C). Under this scenario, a Miillerian mimic with high similarity provides protection to the
s01  mimicry complex: higher k; balances out the impact from a highly similar Batesian mimic, resulting
a2 in the transition into the other dynamical regime with high mimic abundances. Moreover, within
a3 the consistent alternative prey inclusion regime, while £,.4; 1 settles within an intermediate level
a4 (0.5 < kpeqr,1 < 0.8) and the Batesian mimic thereby maintains higher abundance, k., 2 increases
a5 monotonically with increasing ko (Fig. 4F). As a result, Miillerian mimic abundance increases
ws  With ko (Fig. 5B), suggesting that the Miillerian mimicry provides more protection under higher
a7 morphological similarity. Together, these results underscore the contrasting ecological roles of the
a8 two mimic types. For the Batesian mimic, intermediate similarity to the model reduces predation
wo  while avoiding the high k; that causes predators to consume the entire mimicry complex as a
a0 single profitable prey. In contrast, Miillerian mimics benefit from high similarity as it reinforces

a1 predator learning, thereby leading to a steady increase in abundance with increasing k.
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Figure 4: The effect of the Batesian mimic-model morphological similarity (k;; x-
axis) and the Miillerian mimic-model morphological similarity (kg; y-axis) on system
dynamics and species abundances. The different panels represent different variables:
(A) Batesian mimic abundance (/V,, ), (B) attack probability on the Batesian mimic (p., ),
(C) the Miillerian mimic abundance (N,,), (D) attack probability on the Miillerian
mimic (p.,), (E) realized Batesian mimic similarity (keq, 1), (F) realized Miillerian
mimic similarity (k,cq, 2), (G) predator abundance (1V,), (H) attack probability on the
alternative prey (p,), and (I) the log(variance) of the predator population fluctuation,
serving as an indicator of community stability. Panel (J) depicts whether p,, = 1 (blue)
or p, < 1(red), which serves as a binary indicator of the two dynamical regimes: (1) the
consistent alternative prey inclusion regime (blue) and (2) the occasional alternative
prey exclusion regime (red). The white outline in all panels depicts the boundary
separating the two dynamical regimes in (J). Note that the abundances of different
state variables are on different scales to better show the pattern of each variable.
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Figure 5: Bifurcation plot of the multi-mimicry system. (A) bifurcation along the Bate-
sian mimic-model morphological similarity (k1) while fixing the Miillerian mimic’s
morphological similarity (k2 = 0.6). (B) bifurcation along the k> while fixing k; = 0.6.
The y-axis of the upper panels shows abundance, and the lower panels show the attack
probability. The upper panels of both plots illustrate the abundances of the predator
(Np; red), the Batesian mimic (/V,,; orange), the Miillerian mimic (/V.,; green), and
the model (1V,,; light blue). Note that the abundance of predator is divided by four
for better visualization. The lower panels of both plots illustrate the predator’s attack
probability on the Batesian mimic (p.,; orange), the Miillerian mimic (p.,; green), the
model (py,; light blue), and the alternative prey (p,; dark blue). The solid and dashed
lines in all panels represent the mean and maximum/minimum values, respectively.
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22 Discussion

sn3  We showed that imperfect mimicry (i.e., intermediate similarity between the mimic and the model)
ss  promotes stable ecological dynamics and allows the mimic to reach high abundance in a single
a5 Batesian mimicry system. This outcome holds whether predator recognition is shaped solely by
se morphological similarity or by a combination of morphological similarity and prey abundance ratio
a7 (Fig. 2). In a multi-mimicry system including both Batesian and Miillerian mimics, intermediate
s1s  similarity remains beneficial for the Batesian mimic, while high similarity for the Miillerian mimic
a0 leads to increased mimic abundance (Fig. 4). These contrasting patterns suggest that the two mimic
a0 types have different impacts on the system: the Batesian mimic can destabilize the system (and
a1 lead to low mimic abundance) when too similar to the model, whereas the Miillerian mimic with
s22  high similarity can promote system stability (and lead to high mimic abundance). Together, our
a3 results suggest that imperfect mimicry can lead to ecologically stable dynamics across different

424 mMmimicry systems, offering new insights into how mimicry persists in nature.
y systems, offering ghts into h yp t t

a25 Our results provide a mechanistic perspective on the “eye of the beholder hypothesis”
26 (Cuthill & Bennett, 1993, Dittrich et al., 1993), which proposes that mimicry deemed imperfect by
27 human observers may be functionally effective from the perspective of the predator. Specifically,
a8 our abundance-dependent recognition framework demonstrates that predators tend to perceive a
w20 higher level of realized similarity than what is suggested by morphology alone (i.e., kyca, j > k).
a0 Our formulation of abundance-dependent recognition echoes Miiller’s original idea that the inclu-
a1 sion of more unprofitable prey strengthens the protective benefits of aposematic signals (Miiller,
a2 1879), and it aligns with the principles of Pavlovian conditioning, in which repeated signal expo-
a3 sures reinforce learned associations. Our abundance-dependent recognition also accommodates
s predator sensitivity to various prey categories through the parameter o; (Fig. S5). By incorporating
35 prey abundance into predator recognition and mimicry dynamics, our framework extends beyond
a3 static morphological similarity and highlights an ecological dimension that human observers typ-
37 ically overlook. This mismatch between predator and human perception helps explain how the

a8 "eye of the beholder” effect could emerge from predator decision—-making behavior.

439 Our results from the single Batesian mimicry system illustrates that imperfect mimicry could
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a0 promote mimic abundance, leading to the prediction that mimics in simple Batesian systems should
w1 generally exhibit intermediate resemblance to their model. This aligns with recent empirical find-
w2 ings showing that imperfect mimicry is more evolutionarily stable than perfect mimicry (Kelly
a3 et al., 2025). In contrast, our results from the multi-mimicry system suggest that while Miillerian
w4 mimics alone should achieve higher similarity, the interplay between different mimic types can
us  generate more complicated dynamics. Empirical studies also indirectly support this idea: Miille-
ws  rian mimicry rings could include dozens of species with varying degrees of resemblance and even
w7 overlapping traits across different mimicry rings (Wilson et al., 2012, 2022, Motyka et al., 2020),
us potentially due to the existence of Batesian mimics or quasi-Miillerian mimics in the mimicry com-
wo  plex. Therefore, based on our theoretical results, we hypothesize that Miillerian mimics in nature
s may exhibit a greater diversity of aposematic signals when Batesian mimics or quasi-Miillerian
a1 mimics are also involved. This prediction can be tested empirically by comparing the trait diversity

sz among Miillerian mimics across different multi-mimicry complexes.

453 Our predictions regarding the benefits of imperfect mimicry can be tested by meta-analysis
ssa  of behavior experiments and comparative analysis of trait data. For example, a meta-analysis
45 on mimic-model morphological similarity could examine if Miillerian mimics typically exhibit a
a6 higher similarity with the model, while single Batesian mimicry systems are more likely to exhibit
w7 intermediate similarity with the model. One can analyze morphological traits such as color, pat-
s tern, or other aposematic signals to characterize the similarity between mimics and models (Eliason
a0 etal., 2019, Maia et al., 2019, Kelly et al., 2021), thereby providing a basis to evaluate whether empir-
a0 ical systems align with theoretical predictions. In addition, combining trait data with phylogenetic
w1 information can reveal whether the aposematic signal is under selection (Eliason et al., 2019). In
w62 Miillerian mimicry systems, we expect strong directional selection on these traits with model and
43 Mmimic converging to one aposematic signal. In contrast, we expect predation-driven selection in
ss  Batesian mimicry systems to stabilize traits at intermediate similarity. These predictions can be
w65 tested through behavior experiments, such as assessing predator attack probabilities on an array
a6 Oof mimics with various degrees of similarity (Tseng et al., 2014); our predictions will be supported

a7 if the mimic with intermediate similarity suffers the least attack.

468 Finally, we encourage future work to explicitly integrate aposematic traits into the theoretical
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w0 framework of mimicry dynamics (Holen & Johnstone, 2004, Tomizuka & Tachiki, 2024). One
a0 promising approach is to replace the similarity parameter in our model with species trait distance
s inamulti-dimensional trait space. This trait-explicit framework would provide a more mechanistic
a2 interpretation of the mimic-model similarity parameter and avoid potential artifacts arising from
a3 the phenomenological linkage between attack probabilities in signal detection theory. For instance,
s in our current framework, the attack probabilities of the two mimics are indirectly constrained
a5 by their linkage to the model’s attack probability (see Appendix C), which can create abrupt
e abundance drops at low similarity values that do not reflect biologically optimal predator behavior
a7 (Fig. 4C). Furthermore, a trait-explicit framework allows the investigation of eco-evolutionary
ars feedback dynamics (Tomizuka & Tachiki, 2024), where mimic trait distributions evolve under
aro selection imposed by predators. Such a framework could further help determine not only the
w0 ecological stability but also the evolutionary persistence of imperfect mimicry. Overall, our study
w1 underscores the significance of considering predator recognition and population dynamics into
sz mimicry theory, offering new insights into how imperfect mimicry can be maintained in natural,

a3 complex mimicry systems.
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. Appendix A Equations for the single and the two-mimic system

s The single-mimic system contains a Batesian mimic (/N.), model (IV,,), predator (/V,), and the
+ alternative prey (IV,,). The explicit equations for the single-mimic system are as follows (note that

5 the secondary subscript j in N.; and associated parameters are omitted for simplicity):

AN, $(Nepeve + NonPmVm + Nupnvn)
At [1 + 8(Nevche + Npmhim + Nopnhn) p} (S1-1)
dcjlic = rele (1 - g) — [1 + s(Nopohe +S}\]7an§;hm ¥ annhn)] (51-2)
= (1) M S(Nepehe N annhm] (51-3)
dé\t[n = DS = M) = Ny L + s(Nepehe +$1]\fvmn§;hm ¥ annhn)} (51-4)
6 The two-mimic system contains two types of mimics (secondary subscript j reintroduced to

7 distinguish them), with N, as the Batesian mimic and V., as the Miillerian mimic. The explicit

s equations for the two-mimic system are as follows:

de S(NclquCl + NeyDeyVey + NenPmUm + NnPn”n)
_ N, . (S2-1)
di 1+ S(Nc1pc1 hc1 + N62p02h02 + Nonpmhim + annhn)
NC NC Nc C
dNe _ . N, <1 1> —N, { 5P } (S2-2)
dt KCI 1+ S(Nclpcl hcl + N02p02h02 + Nppmhm + annhn)
dNCz NC SNC yZ¢ :|
=7, Ney (1= =2 = N, 22 $2-3
a T'eadVey ( ch) P [1 + S(Nclpq he, + Negpeyhey + Nipmbom + annhn> ( )
— M =y N, (1-") =N, S2-4
dt " ( Km> P |:]- + 8(N01p61 hcl + NCQpCQhCQ + Nmpmhm + annhn) ( )
dNn Sann :|
= D(S, — N,) — N, 52-5
di ( ) b [1 + S(Nclpclhcl + N62p62h62 + Nmpmhm + annhn) ( )
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o Appendix B Analytical criteria for diet shifting

u  Optimal foraging theory is a key component of our theoretical framework, producing cycling
12 behavior in both single Batesian mimicry and multi-mimic systems. Here we present the analytical

13 criteria and simulation results for this cycling behavior in different systems.

11 Diet shift criterion for single Batesian mimic system

15 In the single Batesian mimicry framework, we illustrated two mechanisms that produce cycles:
16 diet shift and predator—prey interaction. In Fig. 2A, we show that a diet shift cycle could happen
17 when k < 0.2 and 0.88 < k£ < 0.94. Here, for the single Batesian mimicry system, we derive the
18 analytical criterion for predators to include the alternative prey in their diet when the mimicry
19 complex is determined to be the more profitable food. The energy gained by predators under

2 different diet compositions is as follows:

v IV,
L= niVn S3
Cn = TN, (S3)

UmPmNm + vepeNe
me — S4
“ 1+ hmpm N + hepeNe 54

o Un N, + Vmpm Nim + vepeNe
Gmen = . (S5)
1+ hp Ny + hyppm N + hepeNe

21 Here, G;,, Gy, and Gy, represent the energy gain when the predator diet consists of only the
22 alternative prey, only the mimicry complex, and all three prey items, respectively. For predators to
23 include alternative prey into the diet when it currently only consumes the mimicry complex, the
2 gain from including all three species has to be greater than that when only including mimics and

s models, i.e., Gyyen > Gie. By rearranging the terms, we arrive at the following criterion:
UmpmNm + Ucchc Un,

Un S6
1 BonpmsNon + hepeNo (S6)

26 This result shows that switching from G, to G, requires the profitability of the alternative
27 prey to be greater than the energy gain obtained from only consuming the mimicry species pair.

2 In Figure S1, we show a time series illustrating the diet shift from G, to Gy, (i-e., p, switches
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20 between 1 to 0, respectively) when k& = 0.1 (see also Fig. 2A). Notably, we depict our analytical
3 derivation with gray strips in Figure S1, showing that the analytic criterion matches the time points

a1 of diet switching in the simulation result.
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Figure S1: Time series plots showing the (A) diet switching criterion and (B) probability
of consuming the alternative prey (p,,) in a single Batesian mimicry system with & = 0.1.
Here, we show the diet switching behavior from only consuming the mimicry species
pair (Gy,c) to including the alternative prey (Gy,cn). The x-axis shows time step 1181 to
1187 (with integration step size 0.02). The black line in panel A is the consumption rate
of attacking only the mimicry complex and the red line shows the profitability of the
alternative prey (constant 7). The blue line in panel B is the probability of attacking
the alternative prey (p,). Grey strips indicate the time period when the switching
criterion is met, thereby inducing a diet switch. The parameter values are identical to
those in the main text, see section Numerical simulations for details.

2 Besides showing the criterion for a predator to switch from only consuming the mimicry

;3 complex to consuming all three prey species (i.e., the inclusion of the alternative prey), we also
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u provide the criterion for when a predator will switch its diet from consuming only alternative prey
s to consuming all three prey species (i.e., the inclusion of the mimicry pair). The criterion for the

36 predator to switch diet is Gyen, > Gy, Which corresponds to:

UmPmNm + vepeNe

Ny
< (hmvn - hnvm) PmNm + (hcvn - hnvc)chc

(57)

w7 Regime shift criterion for multi-mimic system

;s For the multi-mimic system, Figure 4 shows that there is a boundary separating two dynamical
3 regimes. The two regimes are characterized by whether the alternative prey is always included in
w the predator’s diet or not (Fig. 4]). In the consistent alternative prey inclusion regime (top-left of

s Fig. 4), the energy gain can is as follows:

UnNn + UmpmNm + UclpclNcl + chpcchg
1+ hnNn + hmpmNm + hclpcl Ncl + hcszNcg

(S8)

Gmcl con —

22 We could also write out the energy gain term in the occasional alternative prey exclusion regime
i3 (bottom-right of Fig. 4), where the predator always incorporates the mimicry complex but does

u not always incorporate the alternative prey:

U Ny + U Ny, + Uc1Ncl + UCQNCQ
1+ hsNoy & FosNow + hro Now + hiey N

Umn N + Ve, Ney + Vey Ney
14+ h Ny + hey Ney + hey Ne,

Gmc102n¢ = ¢[ ] + (1 - (b)[ ]

(59)

s Here, ¢ is the proportion of time that the alternative prey is included in the diet, which can be
s obtained by the long-term average of p,, since it is a binary variable. When G ¢, con > Gmeycan o7 the
a7 system enters the consistent alternative prey inclusion regime with stable dynamics. Conversely,
18 When Gicycon < Gmeyeyng, the system enters the occasional alternative prey exclusion regime with
s unstable dynamics. Note that the white outline in Fig. 4 was drawn based on the above criterion,

so with ¢ equal to the average p,, obtained from the simulation.
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s Appendix C Caution against multi-species signal detection theory

2 In the multi-mimicry system, we incorporated signal detection theory for the two mimic species

53 independently as:

Pey = Do (S10)
Dey = PR2. (S11)

s« This expression could be rewritten as:

Pey = Pes - (S12)

ss Under this expression, numeric artifacts may occur when both k; and k; are low as the attack
ss probabilities of the two mimics are indirectly constrained. Consider the case where k; = 0
s7 and k» = 0, which represents the scenario in which the predator could perfectly distinguish
ss  between the Batesian mimic, the Miillerian mimic, and the model. When the predator is capable
so of distinguishing between all prey items, one would intuitively expect that predators should only
so attack the Batesian mimic; indeed, the optimal foraging theory results in p., = 1. However, with
61 pm becoming 0 given k; = 0, the fact that k& = 0 numerically guarantees that p., = 1 (lower-
2 left region of Figs 4C and ??C). This conflict between biological intuition and numeric results
3 comes from the direct multi-species extension of the signal detection theory, and can be seen
e« in the lower left of Figs 4 and ??. We note that abundance-dependent recognition can partially
ss resolve this numerical artifact, since the realized similarity k,.q;, ; will deviate from the low innate
s morphological similarity and achieve an intermediate value. To further resolve this artifact, a
7 trait-based approach could be a promising alternative approach to model multi-mimicry systems,

es as mentioned in the Discussion.
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Figure S2: The effect of the model species value (vy,,; x-axis) and the mimic-model sim-
ilarity (k; y-axis) on the single Batesian mimicry system without abundance-dependent
similarity. A lower model value indicates a lower profitability of consuming the model,
which also influences the collective profitability of the mimic-model species pair; note
the default value in the main text is v,, = 0. Different panels represent different vari-
ables: (A) mimic abundance (/V.), (B) model abundance (V,,,), (C) predator abundance
(Np), (D) the attacked probability on the mimic (p.), (E) the attacked probability on the
model (p;,), and (F) the log(variance) of the predator abundance fluctuation, serving as
an indicator of whether the system is cycling or not. See section Numerical simulations
for parameter details.
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Figure S3: Time series of species abundances in a four-mimicry system where predator
recognition is based solely on mimic-model morphological similarity (k.;). The system
includes: two Batesian mimics (/V;, and N.,; orange and light orange, respectively) and
two Miillerian mimics (N, and N,; green and light green, respectively), the model
(Nm; light blue), the predator (/V,; red), and the alternative prey (/V,,; dark blue). Note
that the abundance of predators is divided by four for better visualization. Similarity
(k¢;) values as follows: k¢, = 0.4, ke, = 0.9, k., = 0.5, and k., = 0.6. Other parameter
follow the main text, with additional parameters for N, and V., including: v., = 2.5,
Ve, =0, hey = hey = 1,7, =7¢, =2,and K., = K., = 10.
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Figure S4: The effect of the Batesian mimic-model similarity (k;; x-axis) and the Miil-
lerian mimic-model similarity (k2; y-axis) on the multi-mimicry system when recogni-
tion depends solely on morphological similarity (i.e., without abundance-dependent
recognition). The different panels represent different variables: (A) Batesian mimic
abundance (N, ), (B) attack probability on the Batesian mimic (p, ), (C) the Miillerian
mimic abundance (N, ), (D) attack probability on the Miillerian mimic (p,), (E) model
abundance (NV,,), (F) attack probability on the mimic (p,,), (G) the log(variance) of
the predator fluctuations, serving as an indicator of community stability, and (H) the
attack probability on the alternative prey (p,). Note that the abundances of different
state variables are on different scales to better show the pattern of each variable. See
main text for other parameter values.
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Figure S5: The effect of predator sensitivity to prey categories (o; x-axis) and the mimic—
model morphological similarity (k; y-axis) on the single Batesian mimicry system with
abundance-dependent similarity. The different panels represent different variables:
(A) Batesian mimic abundance (IN.), (B) attack probability on the Batesian mimic (p.),
(C) the model abundance (N,,), (D) attack probability on the model (p,,), (E) predator
abundance (V,), (F) the log(variance) of the predator abundance fluctuation as an
indicator of system stability, (G) alternative prey abundance (V,,), and (H) the realized
similarity due to abundance-dependent recognition (p,). Note that the abundances
of different state variables are on different scales to better show the pattern of each
variable. See main text for other parameter values.
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