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Abstract

Oviposition site selection by herbivores can depend not only on the quality of host

resources, but also on the risk of predation, parasitism and interference. Females of the

lycaenid butterfly Arhopala bazalus (Lepidoptera) lay eggs primarily on old host foliage

away from fresh growth, where larval offspring live and feed. Resource availability of young

host leaves seems not to affect the oviposition site preference by the females. To clarify the

adaptive significance of A. bazalus oviposition behavior on old foliage, we tested three

hypotheses: eggs on fresh foliage are (1) easily dropped during rapid leaf expansion (bot-

tom-up hypothesis), (2) more likely to be attacked by egg parasitoids (top-down hypothesis),

and (3) frequently displaced or injured by other herbivores (interference hypothesis). In field

surveys, rates of egg dropping and parasitism by egg parasitoids were not significantly dif-

ferent between fresh and old host parts. However, the portions of fresh leaves on which A.

bazalus eggs had been laid were cut from shoots on which conspecific larvae fed. Labora-

tory experiments demonstrated that eggs on young leaves were displaced in the presence

of conspecific larvae and we observed that fifth instar larvae actively displaced conspecific

eggs by feeding on the surrounding leaf tissue. These findings indicate that eggs laid on

fresh leaves are at risk of being displaced by conspecific larvae, and support the interfer-

ence hypothesis. Larval behavior is a likely evolutionary force for A. bazalus to lay eggs

apart from larval feeding sites on the host plant.

Introduction

Insect oviposition choices are important for their own fitness because they directly affect off-

spring survival and growth [1–3]. Females tend to lay their eggs on host plants or habitats that

are the most suitable for their offspring to successfully reach the adult stage [4,5]. Positive links

between oviposition site preference and offspring performance, in terms of survival, growth

and development, have been detected in multiple insect species [6–12]. However, oviposition

preference and larval growth and developmental performance are poorly correlated in some

studies [13–15], and eggs are sometimes laid on poor-quality hosts [16,17] or on non-host

plants [14,18,19].
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Such lack of positive links between oviposition decisions and offspring performance could

be attributed to multiple factors, including polyphagy with high larval mobility [20], temporal

variations in host quality [21–24], host abundance and distribution [25,26], interaction with

novel hosts [2,27] and avoidance of natural enemies [28,29]. For example, the stink bug

Acanthocoris sordidus Thunberg (Hemiptera: Coreidae) frequently lay their eggs on non-host

plants, or even on fallen leaves on the ground, requiring hatchlings to move a long distance to

feeding sites on host plants [30]. In this species, egg mortality caused by parasitic wasps is

lower on non-host plants than on host plants, so oviposition onto non-host plants is suggested

to reduce the risk of egg parasitism [30]. As in this case, oviposition sites better for larval

growth and development do not always correspond with higher offspring survival. Therefore,

females might choose sites that maximize offspring success over all life stages, or their own fit-

ness at the expense of larval performance.

Females of the lycaenid butterfly Arhopala bazalus (Hewitson) [= Narathura bazalus
(Hewitson)] (Lepidoptera) lay their eggs on old leaves and stems [31], which are distant from

larval feeding sites on fresh leaves [32] (see also results and Figs 1 and 2). Therefore, freshly

hatched first instar larvae must move for a long distance from the oviposition site to the feed-

ing site. This behavior implies that oviposition on old host foliage distant from larval feeding

sites reduces egg mortality risk compared to oviposition onto fresh host foliage. The present

study sought to determine the factor(s) dictating oviposition onto host parts distal to fresh

foliage and larval feeding sites.

In the present study, we tested the following three adaptive hypotheses for oviposition site

selection: Oviposition onto old host foliage is adaptive because eggs laid on fresh host foliage

are (1) easily dropped during rapid leaf expansion (bottom-up hypothesis), (2) more likely to

be attacked by egg parasitoids (top-down hypothesis), or (3) frequently displaced or injured by

other herbivores (interference hypothesis).

To test these hypotheses, we evaluated the female oviposition preference, offspring feeding

preference and offspring developmental performance of A. bazalus. We then examined drop-

ping of A. bazalus eggs from host plant leaves in the field, compared egg parasitism rates across

fresh and old host foliage, and confirmed the presence of other herbivores proximal to eggs

laid on fresh foliage. Finally, we observed the behavior of conspecific larvae on fresh leaves on

which eggs had been laid.

Materials and methods

Study sites

Field surveys were primarily conducted in Shinrin Park (N 33˚ 14’; E 130˚ 15’) and Hasuike

Park (N 33˚ 15’; E 130˚ 22’), Saga Prefecture, Kyushu, Japan. Additionally, surveys were con-

ducted in Tenjin (N 33˚ 16’; E 130˚ 18’) and on the Saga University campus (N 33˚ 15’; E130˚

17’), Saga Prefecture, as well as in the Fudougaura (N 33˚ 39’; E 130˚ 27’), Saitozaki (N 33˚ 40’;

E 130˚ 21’), and Shikanoshima (N 33˚ 40’; E 130˚ 18’) sites, Fukuoka Prefecture, Kyushu,

Japan. The field studies do not involve endangered or protected species and surveys of ordinal

insects are not prohibited in these sites.

Study insect

Arhopala bazalus is a multivoltine species distributed in Japan, Taiwan, India (Assam and Sik-

kim) and Southeast Asia [33]. Although the larvae feed on several species of Lithocarpus (Faga-

ceae) trees, they are associated only with the evergreen tree L. edulis (Makino) Nakai in our

study sites [33].
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Typically, A. bazalus females visit host terminal buds and touch them with their antennae,

then quickly fly to old leaves on the same or adjacent branches, and lay their eggs on old leaves,

distal to larval feeding sites on newly emerged foliage (‘Pattern A’ in [31]). In rare cases,

females alight on extended buds and directly lay eggs on the buds or fresh leaves (‘Pattern B’ in

[31]). Eggs are laid not in clusters but individually. Egg, larval and pupal durations of A. baza-
lus are 4.0, 20.8 and 11.6 days at 25˚C (15L:9D), respectively [34].

A previous study reported that 32 species of lepidopteran larvae inhabit L. edulis trees in

Japan [35], but in our study sites, A. bazalus was the most common species, and at times larvae

of an unidentified moth species were detected, but at relatively low densities. To the best of

our knowledge, there have been no records of parasitoids associated with A. bazalus prior to

our study [36].

Categorization of host leaves

Developmental stages of host leaves were categorized as (1) young emerging leaves (expand-

ing), (2) young fully expanded leaves, still soft and light green, and (3) mature, dark green

hardened leaves (Fig 3). Unopened buds, young emerging leaves and young fully expanded

leaves were considered fresh foliage on the tree, and mature leaves and stems were considered

old foliage on the tree.

Fig 1. Oviposition and larval feeding sites of A. bazalus on L. edulis in Shinrin Park and Hasuike Park, Saga, Kyushu, Japan in 2015.

https://doi.org/10.1371/journal.pone.0252239.g001
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Fig 2. Relationship between the number of L. edulis shoots with young leaves and percentages of A. bazalus eggs laid on old host foliage in Shinrin Park and

Hasuike Park, Saga, Kyushu, Japan in 2015.

https://doi.org/10.1371/journal.pone.0252239.g002

Fig 3. Leaf stages of L. edulis. (A) Young emerging leaves, (B) young fully expanded leaves, and (C) mature leaves.

https://doi.org/10.1371/journal.pone.0252239.g003
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Oviposition and larval feeding sites on host trees

To examine oviposition sites and larval feeding sites of A. bazalus, 24 and 38 L. edulis trees (3–

5 m tall in both sites) were investigated in Shinrin Park and Hasuike Park, respectively, every

two weeks from April to November 2015. We recorded the numbers of A. bazalus eggs and lar-

vae, and their position (fresh or old foliage) on all shoots less than 1.5 m from the ground,

where the budburst frequently occurs. The numbers of unopened buds, young emerging leaves

and young fully expanded leaves were also recorded across the same area of the tree as indica-

tors of the food resources available to A. bazalus larvae. The relationship between oviposition

site (fresh or old foliage) and abundance of food resources was examined to confirm whether

the shortage of food resources affects oviposition sites.

Effects of host leaf stage on larval development

We examined the effects of host leaf stage on A. bazalus larval development using eggs col-

lected from Shinrin Park and Hasuike Park. We individually reared hatched larvae at 25˚C

and a 16L:8D photoperiod, and fed the larvae fresh (n = 18), or mature (n = 6) L. edulis leaves,

each in their own 1.5 ml microtube. After they moulted into the fourth instar, each was trans-

ferred to a Petri dish (90 mm diameter, 15 mm height). Larval survival was confirmed daily

until death or pupation.

Effects of leaf expansion on egg dropping

Probabilities of eggs dropping at different oviposition sites were evaluated by observing

unhatched eggs laid on fresh and old host shoots in the field from August to September in

2016 in Shinrin Park (4 and 10 eggs on fresh and old shoots, respectively), Hasuike Park (25

and 67 eggs on fresh and old shoots, respectively), and Fudougaura (7 and 39 eggs on fresh

and old shoots, respectively). Unhatched eggs were observed daily for five successive days to

confirm egg hatching or falling. The survey was conducted on shoots where other herbivores,

including conspecific larvae, were absent.

Effects of oviposition site on egg parasitism

To examine effects of oviposition site on egg parasitism, we compared parasitism rates across

eggs laid on fresh and old L. edulis foliage. From July to September 2014, and from July to

October 2016, unhatched eggs were collected from Shinrin Park (4 and 34 eggs on fresh and

old shoots in 2014 and 6 and 37 eggs on fresh and old shoots in 2016, respectively) and

Hasuike Park (10 and 13 eggs on fresh and old shoots in 2014 and 3 and 13 eggs on fresh and

old shoots in 2016, respectively). We placed the eggs individually in Petri dishes (50 mm diam-

eter, 11 mm height) and maintained the eggs at 25˚C and a 14L:10D photoperiod in an incuba-

tor. We then recorded the hatching of A. bazalus larvae or the emergence of egg parasitoids

from infested eggs. Eggs from which neither larvae nor parasitoids emerged were excluded

from analysis.

Effects of conspecific fifth instar larvae on egg displacement

In Shinrin Park, two A. bazalus eggs laid on fresh foliage and seven eggs laid on stems where

A. bazalus fifth instar larvae were also present were marked with vinyl tape on 22 August 2015.

We observed the eggs daily for five successive days to confirm egg hatching or displacement.

In the laboratory, we examined the effects of the presence of fifth instar larvae on egg dis-

placement. L. edulis shoots on which A. bazalus eggs had been laid on fresh leaves (n = 19) or

stems (n = 24) were collected from Shinrin, Fudougaura, and Hasuike Parks in September
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2016. The cut end of each shoot was put in a glass vial filled with water and was placed in a

plastic container (12 x 12 x 5.5 cm). Then, it was exposed to a fifth instar larva for 24 hours in

an incubator at 25˚C and a 14L:10D photoperiod. The fate of the eggs (fallen or retained on

foliage) was then recorded.

Statistics

We analyzed oviposition sites (fresh or old foliage), egg parasitism rates of eggs laid on fresh

and old foliage and effects of fifth instar larvae on egg falling on fresh and old foliage using a

Fisher’s exact probability test. The relationship between the abundance of young leaves and

oviposition onto old leaves was examined by Pearson’s product-moment correlation analysis.

We analyzed the effects of collection site (locality) and diet (fresh or old foliage) on the devel-

opment of A. bazalus larvae using a generalized linear model (GLM) with a Poisson distribu-

tion and log-link function. We analyzed the effects of locality and oviposition site on egg

falling using a GLM with a binomial distribution and logit-link function. All statistical analyses

were performed using R ver. 3.5.1 [37]. Original data used in this study were shown in sup-

porting information.

Results

Oviposition sites and larval feeding sites

In Shinrin Park and Hasuike Park, 70% (n = 448) and 86% (n = 718) of unhatched A. bazalus
eggs were found on old foliage (mature leaves or stems), but 95% (n = 455) and 99% (n = 619)

of A. bazalus larvae were found on fresh foliage (unopened buds, young emerging leaves and

young fully expanded leaves) (Fig 1). The egg position (fresh vs. old foliage) was significantly

different from larval site in both Shinrin Park (Fisher’s exact probability test; p< 0.001,

phi = 0.676) and Hasuike Park (Fisher’s exact probability test; p< 0.001, phi = 0.836). Oviposi-

tion onto old foliage did not depend on the abundance of young leaves (Fig 2; Pearson’s prod-

uct-moment correlation analysis; r2 = 0.001, P = 0.902 in Shinrin Park; r2 = 0.034, P = 0.449 in

Hasuike Park).

In the larval rearing experiment, diet (leaf stage) significantly affected larval development,

but locality and interaction between locality and diet did not affect larval development (GLM;

DF = 1, χ2 = 5.687, p = 0.017 for diet; DF = 2, χ2 = 1.243, p = 0.264 for locality; DF = 2, χ2 =

0.171, p = 0.679 for diet × locality). All A. bazalus larvae fed mature leaves were dead at the

first instar, but some of the larvae fed fresh foliage (young emerging or young fully expanded

leaves) survived until pupation (Fig 4).

Probability of egg dropping from host shoots

The percentages of eggs that fell within five days of oviposition are shown in Fig 5. Locality sig-

nificantly affected the probability of egg dropping, but no significant differences were detected

in oviposition site, or in the interaction between locality and oviposition site (GLM; DF = 2,

χ2 = 30.77, p< 0.001 for locality; DF = 1, χ2 = 2.02, p = 0.155 for oviposition site; DF = 2, χ2 =

0.232, p = 0.891 for locality × oviposition site).

Egg parasitoids

Two species of egg parasitoids, Trichogramma sp. (Hymenoptera: Trichogrammatidae) and

Telenomus sp. (Hymenoptera: Scelionidae), emerged from A. bazalus eggs. Trichogramma
emerged from eggs laid both on fresh and old foliage, but Telenomus emerged only from eggs

laid on old foliage (Fig 6). In Shinrin Park, the percentages of parasitism by these parasitoids
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were significantly higher in eggs laid on fresh foliage than in those on old foliage in 2014 (Fish-

er’s exact probability test; p< 0.01; phi = 0.477), but no significant differences were detected

in Shinrin Park in 2016 (p = 1.00), or in Hasuike Park in 2014 (p = 1.00) or 2016 (p = 0.489)

(Fig 6).

Effects of conspecific fifth instar larvae on egg displacement

In Shinrin Park, the two eggs laid on young emerging or young fully expanding leaves had

been displaced and disappeared within 1–2 days due to leaf damage around the egg-laying

sites by other herbivores (Fig 7A and 7B). In contrast, all seven eggs laid on stems did not dis-

appear before hatching (Fisher’s exact probability test; p = 0.028, phi = 0.679).

In the laboratory experiment, 14 of 19 eggs on fresh leaves (73.6%) were displaced due to

leaf damage of surrounding leaf tissue within 24 hours of exposure to fifth instar A. bazalus lar-

vae, while only 3 of 24 eggs on stems (12.5%) (Fisher’s exact probability test; p< 0.001,

phi = 0.574). We observed that a fifth instar larva walked around a host leaf, found the egg,

and displaced it by feeding on the surrounding leaf tissue (Fig 7C and 7D).

Discussion

In the present study, we demonstrated that most A. bazalus eggs were laid on mature leaves or

stems, although A. bazalus larvae inhabited and fed only on new buds or fresh leaves. Further,

Fig 4. Larval survival of laboratory-reared A. bazalus fed fresh or old L. edulis leaves. First–Fourth: Larvae died at the respective instars; Pupation: Larvae successfully

pupated.

https://doi.org/10.1371/journal.pone.0252239.g004
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oviposition site selection was not related to the abundance of young host leaves. These observa-

tions strongly suggest that oviposition onto mature leaves or stems has an adaptive advantage,

which overcomes the mortality risk associated with hatchlings migrating from oviposition

sites to feeding sites.

In the field, eggs laid on fresh host plant foliage seldom fell to the ground, in the absence of

other herbivores, and safely hatched as did eggs laid on old foliage. This indicates that rapid

host leaf expansion was not a mortality factor for A. bazalus eggs, and refutes the bottom-up

hypothesis for oviposition behavior.

We found two species of hymenopteran egg parasitoids associated with A. bazalus, and

showed that egg parasitism rates were not significantly lower on old foliage relative to new

foliage. Indeed, Telenomus sp. was found only in eggs laid on old foliage in one census site.

Thus, oviposition onto old foliage was not advantageous in reducing egg parasitism, refuting

the top-down hypothesis.

In the field, we observed that eggs laid on fresh foliage were sometimes lost due to herbivore

damage of surrounding leaf tissue when conspecific larvae were present near the eggs. In the

laboratory, we demonstrated that eggs laid on young leaves were displaced in the presence of

fifth instar larvae, while those laid on stems remained. Moreover, we observed in the labora-

tory that fifth instar larvae removed conspecific eggs by cutting off the surrounding leaf tissue.

Fig 5. The number of eggs deposited in the field by A. bazalus, and that dropped from fresh and old L. edulis leaves in Shinrin Park and Hasuike Park (Hasuike),

Saga, and Fudougaura, Fukuoka, Kyushu, Japan in 2016.

https://doi.org/10.1371/journal.pone.0252239.g005
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These results suggest that oviposition onto old foliage reduces the risk of egg displacement by

conspecific larvae, supporting the interference hypothesis for oviposition behavior. In the pres-

ent study, we observed egg-removing behavior by fifth indstar larvae, but other instar larvae

could also display similar behaviors and this is a future study subject.

In Lepidoptera, Hesperia lindseyi (Holland) (Hesperiidae) of which larvae associated with

bunchgrasses, such as Festuca idahoensis Elmer and Danthonia californica Bolander (Poaceae),

growing on the ground lay eggs on arboreal lichens distant from the hosts [38]. Although the

significance of this behavior has not yet intensively surveyed, it also may be adaptive to avoid

mortality of eggs laid on the hosts. Larvae of some Heliconius (Nymphalidae) associated with

the passion flowers Passiflora (Passifloraceae) are cannibalistic, and females seem to avoid

leaves occupied by conspecifics [39]. Such behavior may facilitate the convergent evolution of

egg mimic structures of some Passiflora plants [40,41].

As in Heliconius larvae, some lycaenid larvae also exhibit cannibalism. For example, Ora-
chrysops noibe (Trimen) larvae feed on conspecific larvae to enhance development [42]. Arho-
pala bazalus larvae also display cannibalism, at least under laboratory rearing conditions (Y.

Mochioka, unpublished observation). Therefore, the presence of larger conspecific larvae on

the same leaf could increase the mortality risk for smaller larvae. In our study, however, eggs

Fig 6. Percentages of A. bazalus eggs parasitized by Telenomus sp. and Trichogramma sp. on fresh and old L. edulis foliage collected from Shinrin Park and

Hasuike Park, Saga, Kyushu, Japan in 2014 and 2016.

https://doi.org/10.1371/journal.pone.0252239.g006
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laid on stems safely hatched even when exposed to conspecific larvae. In Anthocharis scolymus
(L.) (Lepidoptera: Pieridae), eggs suffer increased mortality due to egg cannibalism by conspe-

cific larvae [43], and older females tend to avoid oviposition onto egg-loaded host plants [44].

In our case, fifth instar A. bazalus larvae did not directly injure the eggs, but instead cut off sur-

rounding leaf tissue to displace them. Such differences in larval behavior are interesting and

further studies are needed to clarify which factors are related to the evolution of different

behaviors.

A. bazalus females first confirm the presence of fresh shoots on host trees, and then oviposit

onto old host foliage [31]. Even though eggs laid on new stems are seldom displaced, females

tended to avoid oviposition on these sites regardless of the presence of conspecific larvae, but

instead preferred oviposition on older host foliage. This could be due in part to trade-offs

between spending time to find better sites and laying more eggs, as has been shown in several

other butterflies [45–48]. A. bazalus egg size (0.65 mm diameter, 0.40 mm height) is smaller

than that of a similar-sized and sympatrically distributed congener, Arhopala japonica (Mur-

ray) (0.80 mm diameter, 0.43 mm height) [49]. This suggests that A. bazalus has a strategy to

lay as many eggs as possible rather than to choose better sites for fewer offspring. On the other

Fig 7. Examples of field (A-B) and laboratory (C-D) observations of A. bazalus eggs. (A) An A. bazalus egg (an arrow) laid on a young emerging L. edulis leaf, and (B)

the same leaf, from which the apical part had been eaten and the egg was displaced after two days; a fifth instar A. bazalus larva (C) finding a conspecific egg (an arrow)

on the host leaf and feeding on the surrounding leaf tissue and (D) displacing the egg by feeding on the surrounding leaf tissue.

https://doi.org/10.1371/journal.pone.0252239.g007
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hand, smaller eggs and hatchlings could result in lower starvation tolerance. The differences in

oviposition sites, starvation tolerance, and hatchling mobility between A. bazalus and N.

japonica in relation to adult longevity, fecundity, host resources, natural enemies and larval

competition will be the topic of future investigations.

In conclusion, we demonstrated that the oviposition by A. bazalus females onto old host

parts distant from larval feeding site has an adaptive advantage to avoid egg mortality due to

interference by conspecific larvae.
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