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Abstract

Unlike most other flower beetles, females of Dicronocephalus wallichii exhibit nesting behaviour. The female constructs
a burrow in the soil, cuts dead plant leaves into small pieces to provision the nest, and then lays one egg inside the nest.
Hatched larvae have been thought to feed on the nest materials prepared by their mothers, but the effects of pre-ovipositional
care on larval performance have not been tested. The hatched larvae were found to stay in the nest for 15-30 days until they
consumed the nest materials. We examined whether the presence of provisioned nests enhanced larval performance under
both benign and food-stress conditions. With high-nutrient soil, larval survival rate and growth speed were not affected by
the presence of provisioned nests. By contrast, with low-nutrient soil, mortality of the larvae was much higher in the absence
than in the presence of provisioned nests. The growth speed of larvae with nests located in low-nutrient soil was as high as
those reared in high-nutrient soil. These results indicate that females alleviate the food stress of larvae during their initial
developmental stage by constructing provisioned nests.
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Introduction

Many animals provide care for their offspring, which
increases their survival, growth, and quality (Trivers 1972;
Clutton-Brock 1991; Royle et al. 2012). Parental care is
known to have a greater positive effect on the fitness of off-
spring under unfavourable conditions such as high preda-
tion pressure, starvation, and inbreeding than under benign
conditions (Royle et al. 2012; Chaboo et al. 2014; Pilakouta
et al. 2015; Pike et al. 2016; but see Meunier and Kolliker
2012 and Kramer et al. 2017 for contrasting examples).
Therefore, parental care has probably evolved as a way for
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parents to enhance their offspring’s fitness by offsetting the
detrimental effects of a wide range of environmental stresses
(Monteith et al. 2012; Chaboo et al. 2014; Pilakouta et al.
2015; Pike et al. 2016; Royle et al. 2016).

In insects, parental care takes many forms. Well-studied
examples of parental care are post-ovipositional care includ-
ing food provisioning to offspring (e.g. burying beetles Nicro-
phorus spp., leaf beetles Cassidinae, and subsocial bugs Cyd-
nidae), offspring attendance (e.g. treehoppers Membracidae),
and egg protection (e.g. water bugs, Belostomatidae) (Klug
and Bonsall 2014; Santos et al. 2017). Parental care has been
demonstrated to improve offspring performance in various
insect species (Klug and Bonsall 2014; Santos et al. 2017).
In addition, some species provide provision for their offspring
before oviposition (pre-ovipositional care). For example, dung
beetles (Scarabaeinae) and hunting wasps (Ammophila) leave
food for offspring, and leaf-rolling beetles (Attelabidae) form
protective structures for eggs and larvae (Klug and Bonsall
2014). Burying beetles Nicrophorus spp. bury vertebrate
carcasses and roll them into balls, applying oral and anal
antimicrobial secretions to their surfaces (Arce et al. 2012;
Capodeanu-Nagler et al. 2016). However, the fitness benefits
of pre-ovipositional care have been less studied than those of
post-ovipositional care, with the exception of a few examples
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[e.g. Parastrachia japonensis (Filippi et al. 2000); Nicropho-
rus spp. (Capodeanu-Nigler et al. 2016; Trumbo 2017)].

Most flower beetles (Coleoptera: Scarabaeidae: Cetoniinae)
do not show parental care. The females usually lay eggs in
humus, and hatched larvae feed on organic matter and develop
into adults by themselves. However, a previous study reported
nesting behaviour by Dicronocephalus spp. (§1’pek et al. 2008).
Based on behavioural observations of Dicronocephalus
adamsi, females first construct a burrow in the soil. Subse-
quently, females cut green or dead leaves of various plants into
small pieces to fill the burrow. Females finally drag a small
amount of soil into the burrow. Each burrow contains only
one egg. Females then begin to construct another nest, and no
further interaction between mother and offspring occurs. The
construction of each nest lasts for several hours (Sipek et al.
2008). The nests constructed by Dicronocephalus females
were hypothesised to benefit the development and survivor-
ship of the larvae and eggs through physical protection from
predators and increases in local temperature and humidity due
to fermentation of leaves (§ipek et al. 2008). Furthermore, the
nests may serve as a primary diet for newly hatched larvae
based on the observation that the larvae ingest the nest materi-
als (éipek et al. 2008). However, the fitness effects of the nest
materials on larval performance have not been tested.

Our main goal in this study is to clarify the function of
the provisioned nests in a congener Dicronocephalus wal-
lichii bourgoini Pouillaude 1914 (Fig. 1). Unlike D. adamsi,
females of D. wallichii do not use green leaves; instead they
show nesting behaviour by provisioning the dead leaves of
various plant species (see Supplementary Material). Because
high-quality food sources are generally patchy in the soil of
forests, especially for the newly hatched insect larvae with
limited mobility, we hypothesised that the pre-ovipositional
maternal care of D. wallichii enhanced larval performance
under harsh conditions (low-quality food sources). This
study compared the survival rate and growth speed of larvae
in the presence and absence of the nests under benign and
food-stress conditions in the laboratory. Before conducting
the experiments, we examined the duration that D. wallichii
larvae stayed in the nests after hatching. gipek et al. (2008)
noted that the larvae stay in the nests for a few days, but
quantitative data are lacking. Detailed information on the
natural history of D. wallichii larvae is necessary to appro-
priately design experiments to test the effects of maternal
care on larval performance.

Materials and methods
Study species

D. wallichii is distributed throughout Taiwan, Thailand, and
southern China (Sipek et al. 2008). This species is univoltine
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Fig.1 a A female (indicated by a black arrow) and two males of
Dicronocephalus wallichii on a bamboo branch. b A nest of D. wal-
lichii. The nest was vertically buried by a female; the side is indicated
by a black arrow, positioned near the surface of the soil

(one generation per year) and adults emerge from April-June
in Taiwan. They aggregate on tree sap sites and fruits to feed
and mate (Kojima and Lin 2017). Females lay eggs in the
nest. Hatched larvae develop into adults within 5—6 months.
The enclosed adults overwinter in their cocoons, and emerge
from the cocoons in the following spring (éipek et al. 2008).

Insects and rearing conditions

Adult females were caught using an insect net in a lowland
bamboo (Phyllostachys makinoi Hayata) forest in the dis-
trict of Tamsui, Taipei, Taiwan (25°11'N, 121°29'E) in May
2016 and 2017. All experiments and insect rearing were con-
ducted at 25 °C and a photoperiod of 12 h:12 h (light:dark).
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Duration of larvae in the nest

We examined the duration that hatched larvae of D. wal-
lichii stayed in the nest. Female adults were individually
introduced into plastic containers (20 X 13-cm base, 13-cm
height). The containers included fermented bark for rearing
rhinoceros beetles (Dorcus Owner’s shop, Osaka, Japan) at a
depth of 7 cm, which was covered with mixed dead leaves of
bamboo and broadleaf trees (a mixture of Castanopsis spp.
and Quercus spp.; approximately 80 g). We selected these
leaves based on the results of a preliminary experiment of
female preference (see Supporting Information). An insect
jelly (Asagata-wide; SANKO, Japan) was provided. The
insect jelly contains several kinds of sugars and amino acids,
and is known to enhance the fecundity of sap-feeding bee-
tles (Kojima 2015a). The nests were collected every 3 days
until the females died. Cylindrical plastic containers (13-cm
diameter X 7-cm height) filled with the fermented bark were
prepared for the nests. The collected nests (expected to con-
tain one egg) were individually and vertically buried in the
centre of the cylindrical containers in the same way that they
were constructed by females. It is unlikely that the process
of nest collection and setting up affected larval performance
because the larvae in the transplanted nests showed a high
survival rate (> 80%) and developed as fast as those reported
in a previous study (§ipek et al. 2008; see also Results).
The eggs of this species are known to hatch approximately
10 days after being laid (éipek et al. 2008; W. Kojima, per-
sonal observation). We gently dug the soil and located the
larvae on the 25th, 30th, 35th or 40th day after we had col-
lected and set up the nests. The body mass of the larvae was
measured using an electric balance (ATX124; Shimadzu,
Japan) to the nearest 0.01 mg. The sample size for each age
class was 1015 (n =46 nests in total). If the larval head was
within a circle with a radius of 2.5 cm from the centre of the
cylindrical cup, the larva was defined as ‘inside the nest’. If
the larval head was outside the circle, the larva was defined
as ‘outside the nest’.

Effects of nests and dead leaves on larval
performance

We examined the effects of nests and dead leaves (i.e. origi-
nal nest material) on the survival and growth of hatched
larvae under poorly and highly fermented soil environ-
ments. To collect larvae and nests, females were individually
introduced into plastic containers (20 X 13-cm base, 13-cm
height) with the fermented bark (7 cm in depth) and mixed
dead leaves of bamboo and broadleaf trees (approximately
80 g). An insect jelly was provided. Nests were collected
once every week. The eggs were carefully removed from the
nests with tweezers to minimise the damage to the nests. The
eggs were kept in 90-mL plastic containers with fermented

bark. The eggs were checked every day and the hatched lar-
vae were randomly assigned to three treatments: nest, leaves
or bark only. For the nest treatment, 430-mL plastic con-
tainers were filled with the fermented bark (approximately
200 g) and a nest without an egg (5-7 g) was manually
buried in the centre of the container in the same way as
constructed by females. A newly hatched larva was put on
the top of the nest. The larvae fed on the nests regardless of
whether the nests were constructed by their own mothers.
For the leaves treatment, the plastic containers were filled
with a mixture of the fermented bark (approximately 200 g)
and dead leaves (a mixture of bamboo and broadleaf tree
leaves, approximately 40 g). This treatment was included
in order to examine whether the processing of leaves by
females (i.e. cutting into small pieces) had a positive effect
on larval performance. A newly hatched larva was placed
in the centre of the container. For the bark only treatment,
the containers were filled with the fermented bark (approxi-
mately 200 g). A newly hatched larva was placed in the cen-
tre of the container. Because the amount of the fermented
bark and dead leaves was much greater than the amount
required by larvae during experimental periods (W. Kojima,
personal observation), the larvae fed on them ad libitum.
Twenty days later, we checked if the larvae were dead or
alive and measured their body weight. The larvae of D. wal-
lichii stay in the nests for at least 15-18 days after hatching
(see “Results”). Thus, the experimental period (20 days) is
sufficient to detect the effects of nest feeding. The number
of larvae used was 16-18 for each treatment.

We also compared the larval performance among the three
treatments using less-fermented soil. Because females drag
some soil into the nests when they construct nests (éipek
et al. 2008), we collected nests using poorly fermented soil
as substrate for this experiment. Females were individually
introduced into the plastic containers (20 X 13-cm base,
13-cm height) with poorly fermented bark that was sold for
stag beetle rearing (Dorcus Owner’s Shop) at a depth of
7 cm and mixed dead leaves of bamboo and broadleaf trees.
The poorly fermented bark was made from oak sawdust and
wheat bran, and it has been reported to be less nutritious for
larvae of a saprophagous scarab beetle Trypoxylus dichoto-
mus than the fermented bark (Kojima 2015b). An insect jelly
was provided in the containers, and the nests were collected
once a week. The eggs in the nests were carefully removed.
We assigned newly hatched larvae to the three treatments
shown above (nest, leaves or bark only) using the poorly
fermented bark as substrate. The number of larvae used was
18-24 for each treatment.

A generalised linear model (GLM) with a binomial dis-
tribution and a logit link function was used for the mortality
analysis. The explanatory variables were substrate conditions
(i.e. poorly and highly fermented bark), and additionally pro-
vided food with three treatments (i.e. nests, leaves and bark
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only), and their interactions. A Tukey post hoc analysis was
conducted for pairwise comparison if the interaction term
was significant. For larvae body mass analysis, a significant
difference in the variance of larval mass was found among
treatments (see “Results”). Moreover, the sample from the
poorly fermented bark-only treatment was excluded due to the
small sample size (n=1; see “Results”). Thus, the interaction
between soil conditions and additional food provided was not
included in the model. Instead, Mood’s median test was used
for overall and pairwise comparison (Kasuya 2001). For pair-
wise comparison, the significance level was adjusted using the
Holm procedure. All statistical analyses were conducted using
R version 3.1.1 (R Development Core Team 2013).

Results
Nesting behaviour

Females of D. wallichii showed nesting behaviour by con-
structing a hole in the soil and dragging small pieces of
dead leaves into it. They then laid one egg inside each nest.
Females built on average 5.1 + 1.1 SE (n=28 females) nests
within a week (see Supplementary Material). The wet mass
of a nest was 5.89+0.75 SE g (n=7), and their height and
diameter were approximately 5 and 2.5 cm, respectively
(Fig. 1b). Pieces of torn leaves were loosely intertwined
without obvious mucus. We carefully checked the substrate
bark after the removal of nests, but found no eggs. This sug-
gests that females always constructed nests for oviposition.

Duration of larvae in the nest

When we dug the bark on the 25th, 30th, 35th or 40th
day after setting up the experiment, 28% of the containers
(13/46) did not have a larva, probably because either larvae
died or the nests originally did not contain an egg. Con-
sequently, the sample size was smaller in some treatments
(e.g. five out of ten containers had a larva 35-38 days later;
Tables 1 and S1). The percentage of larvae in the nests began
to decrease 25-28 days after eggs were laid; while all larvae
(6/6) were in their nests at 25-28 days after eggs were laid,
15.4% of larvae (2/13) were found in the nests at 40-43 days
after eggs were laid (Table 1). In many cases where larvae
were outside the nests, almost all parts of the nests except for
the top portion had been consumed by larvae and replaced
by larval faeces.

The effects of nests and dead leaves on larval
performance

For mortality analysis, the interaction between Substrate

conditions and Additional food provided was significant
(likelihood ratio [LR] y*=18.98, df=2, P<0.001, GLM;
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Table 1 Percentage of larvae of Dicronocephalus wallichii in the nest
and larval body mass on different days

Elapsed days after % Larvae inside the nest (n lar-  Body mass

eggs were laid vae inside/total n living larvae)  (mean+SE
mg)

25-28 100 (6/6) 422 +136

30-33 66 (6/9) 891+56

35-38 60 (3/5) 1286 +55

40-43 15 (2/13) 1766+ 148

Fig. 2a; Table S2). Substrate conditions and Additional
food provided were also significant (LR y*>=4.66, df=1,
P=0.031 and LR 4*=25.00, df=2, P <0.001, respectively).
When provided with only poorly fermented bark, 94%
(17/18) of larvae died, and pairwise comparison showed
that their mortality was significantly higher than that of any
of the other five treatments (P <0.001, GLM with Tukey
method; Fig. 2a). There was no significant difference in mor-
tality among the remaining five treatments (Fig. 2a).

The body mass of the one larva that survived in the treat-
ment with only poorly fermented bark was 45 mg. This
larva was excluded from statistical analysis. There was a
significant difference in variance of larval mass among the
five treatments (P =0.041, Bartlett test). A significant dif-
ference in larval mass was found among the five treatments
(P<0.001, Mood’s median test; Fig. 2b). Pairwise compari-
son showed that the body mass of larvae provided with dead
leaves in poorly fermented bark was significantly smaller
than that of any of the other four treatments (P <0.01,
Mood’s median test with Holm method; Fig. 2b). There was
no significant difference in larval mass among the remaining
four treatments (Fig. 2b).

Discussion

The nesting behaviour of D. wallichii was very similar to
that of its congener D. adamsi (éipek et al. 2008). Neither
of these species is a host-plant specialist in nest construction
(Supporting Material, gipek et al. 2008). However, while D.
adamsi preferred fresh to dead leaves (§ipek et al. 2008),
D. wallichii did not use fresh leaves (Supporting Material).
Female preference for nest materials has probably diverged
within this genus, but the ecological and evolutionary factors
associated with this diversification are unknown due to the
lack of information on the natural history of both species in
the wild. However, the sample size (n=8) might not have
been sufficiently large to reveal female preference in this
study, and our experiment did not test the preference for
fresh leaves of broadleaf trees.

Eggs and their hatched larvae were present in the nests
for 25-28 days after egg laying. From hatching, the larvae of
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D. wallichii stayed in the nests for at least 15-18 days. After
that, they began to leave the nests. Eighty-five percent of
larvae left their nests 30—33 days after hatching. Our results
contradict a previous observation that the larvae of this spe-
cies only stay in the nests for a few days (Sipek et al. 2008).
However, the movement of larvae might be limited by the
small container we used, and the duration of larvae in the
nest could have been overestimated in our study. We also
found a strong larval preference for nests in the choice tests
(Supporting Material), indicating the importance of the nest
materials as larval food. If the larvae are accidentally sepa-
rated from their nests, they may return to the nest using uni-
dentified chemical cues from the nests. When the larvae fully
consume the nest materials, they probably start searching for
alternative food such as dead leaves and organic debris found
in the soil. The intraspecific variation in the period for which
larvae stay in the nests may be related to the initial nest size,
which was not assessed in this study.

Poorly fermented

Highly fermented

We found that the feeding on nests enhances larval sur-
vival and growth rate in poorly fermented soil. Although
other potential functions (e.g. protection from predators
and increases in local humidity and temperature) were not
tested, the nests likely serve as provision burrows. If nests
or dead leaves were unavailable, almost all hatched lar-
vae died. By contrast, with highly fermented soil, larvae
showed a high survival rate and fast growth irrespective
of the presence or absence of nests and dead leaves. Dead
leaves or highly fermented organic matter are probably
crucial for the survival of hatched larvae. We provided
the 2nd instar larvae (approximately 20 days old, n=10)
with only poorly fermented bark, but all of them survived
for at least 2 months (W. Kojima, personal observation).
Thus, the importance of the nest materials likely decreases
as larvae grow larger at later stages of larval development.
Moreover, we found that the larvae provided with nests in
poorly fermented soil grew as fast as larvae reared with
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highly fermented soil. This indicates that females allevi-
ate the food stress of larvae during the initial develop-
mental stage through constructing provisioned burrows.
With poorly fermented soil, the speed of larval growth
was slower when larvae were provided with original nest
materials (i.e. dead leaves) than when they were provided
with nests, although the amount of dead leaves provided
(approximately 40 g) was sufficient and much larger than
that of a nest (5—7 g). Large intact dead leaves are probably
physically too hard for newly hatched larvae with small
mandibles to eat, thus probably decrease larval feeding
efficiency. Smaller pieces of dead leaves prepared by the
females may be easier for the larvae to feed on than intact
dead leaves. Furthermore, as has been reported in dung
beetles (Estes et al. 2013; Schwab et al. 2016), D. walli-
chii females might inoculate beneficial microbes into the
nests that help the digestion of food in the larval gut and/
or enhance the nutritional quality of dead leaves through
fermentation.

Constructing and provisioning nests probably entail
costs to females. Females spend several hours construct-
ing one nest (éipek et al. 2008). We found that D. wallichii
females laid less than 1 (0.73) egg/day on average, and the
ovipositional rate is lower than that of other scarab bee-
tles without nesting behaviour (Potter 1983; Brandhorst-
Hubbard et al. 2001; Wenninger and Averill 2006; Kojima
2015a). The slower ovipositional rate in D. wallichii may
be due to time- and energy-consuming nesting behaviour.
Although we have no information on ovipositional sites
of D. wallichii under natural conditions, suitable oviposi-
tional sites with fermented soil are probably rare, patchy,
and competitive among saprophagous animals. Therefore,
it would be time- and energy-consuming for females to
find highly fermented ovipositional substrate. In D. wal-
lichii, the benefits via increased offspring performance in
poorly fermented soil would likely outweigh the costs of
constructing provisioned burrows.

In conclusion, we demonstrate that pre-ovipositional
maternal care in D. wallichii enhances offspring survival
and growth during their initial developmental stages under
food-stress conditions. This study adds to the growing
literature suggesting that parental care in animals has
evolved as a means by which parents improve their off-
spring’s fitness under harsh conditions (Monteith et al.
2012; Chaboo et al. 2014; Pilakouta et al. 2015; Pike et al.
2016; Royle et al. 2016). Parental nesting behaviour using
leaves has been reported in several scarab beetles [e.g.
Lethrus apterus (Kosztolanyi et al. 2015); Cephalodesmius
armiger (Lopez-Guerrero 1995); Dicronocephalus adamsi
(Sipek et al. 2008)]. Further studies including phylogenetic
comparative analyses would clarify the evolutionary driv-
ing forces for this type of maternal care.
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