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Abstract Some burrower bugs (Heteroptera: Cydnidae) show complex patterns of
maternal care, including defense against predators and the provisioning of food to
nymphs. Recently, the subsocial cydnid bugs have attracted the interest of researchers as
model systems to study the behavioral ecology of parental investment. However, there
have been few attempts to quantify the fitness benefits of maternal behavior other than
provisioning. Here, we examined the maternal behavior of Adomerus triguttulus and its
adaptive significance in terms of offspring survival in the field. 4. triguttulus young
depend on fallen nutlets of myrmecophorous mints, Lamium spp. Under field
conditions, females attend offspring, from eggs to second instar nymphs, in nests on
the ground under the litter. When disturbed, the females showed aggressive responses
against the source of disturbance. The females often carried spherical clutches of eggs
away from the nest when heavily disturbed. Female-removal experiments in the field
demonstrated a defensive function of the female behavior; predators, such as ants,
attacked egg clutches without females and the clutches often disappeared during the
experiment. Egg clutches without females sometimes also suffered from fungal
infection. Selective factors on maternal defensive behavior in 4. friguttulus are discussed
in terms of habitat properties possibly emerging from insect—plant associations.
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Introduction

Parental care is a basic form of sociality in animals. In arthropods including insects,
maternal (or paternal) behavior is not common, but it is known in different lineages.
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A variety of environmental factors that select for parental care behavior have been
identified (Tallamy and Wood 1986; Costa 2006). Natural enemies, predators and
parasitoids, are common agents leading to parental care in insects. It is often
suggested that predation and/or parasitism risks depend on oviposition sites and
modes (e.g. Tallamy and Schaefer 1997). Thus, differences in oviposition sites and
modes may affect subsequent care behavior and its fitness consequences. In addition,
offspring behavior after hatching would also be associated with parental behavior.

Heteroptera has been known as one of the rare insect orders that include many species
showing diverse forms of parental care behavior (Melber and Schmidt 1977; Tachikawa
1991; Tallamy and Schaefer 1997). In most subsocial heteropterans, females lay eggs
in masses that adhere to substrates, plant leaves or stems, and show specific straddling
posture on the egg mass and aggressive responses against approaching enemies (e.g.,
Eberhard 1975; Melber and Schmidt 1975; Kudo 1990). Many studies have
demonstrated the adaptive significance of this type of parental care (e.g., Eberhard
1975; Melber et al. 1980; Kudo 2002). Some species extend parental care to broods
moving from natal sites; parents settle in a position near feeding broods and show a
specific vigilance posture against approaching enemies (e.g., Kudo 1996, 2000).

On the other hand, in a few other subsocial heteropteran taxa, eggs are attached to
the parent body (Belostomatidae and Coreidae: Smith 1997; Tallamy 2001) or form
an independent spherical mass, which the parent can carry (Cydnidae: Filippi et al.
2001). There have been few studies on such subsocial systems in terms of defensive
functions of parental behavior.

Cydnidae and the closely related family Parastrachiidae contain subsocial species
(Melber and Schmidt 1977; Tallamy and Schaefer 1997; Filippi et al. 2001). Their
maternal care is complex and consists of different behavioral components and
functions, including the defense against predation, the provisioning of food such as
fruits or seeds and the production of trophic eggs (Nakahira 1994; Filippi-Tsukamoto
et al. 1995; Kight 1997; Hironaka et al. 2005). Recently, the subsocial cydnid bugs
have attracted the interest of researchers as model systems to study the behavioral
ecology of parental investment, over which family members are potentially under a
variety of conflicts. For Parastrachia japonensis and Sehirus cinctus, there is an
increasing number of studies that explore diverse aspects of maternal provisioning,
ranging over proximate mechanisms (e.g., Nomakuchi et al. 1998; Kolliker et al.
2005, 20006), costs and benefits in reproductive success (Filippi-Tsukamoto et al.
1995; Filippi et al. 2000; Agrawal et al. 2005) and genetic background (Agrawal et
al. 2001). Internal or external factors affecting maternal behavior have also been
addressed (Kight 1997, 1998; Kight and Cseke 1998; Filippi et al. 2002). However,
studies on maternal care in other subsocial cydnid species remain largely as
anecdotal descriptions. Even for P. japonensis and S. cinctus, there have been few
attempts to quantify fitness benefits of maternal behavior other than provisioning
under field conditions (Filippi et al. 2001).

Preliminary observations suggest that in the cydnid bug Adomerus triguttulus,
females guard their egg clutches against predators (Tachikawa 1991). However, there
have been no studies that analyzed such maternal behavior with quantitative data and
evaluated its adaptive significance under field conditions. In the present study, we
provide a quantitative description and experimental analyses of maternal behavior in
A. triguttulus, focusing on its defensive function.
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Materials and Methods
Life History of Adomerus triguttulus

Overwintered A. triguttulus females breed from late May to July in Sapporo,
northern Japan (Nakahira 1992). The females feed upon developing seeds of the host
Lamium spp. Gravid females move from the plant to the ground and lay eggs under
the leaf litter; they form a globular egg-mass and then attend it (Tachikawa 1991).
During the attendance on eggs, the females continue to produce inviable trophic eggs
and add them to the egg-mass (Nakahira 1994; Kudo and Nakahira 2004, 2005;
Kudo et al. 2006). Nymphs feed on trophic eggs soon after hatching and the trophic-
egg feeding enhances their subsequent growth and survival (Kudo and Nakahira
2004). After hatching, females provision broods with host nutlets (Nakahira 1992;
Nakahira and Kudo unpublished data). Nymphs that are recently independent of
their mother feed on fallen nutlets on the ground in aggregations, but later instar
nymphs are usually found solitary (Tachikawa 1991). Cannibalism is often observed
among later instar nymphs (Nakahira 1992).

A. triguttulus is not an obligatory semelparous species; under rearing conditions,
females raise more than one brood (Kudo and Nakahira, unpublished data).
However, it remains unknown whether or not such iteroparity is accomplished
under field conditions.

Observations of Maternal Behavior in the Field

From May to July in 1990 and 1991, we observed reproductive behavior of A.
triguttulus in populations that depend on Lamium album and L. purpureum at the
Hokkaido University campus. We monitored several Lamium patches and the
occurrence of gravid females on plants, which were feeding on developing seeds on
inflorescences. When females brooding egg masses on the ground under leaf litter
were found, we carefully picked up the females and individually marked their
pronotum with opaque paint for discrimination, and then gently put them back on
their egg masses. This disturbance sometimes induced females to carry their egg
masses to a different site near the original site. When maternal egg-carrying
occurred, the distance between the original and the new nesting site was measured.

We examined the duration of maternal attendance in a field population that
depends on L. album. When females brooding egg masses were found, we marked
the nesting sites with numbered small flags attached to fine, 15 cm long bamboo
poles. Then we monitored the females and their offspring at two to four day intervals
until broods were dispersed from the nesting sites and the females disappeared. We
avoided daily observations, because frequent disturbance at observations, including
temporary removal of the litter cover, might have caused dispersal of the broods and
the females to desert the broods.

Maternal Behavior: Responses Against a Disturbance
Subsocial heteropteran females that attend their offspring show specific behavior

when disturbed (e.g., Eberhard 1975; Melber et al. 1980; Kudo et al. 1989; Kudo
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1990; Filippi-Tsukamoto et al. 1995). We tested whether 4. triguttulus females
shows such specific maternal behavior in the laboratory.

Twenty-four gravid females with visibly swollen abdomens were collected on
Lamium plants. The females were individually confined in petri dishes (9 cm
diameter) with filter paper under 16 h light: 8 h dark, 20°C+0.5 conditions. A small
paper shelter for oviposition sites and Lamium nutlets were supplied in each petri-dish.

We approached females that were both pre-ovipositional and post-ovipositional
(attending egg masses) from the front with a forceps and gently touched their
pronotum five times with the forceps. We recorded the initial responses shown by
females during the disturbance. The responses were classified into seven acts of
three categories (to avoid having cells with small expected values; see the results)
and compared the response between gravid females before oviposition and females
attending clutches beneath paper shelters. For the latter females, we temporarily
removed the paper shelter and conducted the disturbance experiments. Furthermore,
we introduced potential predators, Lasius and Formica ants, in petri dishes with
females brooding egg masses and observed the females’ responses.

Adaptive Significance of Maternal Care of Eggs: Female Removal Experiments
in the Field

We conducted female removal experiments in an A. friguttulus population that
depends on L. purpureum, in June 1992.

A. triguttulus females lay eggs in a spherical mass and thus it is impossible to
count the number of eggs in intact egg masses. To estimate the initial number of
viable eggs contained in each clutch at the beginning of female removal experiments
(see below), we constructed a linear regression model between the clutch weight and
the number of viable eggs contained in a clutch. We allowed females, which were
different from those used in the removal experiments, to lay eggs for 24 h after the
start of oviposition in the laboratory. These clutches (N=29) contain almost all
viable eggs (Nakahira 1994; Kudo and Nakahira 2004). We weighed the mass of
clutches, counted the number of eggs contained and consequently, obtained the
following regression model: Y=9,717.459X+6.977, Y: the number of viable eggs, X:
clutch weight (g) (R*=0.919, F, ,;=307.86, P<0.0001).

The females were marked with paint for individual discrimination. The females
and their egg clutches were then released on the ground within L. purpureum patches
in the field, where they had been collected. After release, the females carried their
egg masses (see “Results”) under leaf litter where they attended them. We divided
the females into the following two experimental groups: Female removal group,
females were removed from the egg masses (N=37); Control group, females were
left with eggs (N=47). We covered egg masses in the female removal group with litter
to maintain conditions that were analogous to those with females. The position of the
nests (clutches) on the ground was marked with small numbered flags. At the time the
egg masses were released, there was no significant difference between the two groups in
the number of viable eggs, which was estimated using the regression model described
above (female removal, mean+SD, 71.3£12.8; control, 69.2+15.2; 13,=0.69, P=0.49).

Ten days after release, we collected the egg masses (and females) in both
experimental groups. Some egg masses (and/or females) had disappeared during the
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experiments (see the results). The egg masses were kept in petri dishes with
moistened filter paper under 16 h light/8 h dark, 20+0.5°C conditions. The collected
egg masses in the control group, except for the one from which the female had
disappeared during the experiment, were allowed to remain with the females. At the
time of collection, there was no egg mass that had hatched; they hatched 4.8+0.6
(SD) days (range: 4-6) later. We compared the frequency of missing egg-masses and
egg survival in egg masses collected (the number of hatched nymphs/the initial
number of viable eggs estimated) between the two groups.

All statistical analyses were conducted using StatView 5.0 (SAS Institute Inc.,
Cary, NC, USA).

Results
Maternal Behavior

Females found with egg masses under leaf litter, often in a shallow chamber,
assumed a posture of holding the egg masses with their legs. During this attendance,
the females were often observed to touch the egg surface with their stylets or
antennae. When intensely disturbed, e.g., by removing the litter covering the nest,
the females often left the nest temporarily, walked around, and then carried the egg
mass to a new nesting site under the litter by dragging it using the fore-legs and
stylets. The average distance between the original and relocated nesting site (for 37
cases observed) was 4.1£3.3 (SD) cm (max. 15 cm).

In a population that depends on L. album, 12 out of the 29 monitored females
attended second instar broods. Early third-instar broods were found at 13 nesting
sites, but none of these were with females. The later instar nymphs dispersed from
nesting sites.

When disturbed by objects, such as predators, females with eggs showed a variety of
behavioral responses: direct movement toward the source of disturbance, lifting and
vibrating the abdomen, tilting the body toward the object (situating itself in a position
between the clutch and the object), dragging the clutch backward, vibrating the antennae
while touching the clutch surface with the stylets (grooming), remaining immobile, and
retreating from the source of disturbance behind the egg mass. The former four were
categorized into “defensive", the middle two into “neutral” and the latter one into
“evasive”. No females released chemical substance perceptible during the experiment.
There was a significant difference in responses against the experimental disturbance
using forceps between parental and gravid females (Table 1), indicating that the
defensive responses were almost restricted to post-ovipositional females.

In the laboratory, when introduced ants approached their clutches, females were
sometimes observed to successfully repel the ants from their clutches using the
above-mentioned defensive behaviors.

Adaptive Significance of Maternal Egg-care
A. triguttulus eggs were potentially exposed to high predation pressure in the field

(Fig. 1A, B). In the female removal group, prominent scars on egg masses that had
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Table 1 Responses of Adomerus triguttulus Females Against the Disturbance

Female condition N Response® P value®
evasive® neutral® defensive

Gravid 24 18 4 2 <0.0001

Caring 24 2 5 17

?Females were gently touched five times with the forceps. The first response during the disturbance was
recorded for each female. See text for details.

® Retreating from the source of disturbance behind the egg mass.

¢ Vibrating the antennae while touching the clutch surface with the stylets, or remaining immobile.

9 Direct movement toward the source of disturbance, lifting and vibrating the abdomen, tilting the body
toward the object, or dragging the clutch backward.

¢ Fisher’s exact probability test, pooling data in evasive and neutral categories.

presumably been caused by predation were observed during the experiment. We
sometimes observed predation events directly; Lasius or Formica ants were carrying
whole egg masses off or were biting a part of the egg masses. Unidentified predatory
mites were also observed attacking eggs on egg masses. No parasitoid wasps were
found.

The number of egg masses collected ten days after the start of experiments was 14
in the female-removal group (N=37), whereas it was 40 in the control group (N=
47), i.e., seven egg masses and their mothers had disappeared during the experiment.
The seven missing females were never found. The difference in frequencies of
missing egg-masses was highly significant (chi-square=18.14, P<0.0001; Fig. 1A).

The fourteen egg masses in the female-removal group were heavily damaged. We
often observed that unidentified fungi had grown on the damaged eggs in the egg-
masses. One such egg mass was completely infected by fungi and no hatchlings
emerged from it. This was also the case for one egg mass in the control group, from
which the female went missing during the experiment (for an unknown reason). The
hatchability of collected egg-masses was much higher in the control group than in
the female-removal group (Mann—Whitney U test, z=—5.20, P<0.0001; Fig. 1B).

Discussion

In a variety of subsocial taxa, ecological factors such as stress from the physical
environment, food availability, competition, and natural enemies, are known to be
associated with the evolution of parental care (Tallamy and Wood 1986; Costa
20006).

Tallamy and Wood (1986) suggested that food resources constitute a primary
selection pressure shaping reproductive modes in insects and consequently lead to
convergent evolution of parental behavior among different lineages. In phytopha-
gous insects, the most important agent leading to parental care is other arthropod
enemies (e.g., Wood 1976; Windsor 1987; Nafus and Schreiner 1988; Kudo et al.
1992; Kudo et al. 1995). This is also the case in subsocial heteropterans that deposit
eggs on host plant leaves; offspring are potentially exposed to predation and/or
parasitism pressure and parent females provide effective defense for their offspring
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Fig. 1 Effects of maternal atten-
dance on offspring survival in
Adomerus triguttulus. R The
female-removal group in which
females were removed from egg-
masses (N=47). C The control
group in which egg masses were
kept intact (N=37). A Frequency
of missing egg-masses during
the experimental period of ten
days. B Hatchability in collected
egg masses (no. hatchlings/ini-
tial no. viable eggs estimated).

% missing egg-masses

Hatchability

100 4

80 1

60

40

20

N=47

N=37

1.0

0.8

0.6

0.4

0.2

0.0

N=40

N=14

Cc

R

Experimental group

(e.g., Eberhard 1975; Melber et al. 1980; Tallamy and Denno 1981; Kudo et al.

1989; Mappes et al. 1997; Kudo 2002).

Plants provide a variety of habitat types, as well as food resources, to herbivores.
Predation and parasitism pressure against the herbivores may vary not only among
different plant species but also even among different habitat types emerging from a
single plant species (Price et al. 1980). In such insect-plant systems, the magnitude
of predation and/or parasitism on herbivores is often mediated by plant chemical and
physical properties (Marquis 1996; Bottrell et al. 1998). The plant-mediated
selection pressure may affect fitness consequences of parental care in phytophagous
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insects (Hardin and Tallamy 1992; Kudo and Hasegawa 2004). Nesting sites of 4.
triguttulus are on the ground around Lamium plants. The Lamium plants are
myrmecochorous; they disperse seeds using ants attracted by a nutritional material,
elaiosome attached to nutlets (Beattie 1985). The nutlets fallen on the ground attract
ants and thus the density of foraging ants is high around plants. Other carnivorous or
ominivorous insects, such as ground beetles, also feed on elaiosome (e.g., Ohara and
Higashi 1987). The attractive nature of Lamium can lead to high predation pressure
against herbivores, especially seed-feeders, foraging on the ground. Experimental
removal of 4. triguttulus brooding females in the field has revealed that predation
pressure against offspring is potentially severe and defense by the brooding females
is essential to offspring survival under such environments.

The offspring survival may be affected by other parental activities than direct
defense against predators (e.g., Kolliker and Vancassel 2007). Filippi et al. (2000)
demonstrated that in the subsocial bug P japonensis, progressive provisioning
enhances nymphal survival under high predation-pressure environments through
inhibiting nymphal dispersal from safe nesting sites. 4. friguttulus also show similar
parental-care options other than defense: progressive provisioning of host nutlets
(Nakahira 1992; Nakahira and Kudo unpublished data) and trophic egg supply
(Nakahira 1994; Kudo and Nakahira 2004). These two types of provisioning show
plasticity depending on maternal phenotype, offspring conditions, and environmental
conditions (Kudo and Nakahira 2005; Nakahira and Kudo, unpublished data).
Interactive effects of different parental-care options on offspring survival would be
fascinating subjects for future studies.

Soil habitats are also severe for insects in terms of risks other than predation,
because there is increased microbial infection risk; for example, ants use chemical
substances against microbial infection (Holldobler and Wilson 1990) and their
grooming behavior also seems to be crucial (Oi and Pereira 1993). Microbial disease
has been recognized as an important agent leading to the evolution of social systems
in insects (Schmid-Hempel 1998). In pre- or subsocial species nesting in the soil,
parental behaviors often functions as countermeasures against micro-organisms (e.g.,
Lamb 1976; Strohm and Linsenmair 2001; Suzuki 2001).

A. triguttulus egg-masses, in particular those without females, sometimes suffered
fungal infection. The fungal infection is presumably promoted by the presence of
damaged eggs. In the field, crushed eggs were observed even in clutches attended by
females; approximately 20% of viable eggs in such clutches were killed in the
control group of the female removal experiments. These losses were probably due to
small predators, such as mites. Mites are also recorded as egg predators for the
subsocial bug P. japonensis that nests on the ground (Tsukamoto and Tojo 1992;
Filippi-Tsukamoto et al. 1995). It may be difficult for females to detect such small
predators and thus to repel them completely. Dragging of egg masses by females
when heavily disturbed could also damage surface eggs (Hironaka et al. 2005).
Trophic eggs that are deposited on the surface of the clutch may protect inner viable
eggs from such damages due to predation and dragging (Kudo and Nakahira 2004;
Hironaka et al. 2005). However, the damaged eggs, even trophic ones, would induce
fungal infection that may spread over whole egg masses. In P. japonensis, when egg
masses without females were kept on moistened filter paper, the egg masses, in
which some eggs were attacked by mites, were infected by fungi and showed

@ Springer



314 J Insect Behav (2008) 21:306-316

extremely low hatchability (Tsukamoto and Tojo 1992). As suggested in P,
Jjaponensis (Tsukamoto and Tojo 1992), it is possible that A. triguttulus females
guard eggs against fungal infection as well as predation.
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