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Ecological theory suggests that frequency-dependent predation, in
which more common prey types are disproportionately favored,
promotes the coexistence of competing prey species. However,
many of the earlier empirical studies that investigated the effect
of frequency-dependent predation were short-term and ignored
predator–prey dynamics and system persistence. Therefore, we
used long-term observation of population dynamics to test how
frequency-dependent predation influences the dynamics and co-
existence of competing prey species using insect laboratory pop-
ulations. We established two-host–one-parasitoid populations
with two bruchid beetles, Callosobruchus chinensis and C. macu-
latus, as the hosts and the pteromalid wasp Anisopteromalus cal-
andrae as their common parasitoid. When the parasitoid was
absent, C. chinensis was competitively excluded in ∼20 wk. Intro-
ducing the parasitoid greatly enhanced the coexistence time to
a maximum of 118 wk. In the replicates of long-lasting coexis-
tence, the two host species C. maculatus and C. chinensis exhibited
periodic antiphase oscillations. Behavioral experiments showed
frequency-dependent predation of A. calandrae that was caused
by learning. Females of A. calandrae learned host-related olfactory
cues during oviposition and increased their preference for the
common host species. Numerical simulations showed that parasit-
oid learning was the essential mechanism that promoted persis-
tence in this host–parasitoid system. Our study is an empirical
demonstration that frequency-dependent predation has an impor-
tant role in greatly enhancing the coexistence of prey populations,
suggesting that predator learning affects predator–prey popula-
tion dynamics and shapes biological communities in nature.
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One of the key challenges of both ecology and evolutionary
biology is to understand the mechanisms that maintain

biodiversity. In Chesson’s terms (1), species coexistence has been
explained by two mechanisms: a “stabilizing” mechanism that
includes classical niche differentiation, and an “equalizing” mech-
anism that includes neutral processes (2). Frequency-dependent
predation is one of the strong stabilizing mechanisms that are
essential for stable species coexistence (1). Since the 1970s, the-
oretical studies have investigated the effect of frequency-depen-
dent predation on prey coexistence (3–8). Predators that feed on a
variety of food items in nature can behaviorally switch to abundant
prey types in response to temporal and spatial variations in re-
source availability. This causes frequency-dependent predation
that generally promotes the coexistence of competing prey species
because the foraging strategies of predators that switch to more
common prey types could prevent rare prey types from being
eliminated. However, more recent studies that incorporate prey
switching as an optimal diet choice have argued that the effect of
switching on the stability of predator–prey systems is quite com-
plex, and sometimes destabilizing, depending on prey choice be-
haviors (9–12).
In contrast with the abundance of available theoretical liter-

ature showing that frequency-dependent predation affects
predator–prey interactions, there is a lack of empirical evidence
directly testing the effect of learning and frequency-dependent
predation in a multigenerational prey–predator system. Because

most behavioral diet choice experiments have been performed
over short periods, within one generation, prey densities have
been controlled by the experimenter (13, 14), and the population
dynamics of the predator have been ignored (15, 16). The effect
of prey switching on population processes remains unclear.
Our study aimed to experimentally examine the effect of

learning and frequency-dependent predation on predator–prey
dynamics using an insect host–parasitoid microcosm. We estab-
lished a two-host–one-parasitoid system with two host bruchid
beetles, Callosobruchus chinensis and C. maculatus, and the
pteromalid wasp Anisopteromalus calandrae as their common
parasitoid. In the experimental cage, beans were provided in
a Petri dish at the time of the weekly census as resource food for
the host larvae. Adults of the two host species oviposit on the
surface of the beans, and the larvae compete directly for
resources inside the beans. The parasitoid A. calandrae female
searches for and attacks the final instar larvae and pupae of both
host species inside the beans. The intensity of the attack rate was
controlled by altering the ratio of the two resource beans (azuki
beans, Vigna angularis, and black-eye beans, V. unguiculata).
Azuki beans provided a partial refuge for host larvae because A.
calandrae attack hosts inside these beans at a lower parasitism
rate (0–30%) compared with hosts inside the black-eye beans
(nearly 100%).
Many parasitoid species have been well-studied for their

learning ability, which is necessary for their rapid behavioral
plasticity to efficiently attack available host species (17–19). They
learn to associate host-related odors with the presence of suit-
able hosts during successful oviposition. If associative learning
results in an increased preference for the previously experienced
host species, parasitoids may favor abundant prey species be-
cause of more frequent encounters and more chances to learn,
resulting in frequency-dependent predation. Although learning is
expected to largely alter host−parasitoid interactions (20–22), no
studies have explored the long-term, population-level effect of
learning. This experimental system investigated how predator
learning influences the foraging behavior and coexistence of two
competing host species.

Results
Persistence of Predator–Prey Dynamics. Host–parasitoid experi-
mental populations demonstrated different population dynamics
depending on the ratio of black-eye beans (BR) (Fig. 1). The
persistence time of the system was calculated as the coexistence
period (weeks) of all three species, that is, the period until any
one of the three species became extinct (Fig. 2). In azuki beans
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(BR = 0, the lowest predation pressure), C. maculatus always
outcompeted C. chinensis in ∼20 wk (Fig. 1 A and B). This result
demonstrated the competitive dominance of C. maculatus, which

has a tendency toward contest-type behavioral interference in
resource competition (23). At the lowest predation pressure
(BR = 0), the persistence time when A. calandrae was introduced
did not differ significantly from the persistence time when the
parasitoid was absent (Fig. 2; P = 0.52). However, at the highest
predation pressure (BR = 1.0), all replicates exhibited a rapid
outbreak of parasitoids a few weeks after A. calandrae was in-
troduced, followed by the extinction of both host populations
(Fig. 1 I and J). Therefore, introducing A. calandrae significantly
shortened the persistence time (Fig. 2; P = 0.002).
At intermediate predation pressures (BR = 0.2, 0.5, and 0.8),

introducing A. calandrae prolonged the coexistence time of the
prey species (Fig. 2). For example, one replicate at BR = 0.8
exhibited the longest coexistence, lasting until week 118 (Fig.
1G). In replicates of the long-lasting coexistence of the two host
species, C. maculatus and C. chinensis exhibited periodic anti-
phase oscillations. The persistence time was significantly longer
when the parasitoid was present at BR = 0.5 (P = 0.025) and
BR = 0.8 (P = 0.00015), although the difference was marginal at
BR = 0.2 (Fig. 2; P = 0.052). Population dynamics showed that
the introduction of a predator prolonged the coexistence time at
only intermediate intensities of the attack rate.

Learning Behavior of Predators. The effect of multiple oviposition
experiences on the host preference of A. calandrae was inves-
tigated by the choice test. A. calandrae females were conditioned
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Fig. 1. Representative example of the population dynamics of the host–parasitoid system. Blue line, C. chinensis (host); green line, C. maculatus (host); gray
line, A. calandrae (parasitoid). Ratio of black-eye beans: BR = 0 (A and B); BR = 0.2 (C and D); BR = 0.5 (E and F); BR = 0.8 (G and H); and BR = 1.0 (I and J). A.
calandrae was added at either week 9 (A, C, E, H, and I) or week 5 (B, D, F, G, and J).
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Fig. 2. Relationship between predation pressure and persistence. Relation-
ship between predation pressure (ratio of V. unguiculata; BR) and the persis-
tence time when the parasitoids were absent (gray) or present (black) (mean ±
SEM). The coexistence time was calculated as the number of weeks until one
of the three species became extinct. Asterisks indicate a significant difference
between parasitoid absent and present groups (*P = 0.05, **P < 0.05).
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by allowing them to oviposit for a certain period on a single type
of host species. Their preference was then investigated using
choice tests, which provided them with equal numbers of C.
chinensis and C. maculatus larvae. The result demonstrated that
A. calandrae distinguished between the two host species inside
the beans and showed a clear response to the conditioning: an
increase in preference for C. maculatus if they gained experience
in attacking C. maculatus, and vice versa (Fig. 3A). In the control
treatment, naive parasitoids did not show any innate preference
when kept in a Petri dish without prior conditioning (Fig. 3A).
The one-way ANOVA analysis for the conditioning treatment
(C. chinensis, C. maculatus, or control) indicated that condition-
ing made a significant difference after 24 h (6 h, P = 0.17; 24 h,
P = 3.1 × 10−5; 48 h, P = 2.4 × 10−5).

Time-Series Analysis. Furthermore, we examined how learning
altered parasitoid host preference in host–parasitoid dynamics.
In these microcosms, the populations of C. chinensis and C.
maculatus both exhibited generation cycles (Fig. 1 C–G). Anal-
ysis of the autocorrelation function indicated a significant 3- to
4-wk cycle roughly equal to one host generation (Fig. 3B). In
addition, the cross-correlation function (CCF) between the two
host species showed periodic antiphase oscillations whereby
abundances of C. chinensis and C. maculatus oscillated alter-
nately with a phase lag of 2 wk (Fig. 3C).
We examined the temporal change of the parasitoid’s host

preference in the microcosm when the host abundance fluctuated
and tested whether the parasitoid’s preference was frequency-
dependent. Every week, A. calandrae females were taken from
two replicates at BR = 0.2 (Fig. 1D) and BR = 0.5 (Fig. 1F)
(weeks 15–46) and tested for their individual preferences. The
result was that the parasitoid’s preference fluctuated with the

changing frequency of the two host species. The CCF revealed
significantly delayed positive correlations, with a 2-wk lag be-
tween the parasitoid preference for C. chinensis and the pop-
ulation densities of adult C. chinensis (Fig. 3D). However, the
CCF between the preference for C. chinensis and the adult
abundances of C. maculatus showed a negative correlation with
a 2-wk lag because the two host populations exhibited generation
cycles that were antiphase with each other by 2 wk. Although the
actual numbers of vulnerable larvae inside the beans could not be
investigated in this experimental system, the relative abundances
of vulnerable larvae [∼2 wk of age (24)] were assumed to be
correlated to the densities of adults 2 wk earlier. These results
indicated that the parasitoid was a frequency-dependent predator
that learned host preference for the current abundant vulnerable
host species. The parasitoids rapidly shifted their preference for
the new conditions in a few days, so that a time lag was not
detected by our weekly census in our experimental microcosm.

Numerical Simulations. Numerical simulations were conducted to
isolate the effect of frequency-dependent predation on persis-
tence time by learning parasitoids from the effect of undistin-
guishing predation of nonlearning parasitoids, which cannot be
tested experimentally. We constructed a stage-structured dif-
ference equation and estimated the parameters for the model
using the experimental data of a previous study (23) and by fit-
ting the time-series data of the current study (SI Materials and
Methods). Frequency-dependent predation of the parasitoid was
incorporated into the model simply as the phenomenological
tendency of the predators to have a preference (higher attack
rate) for the more abundant host. The degree of specialization
on the abundant host species was determined by a trait, γ, with
a larger γ implying a preference change that is closer to a step
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Fig. 3. Host preferences of conditioned parasitoids and periodic dynamics. (A) The number of successful ovipositions on C. maculatus (green) and C. chinensis
(blue) over time (mean ± SEM). Parasitoids were conditioned for C. maculatus or C. chinensis, and not conditioned (sample sizes ranged from 20 to 30). (B–D)
Summary measures of temporal patterns in host population dynamics and parasitoid’s preference. (B) The autocorrelation function (ACF) of C. chinensis and
C. maculatus. (C) Cross-correlation functions between C. chinensis density at time t + L and C. maculatus density at time t as a function of time lag L (black lines
were calculated by the time series with BR = 0.8, and gray lines were calculated with BR = 0.5). (D) Cross-correlation functions between host preference of the
parasitoid at time t and the adult population density of C. chinensis (blue line) or C. maculatus (green line) at time t + L as a function of time lag L. Solid lines,
the cross-correlation function of the time series at BR = 0.2 (Fig. 1D); dotted lines, the cross-correlation function of the time series at BR = 0.5 (Fig. 1F).
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function. We assume instantaneous specialization for the current
abundances of host types, because the CCF analysis between the
parasitoid preference and host densities confirmed that A. cal-
andrae did not exhibit the time lag for preference shifts (Fig. 3D).
Numerical simulation showed that the introduction of the

learning parasitoid changed the outcome of interspecific com-
petition of two hosts species (Fig. S1). Given the estimated
parameters, we calculated how the coexistence time was affected
when the intensity of attack rate and the degrees of specializa-
tion were altered (Fig. 4). The model predicted that parasitoid
introduction prolonged persistence time only for learning para-
sitoids at an intermediate attack rate. By contrast, nonlearning
parasitoids shortened the coexistence time compared with when
the parasitoid was absent. This relationship was consistent in the
range of estimated parameters (Fig. S2). Numerical simulation
results suggested that the frequency dependence of host pref-
erence of A. calandrae was the major mechanism that prolonged
the coexistence time of the two host populations compared with
undistinguishing predation.

Discussion
Our results provide empirical support that learning of a predator
induced frequency-dependent predation, and that this prolonged
the coexistence of prey species in a long-term host−parasitoid mi-
crocosm. C. chinensis and C. maculatus could not coexist in either
the absence of a predator in our previous experiment (23) or even
in the presence of a nonlearning predator according to the simu-
lation results. Learning had a significant impact on population dy-
namics, which makes long coexistence of two host species possible.
The coexistence of the two host species seemed to be regu-

lated by two types of competition: direct resource competition
and apparent competition. When the parasitoid was added, it
reduced the effect of direct resource competition between the
two host species by depressing host densities and incorporated
the effect of apparent competition through the shared parasitoid.
The extinction of C. chinensis resulted in an increase in the
density of C. maculatus (Fig. 1 A and B), which is the expression
of apparent competition (25). This tradeoff between direct ex-
ploitative competition and apparent competition was consistent
with the prediction of our model and a previous study (26). In
our experimental system, frequency-dependent predation of A.
calandrae did not reveal permanent coexistence of the two host
species. Longer coexistence may require larger degrees of spe-
cialization or a process of spatial aggregation of hosts or prey in
addition to behavioral switching (27, 28).

Theoretical models have sometimes predicted that adaptive
foraging generates oscillations, particularly when the model
assumes a time lag in switching (11, 29, 30). In some replicates
for BR = 0.2, 0.5, and 0.8, the two host populations exhibited
antiphase oscillations. Learning can be the possible mechanism
generating the oscillations, although other mechanisms also
generate antiphase oscillations in the model comprising in-
flexible predators (30) or in experimental populations (31).
Although several ecological mechanisms can produce fre-

quency-dependent selection, olfactory search image is thought to
cause frequency-dependent predation in our host−parasitoid
system. Predators are known to develop a search image; some
perceptual biases that improve their ability to detect a particular
prey are caused by recent encounters with the prey type (32, 33).
The formation of a search image has historically been associated
with visual predators, particularly bird species. For example,
a blue jay that searched more efficiently for particular common
prey types caused frequency-dependent predation and maintained
polymorphism of the visual appearance of prey species (15, 16).
Although search-image formation is poorly described for inver-
tebrates, there is an indication that foraging behavior involves
search-image formation in visual insect foragers: Butterflies
showed a frequency-dependent search image for leaf shape (34),
pollinating insects showed flower constancy (35), and jumping
spiders showed a search image for recently experienced prey (36).
Predators using olfactory cues potentially produce similar

results (20). Our experiment using acetone-extracted kairomone
from the two hosts suggested that A. calandrae could discrimi-
nate and learn to find the two host larvae concealed inside a seed
using olfactory cues (22). A. calandrae attacked both hosts,
whereas olfactory learning shifted their preference to the more
recently experienced host. Predators’ use of a search image can
be considered to be adaptive under the cognitive constraint of
limited attention, because they can forage more efficiently when
focusing on one prey species rather than searching for several
prey types at a time (37). Prey switching of A. calandrae between
hosts of similar quality and handling time possibly reflects the
cognitive constraint that they could not search efficiently for both
hosts at the same time, although this cognitive constraint in A.
calandrae remains to be explored.
Laboratory microcosm systems with optimal switching can be a

useful tool in bridging the gap between empirical and theoretical
studies in examining the interplay between predator diet choice
and prey population dynamics (38). There are a few laboratory
experiments that have investigated how a common predator af-
fects the long-term population dynamics of two prey species that
compete directly with each other (39–41) and those that compete
indirectly through apparent competition (42). However, either
the prey choice of the predator was not frequency-dependent
or was not investigated in those studies. Given that parasitoids
have evolved variable learning ability depending on ecological
requirements (43), host−parasitoid systems attempt to elucidate
how their perception, learning rate, and memory dynamics affect
their foraging strategies, and host−parasitoid interaction offers
a fruitful field for research. Understanding the adaptively flexible
behavior of foragers and prey species is critical to understanding
the structure of ecological communities, and its effects have be-
come a growing research topic in ecology (44–46). Whereas the-
oretical work often incorporates the optimal diet choice of a
forager, their behavior is far from optimal given cognitive con-
straints in nature. Integrative studies in these fields may lead to
linking individual flexible behavior to species diversity in com-
munity and ecosystem patterns.

Materials and Methods
Population Survey of the Microcosm. The generation time of both host species,
C. chinensis (strain jC) and C. maculatus (strain hQ), is approximately 4 wk
under the experimental conditions (30 8C, 70% relative humidity). A.
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S2, BR = 0.5). Persistence times are mean ± SEM of 1,000 replicate runs.

Ishii and Shimada PNAS | March 27, 2012 | vol. 109 | no. 13 | 5119

PO
PU

LA
TI
O
N

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115133109/-/DCSupplemental/pnas.201115133SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115133109/-/DCSupplemental/pnas.201115133SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115133109/-/DCSupplemental/pnas.201115133SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115133109/-/DCSupplemental/pnas.201115133SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115133109/-/DCSupplemental/pnas.201115133SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115133109/-/DCSupplemental/pnas.201115133SI.pdf?targetid=nameddest=ST2


calandrae (strain ja) is a solitary ectoparasitoid that develops by consuming
host larvae and pupae over a 2-wk period before emerging as an adult. The
experimental procedure was the same as in our previous experiment that
investigated the dynamics of two host populations in the absence of a par-
asitoid (23). We established the host–parasitoid populations by adding four
male and eight female A. calandrae to the host populations over 2 consec-
utive weeks, starting at either week 5 or week 9. The population census data
were recorded as a weekly count of dead and live adults of each species, and
the numbers of adults that emerged were calculated as (no. of live adults) +
(no. of dead adults) − (no. of live adults 7 d prior). The resource was renewed
once a week with 10 g of black-eye beans and azuki beans at varying ratios
(BR = 0, 0.2, 0.5, 0.8, and 1.0). Females of C. chinensis and C. maculatus oviposit
both types of beans (Fig. S3). The effect of parasitoid presence on coexistence
time was tested using a log-rank test. Because the coexistence time did not
differ significantly (log-rank test, P = 0.26), data were pooled irrespective of
the introduction time (week 5 or 9) of the parasitoid. We established four or
five replicates per ratio for the populations without parasitoids (23) and seven
to nine replicates for those with parasitoids, producing 41 replicates in total.

Conditioned Experiment: Effect of Parasitism Experience on Host Preference. To
investigate the effect of oviposition experiences on the host preference of the
parasitoid A. calandrae, newly emerged parasitoid females were conditioned
for 6, 24, and 48 h. Each day, A. calandrae females were provided with black-
eye seeds containing 30 larvae (three larvae per seed) of C. chinensis or C.
maculatus and were allowed to oviposit. The host preferences of conditioned
A. calandrae were examined individually by a two-choice preference test in-
side a Petri dish. The parasitoids were offered 18 C. chinensis larvae and 18 C.
maculatus larvae (three larvae per seed), and the parasitoids were then
allowed to parasitize for 3 h. After the preference test, the black-eye samples
were incubated for 3 wk, and the number of emerging offspring was

recorded and used as the estimated number of successful ovipositions for
each host. Sample sizes ranged from 20 to 30 females.

We conducted a one-way ANOVA using the parasitoid preference index as
the response variable. The preference index was calculated for individual
parasitoids as log{(no. of parasitoids emerged from C. chinensis + 1)/(no. of
parasitoids emerged from C. maculatus + 1)}. In this experiment, we only
used parasitoids that were reared on C. chinensis as hosts. This is because, in
a preliminary experiment, we confirmed that the effect of the natal host [the
host in which the parasitoid had developed and learned the characteristics of
that species, and which they often preferentially attacked when they became
adult (47)], was not significant and was overridden by oviposition experience.

Parasitoid’s Host Preference in the Microcosm. Every week, 20 female A. cal-
andrae were taken from the microcosm on the census day and the host
preference experiment was performed. The preference test procedure was
similar to the experiment described above. Each individual was offered 20 C.
chinensis larvae and 20 C. maculatus larvae (V. unguiculata, which was
infested with four larvae per seed). A. calandrae females were allowed to
oviposit for 3.5 h and returned to the microcosm after the preference test.
The relationship between the parasitoid preference and the population
abundance of adult hosts was analyzed by the CCF. Correlations were cal-
culated on square-root–transformed population counts.
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