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Abstract

The life history and feeding biology of the bamboo powderpost beetle Dinoderus minutus remain poorly understood because
the beetles’ oviposition, development, and feeding take place inside bamboo culms. In this study, acoustic emission (AE)
monitoring was applied for continuous nondestructive analysis of larval feeding activity and development from the first instar
to adult eclosion. Newly hatched larvae were inoculated individually into pieces of madake (Phyllostachys bambusoides)
culms. AE hits were recorded using single AE sensors fixed onto the bamboo pieces. Generation of AE hits indicated that
larval feeding activity had begun after inoculation. Based on the time course of the hourly AE hit rate, the larvae were
feeding constantly during each instar, and feeding activity only ceased during periods of ecdysis and pupation. Half of the
individuals examined underwent seven instars and the other half underwent eight instars. The time course of AE hit rate per
5 min exhibited periodic cycles, where continuous meals were separated by inactive phases of ca. 5 min, with an average
dominant period of each instar ranging between 0.76 and 2.19 h. After correcting the AE data based on distance attenuation
of AE waves, the tendency that AE amplitude increased as the larvae developed through ecdysis events became more appar-
ent. AE monitoring continued after adult eclosion, and the feeding activity of the newly emerged adults continued almost
ceaselessly during the Reifungsfrass period.
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Introduction

Bamboo is an abundant natural resource in many regions,
and bamboo culms can serve as a strong material with high
machinability and aesthetic values. In Japan, bamboo culms
have been used as construction and decorative materials in
many traditional wooden houses, as well as for furniture and
craft products. However, bamboo culms are susceptible to
biodeterioration, even in seasoned conditions, and can be
easily attacked by insects, thus limiting their usage.
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The bamboo powderpost beetle Dinoderus minutus (Fab-
ricius) (Coleoptera: Bostrichidae) is one of the most signifi-
cant pests of felled bamboo culms in Japan. Both larvae and
adults attack bamboo by boring tunnels inside the culms
[1-3]. Infestation of D. minutus can begin by adult beetles
entering into and ovipositing inside bamboo culms in the
manufacturing process or during use. To prevent this, protec-
tion measures are necessary. When signs of infestation, such
as entrance holes and piles of frass, are found, disinfestation
measures are also needed. Techniques for early detection
and accurate assessment of attack are desired when bamboo
culms employed for construction or products are suspected
of being infested. Establishment of these control measures
requires detailed understanding of the biology of D. minu-
tus, including information on their life history and feeding
behavior.

Dinoderus minutus spend most of their life cycle in bam-
boo culms, where they feed, develop, and oviposit, thereby
making analysis difficult. Therefore, studies on the biol-
ogy of D. minutus have relied on the direct dissection of
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bamboo culms or tests using artificial diets [4—8], which
may have affected the natural growth and behavior of the
beetles. We consider that application of nondestructive test-
ing techniques is a suitable approach to analyze the feeding
and development of D. minutus inside bamboo culms.

We reported previously that the developmental stages of
D. minutus were clearly distinguishable in images obtained
by X-ray computed tomography (CT) and their bamboo con-
sumption was assessed quantitatively [9]. We then traced the
egg-to-adult development and tunneling process and quanti-
fied the growing body size and extending tunnel size in the
entire larval period, with the aid of nutrient-containing filter
paper for egg collecting [10]. On the other hand, because of
the inability to conduct continuous monitoring, uncertainty
remained regarding the activity of larvae between the CT
scans. Therefore, we demonstrated directly that the chew-
ing movements of the mandibles of D. minutus in feeding
produced acoustic emission (AE) waves and proposed the
effectiveness of AE monitoring for continuous analysis of
their feeding activity [11]. Our preliminary experiment also
suggested that periods of ecdysis and pupation could be esti-
mated using AE [12]. Combined use of AE monitoring and
X-ray CT could comprehensively clarify the relations among
the transition of feeding activity, larval development, and the
amount of bamboo consumed by the larvae.

In this study, we nondestructively monitored the feeding
activity of D. minutus inside bamboo pieces, continuously
from the first instar to adult eclosion, and we determined
the number of ecdysis events and the time period of each
instar, and discussed the rhythmic patterns of feeding activ-
ity. X-ray CT scanning was used for two individuals to relate
AE data to the developmental stages and bamboo consump-
tion. Several additional experiments were conducted to
directly observe the process of ecdysis, to estimate larval
head capsule widths of all instars, and to discuss the effects
of attenuation of AE waves on the AE monitoring of feeding
activity. AE monitoring was continued after adult eclosion
to analyze the pre-mating feeding activity of adult beetles.

Materials and methods

Preparation of bamboo pieces and inoculation
of larvae

Bamboo pieces, 100 [longitudinal (L)] X 20 [tangential
(T)] mm, were prepared from air-dry internodes of madake
(Phyllostachys bambusoides) culms, 67 mm [radial (R)]
thick, felled in June 2014 in Kyoto Prefecture, Japan. Eggs
of laboratory strains of D. minutus reared on madake culms
were collected using laminates of nutrient-containing filter
paper, as described previously [10], and newly hatched first
instar larvae were collected randomly for inoculation into

the bamboo pieces. A hole with a depth of 5 mm was drilled
longitudinally on one end surface of each bamboo piece with
a 2.5-mm drill bit and the hole was extended by 5 mm with a
push pin. A newly hatched larva was placed individually into
this hole, and the hole was closed using a round bamboo peg.
Then, a piezoelectric AE sensor (R15a, Physical Acoustics
Corp., USA) was glued onto the same end surface as where
inoculation was performed with a cyanoacrylate adhesive
(Fig. 1). After 2 h, the pieces were placed vertically, with the
inoculated end surface on top, in an environmental chamber
and AE measurement was started. The environmental cham-
ber was conditioned at 28 °C and 65% relative humidity,
where the moisture content (MC) of the bamboo culms was
11%. No light source was employed throughout the experi-
ment. Also, because the sensors were insensitive to airborne
noise, no soundproofing measures were employed.

To obtain ten replicates, 17 inoculated pieces were pre-
pared. Of the 17 first instar larvae, 11 individuals success-
fully started feeding, but one individual ceased feeding after
the first instar, suggesting that it had died in the process of
ecdysis. The results and discussion are based on the surviv-
ing ten individuals.

Of these ten individuals, randomly chosen two indi-
viduals, AX1 and AX2, were also subjected to CT scan-
ning using a microfocus X-ray CT system (SMX-160CT-
SV3S, Shimadzu Corp., Japan), usually with an interval of
3-5 days. Scans were performed daily when pupation and

<+——— AE sensor

Hole for
inoculation

100 mm

Fig. 1 Illustration of the bamboo piece with a first instar larva inocu-
lated in the hole and an AE sensor glued onto the upper end surface
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adult eclosion approached. Methods of CT scanning and
measurement of larval tunnel length and volume were based
on our previous report [10]. The CT data of individuals AX1
and AX2 have been published in this report [10]. The eight
individuals that were not used for CT scanning are referred
to as A1-AS.

AE measurement and analysis

AE data were acquired using a 4-channel AE system (DiSP
with AEwin, Physical Acoustics Corp., USA). Each of the
AE sensors, with a resonant frequency of 150 kHz, was con-
nected to the system via a preamplifier (1220A, Physical
Acoustics Corp., USA), as outlined in Fig. 2. The AE sig-
nals detected by the sensor were filtered by a 100-400 kHz
bandpass filter and amplified by 40 dB in the preamplifier
and by 20 dB in the system amplifier. The signals were then
discriminated at a threshold of 80 dB, and a burst signal that
exceeded this threshold was counted as an AE hit. The time
of detection and amplitude, i.e. the maximum (positive or
negative) signal excursion during the hit, were recorded for
each hit. The AE hits were determined using the hit defini-
tion time (HDT) of 100 ps, the hit lockout time (HLT) of
200 ps, and the peak definition time (PDT) of 40 ps. The
amplitude values of AE hits were expressed in dB with a
reference voltage of 1 pV.

We defined two parameters to express the AE data: hourly
AE hit rate and mean maximum amplitude. Hourly AE hit
rate was the number of AE hits detected in 1 h, and mean
maximum amplitude was calculated as the hourly mean of
six maximum amplitude values recorded during 10-min
intervals. In addition, frequency spectra of the time courses
of the number of AE hits per 5 min calculated using fast
Fourier transformation (FFT) were used to analyze the perio-
dicity of larval feeding activity found in this experiment.

Fig.2 Schematic diagram of
AE measurement system for

Environmental chamber

After adult eclosion, bamboo pieces containing adults
were kept separately in glass bottles and AE measurement
was continued. The threshold was raised to 85 dB prior to
adult eclosion.

Direct observation of ecdysis and pupation
(additional experiment )

To verify that the larvae underwent ecdysis or pupated
during periods of no AE detection, additional larvae were
inoculated in bamboo pieces by placing inside holes made
with a 1.5-mm drill bit and the pieces were subjected to AE
monitoring. When AE detection from these pieces stopped,
the larvae were extracted and the process of ecdysis was
observed using a microscope (VH-5000, Keyence Corp.,
Japan). A microscope image of the larva was recorded every
300 s in the environmental chamber. Two first instar lar-
vae and five larvae in middle or later instars were used for
observation.

Measurement of distance attenuation of elastic
waves in bamboo (additional experiment II)

The amplitude attenuation of longitudinally propagating
elastic waves per unit distance was measured by inputting
continuous waves into bamboo culms of different lengths.
Three bamboo specimens [300 (L) %20 (T) mm] were pre-
pared from air-dry internodes of madake culms [6—7 mm
(R) thick] at 8-9% MC and with an air-dry density of
0.87-0.89 g/cm?. Elastic waves were input from one end
surface of each specimen, and the amplitude of the waves
was measured at the other end surface. Then, the length of
the specimen was shortened by 50 mm and the same proce-
dure was repeated four times, until the specimen’s remaining
length was 100 mm. The input signals of continuous sinusoi-
dal waves with a frequency of 150 kHz were generated using
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minutus larvae
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a digital function generator (DF1906, NF Corp., Japan) and
were transduced and transmitted through a piezoelectric
actuator (the same model as the AE sensors). To simulate
AE waves generated by D. minutus larvae, a push pin was
inserted into the end surface of the specimen, 2 mm below
the inner surface, and the transmitter was fixed to the head of
the push pin. A receiver AE sensor was attached to the other
end surface of the specimen, and output signals detected by
the receiver were acquired using an AE tester (AE9501A,
NF Corp., Japan). A silicone grease was applied as an acous-
tic couplant between the transmitter and the push pin, and
between the specimen and the receiver. The transmitter, the
specimen, and the receiver were held together with a clamp.
The amplitude of the output signals was displayed using a
PC-oscilloscope (DSO-2090 USB, Qingdao Hantek Elec-
tronic Co., Ltd., China). The measurement system is summa-
rized in Fig. 3. The attenuation in dB/mm was calculated as
the slope of the regression line relating the amplitude level
of the output signals to the propagation distance (length of
the specimen).

Measurement of amplitude of AE generated
by larvae of different instars (additional experiment
1)

To discuss the relationship of AE amplitude to larval head
size and instars, AE signals generated by larvae of various
body sizes were recorded, with the propagation distances
kept constant. Four newly hatched first instar larvae and 13
larvae in middle or later instars were individually inocu-
lated in bamboo specimens and the amplitude of AE hits
were recorded. The head capsule widths of the first instar
larvae were measured before AE measurement. The spec-
imens [15 (L) X 20 (T) mm] were prepared from a single
air-dry madake internode [6 mm (R) thick]. A longitudinal
hole with a depth of 5 mm was made on one end surface of
each specimen using a push pin or drill bits (¢1.2—-1.4 mm),
depending on the larval body size, and a larva was placed
in this hole. This resulted in a larva-to-sensor distance of
10 mm. Each specimen was placed vertically on the face of

Digital function
generator

Computer

Oscilloscope

Push pin

Receiver

Bamboo specimen

Fig.3 Schematic diagram of the measurement system for attenuation
of elastic waves in bamboo culms

the AE sensor, with the inoculated end surface on top, with
a silicone grease as an acoustic couplant. AE measurement
was conducted using the AE system (DiSP with AEwin) in
the environmental chamber for at least 2 h after the larva
started feeding. The mean value of 12 maximum amplitude
values recorded in 10-min intervals during a 2-h period was
calculated for each larva. This value is also referred to as
mean maximum amplitude. After AE measurement, each
of the middle or later instar larvae was extracted and killed
in 99.5% ethanol. Because the head capsules of D. minutus
larvae were partially hidden in the thoraces, except in the
first instar, the head capsules of these extracted larvae were
extruded from the thoraces to measure the widest part of
the capsules.

Estimation of head capsule widths of all instars
(additional experiment IV)

Dyar, who stated that the head capsule width of lepidop-
terous larvae follow a regular geometrical progression as
they molt, recommended that the head capsule width of each
instar be given in descriptions of larval stages [13]. How-
ever, the larvae monitored inside the bamboo pieces could
not be used to measure the head capsule width. Because the
validity of Dyar’s rule has been confirmed in various insect
species including coleopteran species, such as the mountain
pine beetle Dendroctonus ponderosae [14] and curculionid
weevils Sitona discoideus [15] and Pissodes castaneus [16],
we applied his rule to D. minutus. The head capsule widths
of 20 newly hatched first instar larvae and 20 final instar
larvae in the prepupal stage were measured, and the growth
ratio and the head capsule width of each instar were calcu-
lated. As shown below, the number of instars varied between
seven and eight. Because the instar types of the prepupae
were unknown, we estimated the head capsule width of each
instar for both cases where the prepupae were all 7-instar
type and 8-instar type.

Results and discussion

Feeding activity and development from the first
instar to adult eclosion

Continuous generation of AE started within ca. 1 day after
hatching. The AE hits detected from the bamboo pieces
were attributable to larval feeding activity, based on our
previous study [11], and even the activity of the smallest
instar was detected. Considering the possibility of record-
ing noise signals, we defined that the larvae were “active”
when the hourly AE hit rate was 10 or higher, and otherwise
they were regarded as being “inactive”. Figure 4 shows the
time courses of the hourly AE hit rate and mean maximum
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Fig.4 Time courses of hourly AE hit rate and mean maximum ampli-
tude of individuals Al and AX1

amplitude of two individuals, Al and AX1, as typical exam-
ples. They started continuous feeding at 0.6 and 1.0 days,
respectively. However, feeding activity ceased between 3.5
and 5.5 days in individual A1 and between 5.2 and 7.3 days
in individual AX1, and after that, periods of continuous
feeding activity and periods of inactivity alternated with
each other.

Direct observation (additional experiment I) confirmed
that these periods of inactivity that lasted for ca. 2 days were

Fig.5 Process of ecdysis of a
larva. Exuvia is shown in cir-
cles. Image intervals are 300 s

@ Springer

due to ecdysis. Figure 5 shows the process of ecdysis of a
middle instar larva. Three instances of ecdysis were directly
confirmed for three different larvae in middle or later instars.
These larvae underwent ecdysis 1.1 days after they became
inactive on average. They did not consume their skins. Two
other instances of ecdysis of two first instar larvae were also
captured, although both larvae died after ecdysis, probably
because of the disturbance. Based on the direct observa-
tion, it was revealed that an active period corresponded to an
instar period and the number of inactive periods represented
the number of ecdysis events.

After completing the seventh instar, individual A1 entered
a longer inactive period lasting from 61.5 to 68.0 days
(Fig. 4). Individual AX1 underwent an eighth instar before
a long inactive period between 69.7 and 75.7 days. Daily
CT scans of individuals AX1 and AX2 confirmed that these
periods corresponded to prepupal and pupal stages. Individ-
ual AX1 in the final instar became inactive at 69.7 days, and
CT scans confirmed that it turned into a prepupa between
69.9 and 71.0 days and pupated by 72.1 days. Direct obser-
vation of four final instar larvae showed that they pupated
1.5 days after they became inactive on average (additional
experiment I). Individual AX1 emerged as an adult between
74.9 and 75.8 days. CT scans and AE measurement of indi-
viduals AX1 and AX2 suggested that adult beetles started
feeding within ca. 1 day after eclosion. The feeding activity
of adults is discussed in the final subsection.

The time courses of the hourly AE hit rate in Fig. 4
showed that the larvae were most active shortly after com-
pleting ecdysis, and the activity reduced as the next ecdysis
or pupation approached, in a certain instar after the third
instar. The mean maximum amplitude of AE hits was rather
constant in a certain instar. When compared among instars,
both the hourly AE hit rate and mean maximum amplitude
tended to increase with the instar number, suggesting that
larger amounts of strain energy were released by the chew-
ing movements of the mouthparts as the larval head and
mouthparts enlarged. However, after the fifth or sixth instar,
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these tendencies became less clear. These patterns of the
time courses of the hourly AE hit rate and mean maximum
amplitude were observed in all ten larvae. Possible reasons
for these patterns were that the larvae were actually less
active in later instars and/or that attenuation of AE waves
became significant as the larvae moved away from the sen-
sors. This matter is discussed in the next subsection with
reference to the attenuation characteristics of the AE waves.

Figure 6 shows the progression of instars of all ten larvae,
as well as the durations of instars, inactivity due to ecdy-
sis, and prepupal and pupal stages. Five larvae underwent
seven instars (““7-instar type”) and the other five underwent
eight instars (“8-instar type”), suggesting that the number of
instars can vary in this species. Although other numbers of
instars were not found in this study because of the limitation
of the number of AE measurement channels, it is possible
that other instar types were present, with low abundance
ratios. In related species, for example, variation in the num-
ber of larval instars was reported for the brown powderpost
beetle Lyctus brunneus (Coleoptera: Bostrichidae) [17] and
the tobacco beetle Lasioderma serricorne (Coleoptera:
Anobiidae) [18]. The larval duration of 8-instar larvae was
significantly longer than that of 7-instar larvae (Student’s ¢
test, p <0.01). The adult body length was not significantly
different between the instar types (Student’s 7 test, p > 0.05),
although the sample sizes may be too small to discuss dif-
ferences among instar types. Sexual differences may be one
of the factors causing the difference in the total number of
instars. However, the sexes of the employed individuals were
not identified in this experiment, limiting further discussion;

[7 nth instar

. Ecdysis

D Prepupal/pupal stages

Individuals
Al
A2
A3
Ad
A5
A6
A7
A8
AX1 |1
AX2 |1 Q20

Time from hatching (d)

Fig.6 Durations of larval instars, ecdysis, and prepupal/pupal stages

the clarification of sexual differences in larval development
is a subject for future analysis.

The number of instars revealed in this study does not
agree with previous reports on D. minutus. Plank [4] esti-
mated that D. minutus had four instars based on mandible
lengths and Dyar’s rule. Abood and Norhisham [6] found
five instars based on head capsule widths and inspection of
exuviae, by rearing larvae individually using cassava flour.
Garcia and Morrell [5] reported that D. minutus larvae
underwent four instars, but with no clear references to the
methods of determining ecdysis. Some Japanese books [2, 3]
mention that D. minutus have five larval instars, but without
presenting evidence. The differences between our results and
previous reports may be attributed to the accuracy of the
conventional methods or to the variability of larval develop-
ment among populations, regions, and rearing conditions. In
addition, our results showed that first instar was the shortest
and the final instars were the longest (Fig. 6), which was
different from the report of Abood and Norhisham [6] who
found that the final instar was the shortest. Although our
results were in disagreement with the previous reports, we
conclude that AE monitoring was an effective novel tool for
nondestructively assessing ecdysis and instars.

The average larval duration and prepupal/pupal duration
of the ten individuals were 66.3 +5.7 days (mean + SD) and
6.2 +0.3 days, respectively. The average larval duration of
the un-irradiated individuals, A1-AS8, was 64.8 +5.3 days.
This value was used in our previous report to show that there
was no impact of irradiation on developmental period of the
larvae examined using X-ray CT [10]. It should be noted
that the larval durations measured from CT scanning and
AE monitoring can be slightly different; in AE monitoring,
the time from the end of feeding activity in the final instar
to pupation, which was 1.5 days based on additional experi-
ment I, was not included in the larval duration.

As Fig. 4 shows, again, the hourly AE hit rate was con-
stantly above a certain level during each instar, suggesting
that the larvae were feeding continuously throughout. How-
ever, time courses of the number of AE hits with a higher
temporal resolution exhibited the rhythmic presence of short
phases of inactivity alternating with feeding phases. In insect
physiology, such feeding phases preceded and followed by
a “gap” are called “meals” [19-21]. A typical example is
shown in the time course of the number of AE hits per 5 min
produced by individual Al between 40 and 40.5 days in
Fig. 7a, where meals lasting ca. 40 min interchange with
gaps of ca. 5 min. Figure 7b shows the FFT spectrum of
the time course of AE hits per 5 min in the sixth instar, i.e.
between 39.2 and 46.9 days. In this spectrum, the highest
peak is found at a frequency of 35.9 cycles/day, correspond-
ing to a period of 0.67 h. This means that the activity of the
larva had a dominant periodicity with a period of 0.67 h
during the sixth instar. The distribution of intensity around
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250 Table 1 Dominant period of the rhythms of feeding activity in each
< larval instar, averaged over ten individuals (n=10) except where
IS noted
o 200
EJ_ Instar Period (mean + SD) (h)
o 150
= 1 ND
< 2 2.19 (n=1)
?_: 100 : -
° 3 2.04+1.16
()
2 5 4 1.15+0.31
3 5 0.97+0.32
0 6 0.76+0.13
40d0h 40d3h 40d6h 40d9h 40d12h 7 (of 7-instar larvae) 0.80+0.10 (n=5)
Time from hatching 7 (of 8-instar larvae) 0.77+0.13 (n=5)
8 0.86+0.11 (n=>5)
12
10 (b) ‘ SD standard deviation, ND not detected
z ¥
'3 6 | regulatory mechanisms [22]. Therefore, it is suggested that
E AE monitoring can also be applied to physiological analysis
4 1 and analysis of rhythms, including circadian rhythms, in the
5 | activities of beetles.
In summary, AE monitoring was an effective tool for
0 T T T T 1 T i

0 20 40 60 80 100 120 140
Frequency (/d)

Fig.7 Rhythmic pattern of feeding activity of individual Al. a Time
course of the number of AE hits per 5 min between 40 and 40.5 days
after hatching. b FFT spectrum of the time course of the number
of AE hits per 5 min during the sixth instar, i.e. between 39.2 and
46.9 days. The highest peak, as indicated by an arrow, was found at
the frequency of 35.9 cycles/day

the peak seemed skewed, with more components on the left
(lower-frequency) side of the peak. The periods tended to
lengthen as ecdysis approached and larval activity reduced,
though this is not shown in Fig. 7a, and the shape of the dis-
tribution around the peak probably reflected this tendency.
For simplification, the skewness is ignored in further discus-
sion. Table 1 shows the average dominant period of periodic
activity of each instar of all larvae. In the first and second
instars, clear periodicity was not present except in the second
instar of one individual. The periods of cycles tended to
shorten as larval instars increased. The periods were much
shorter than 24 h, suggesting that the feeding activity was
independent of circadian rhythms, and the variation of peri-
ods within and among instars and individuals under con-
stant conditions suggested that the rhythm in feeding activity
was endogenous. Feeding patterns with a certain periodicity
independent of circadian rhythms have been reported for
nymphs and larvae of several insects, such as the migra-
tory locust Locusta migratoria [19], tobacco hornworm
Manduca sexta [20], and silkworm Bombyx mori [21], and
such patterns were estimated to be relevant to endogenous
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nondestructively detecting real-time feeding activity of D.
minutus and determining the number of ecdysis events, the
duration of instars, and larval and pupal developmental peri-
ods. Our work presents a novel, nondestructive yet reliable
method for the analysis of feeding and clarifying life history,
and this method should be applicable to many other wood-
boring insects. AE monitoring can be further applied to the
evaluation of effects of environmental conditions on larval
development and efficacy of disinfestation methods, such as
heat or chilling treatments, for exterminating larvae inside
bamboo culms. Real-time analysis using AE also indicated
the presence of rhythms in the temporal transition of feed-
ing activity within each instar period, which may reflect the
endogenous regulatory mechanisms of the larvae. In addi-
tion, the results of this study showed the availability of AE
monitoring for in situ detection of D. minutus, similarly
to the cases of practical AE detection of termite attack in
wooden structures [23-26]. The presence of rhythms in lar-
val feeding activity may be useful for the differentiation of
feeding activity from sporadic or stationary noise in in situ
detection. Further experiments and discussion will be neces-
sary for the optimization of in situ measurement apparatus.

Effects of attenuation of AE waves

In the previous subsection, we noted that the hourly AE hit
rate and mean maximum amplitude did not increase with lar-
val instars after the fifth or sixth instar (Fig. 4) and discussed
that the reasons for these patterns may be that the larvae
were actually less active in later instars and/or that attenu-
ation of AE waves became significant as the larvae moved
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away from the sensors. To examine the extent of attenuation
in our experimental conditions, we measured the distance
attenuation of elastic waves propagating longitudinally in
bamboo culms (additional experiment II) and corrected
the AE data of individuals AX1 and AX2 using the attenu-
ation value. Figure 8 shows the relationship between the
propagation distance and amplitude level of 150-kHz out-
put signals for one bamboo specimen. The amplitude level
decreased linearly with propagation distance, and the slope
of the regression line was —0.12. The average longitudinal
attenuation of three specimens, at 8-9% MC, was 0.11 dB/
mm. Therefore, it was estimated that the amplitude of AE
waves in bamboo culms decrease nearly by this value when
using AE sensors with a resonant frequency of 150 kHz.

We then corrected the AE data of individuals AX1 and
AX?2 based on the distance attenuation measured in addi-
tional experiment II. We estimated the amplitude of each AE
hit at the source by compensating for attenuation, using an
attenuation value of 0.1 dB/mm and the supposed propaga-
tion distance based on the linear interpolation of the distance
between the larva and the sensor measured in X-ray CT
images. The corrected AE hits were discriminated at a new
threshold of 90 dB. Figure 9 shows the time courses of cor-
rected hourly AE hit rate and mean maximum amplitude of
individual AX1. Both of these AE parameters increased with
each instar, although the hourly AE hit rate at the beginning
of the fifth instar was an exception for unknown reasons.
Similar patterns were observed for individual AX2 as well.
The correction based on attenuation indicated that the ampli-
tude of AE waves, and thus the number of detectable signals
(AE hits), always increased as the larvae underwent ecdysis
events although this tendency became seemingly unclear
after the fifth or sixth instar solely because of the attenua-
tion of AE waves.
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Fig. 8 Relationship between propagation distance and the amplitude
level of output signals of 150-kHz elastic waves
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Fig.9 Time courses of corrected hourly AE hit rate and mean maxi-
mum amplitude of individual AX1. The correction was based on the
estimated attenuation of AE waves and the distance between the larva
and the sensor

To further clarify the relationship between larval instars
and produced AE amplitude, AE signals generated by lar-
vae of different instars were measured with a fixed propa-
gation distance of 10 mm in additional experiment III.
Then, the head capsule widths of the larvae, except the
four first instar larvae, were measured to estimate their
instars. For instar estimation, a lookup table (Table 2)
showing head capsule width of each instar calculated from
20 first instar larvae and 20 final instar larvae was made
in additional experiment I'V. This table lists the measured
head capsule widths of the first and final instars, growth
ratios calculated based on Dyar’s rule [13], and calculated
head capsule widths of intermediate instars for both 7- and
8-instar types. Figure 10a shows the relationship between
the head capsule width of larvae and mean maximum
amplitude, the original result of additional experiment III.

Table 2 Estimated head capsule width of each larval instar

Instar 7-instar type 8-instar type

Head capsule Growth ratio » Head capsule Growth ratio r

width (mm) width (mm)

1 0.119* 1.35%: 0.119* 1.29%*
2 0.160 0.153

3 0.215 0.198

4 0.290 0.255

5 0.390 0.329

6 0.524 0.424

7 0.706* 0.547

8 - 0.706*

*Mean of 20 measured values

**Calculated from measured head capsule widths of the first and final
instars (*) based on Dyar’s rule
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Figure 10b, ¢ shows the relationship of mean maximum
amplitude to larval instars, estimated based on Table 2
using the arithmetic means of head capsule widths of
consecutive instars as borders. All of the correlations
(R=0.926, 0.974, and 0.973 for Fig. 10a—c, respectively)
were significant (p <0.01), meaning that AE amplitude
increased with larval head size and each instar. In addition,
because the patterns in which maximum amplitude did not
increase with each instar were only observed after the fifth
or sixth instar, regression analysis was applied only to the
mean maximum amplitude values of the fifth and later
instars. The correlations (R=0.788 and 0.817 for Fig. 10b,
c, respectively) were significant (p <0.01) in both instar
types. Therefore, it was confirmed that the amplitude of
AE waves at their sources increased with head capsule
width and the instar number.

For additional practical consideration, the distance
attenuation measured in additional experiment II is useful
in designing in situ detection systems for beetle attack in
large bamboo culms in storage or in use. For example, the
attenuation of 0.1 dB/mm shows that 150-kHz elastic waves
propagate 0.5 m before attenuating by 50 dB. Attenuation is
estimated to be greatly influenced by the physical properties
and conditions of the media, and the frequency of propagat-
ing waves, and the measurement system employed in addi-
tional experiment II can be applied to clarify the attenuation
characteristics in detail.

@ Springer

Overall, it was shown that, when the larvae moved far
away from the sensor, attenuation of AE waves became so
significant that the larval activity could be underestimated.
By compensating for attenuation, the correlation of AE
amplitude with larval instars became clearer, reflecting the
growth of the larvae. In the application of AE monitoring
for continuous analysis of feeding by wood-boring insects,
attenuation may not be problematic in separating instar
periods from inactivity due to ecdysis or even in separating
meals and subsequent (or preceding) gaps as long as the
rearing media are of confined dimensions. However, when
quantitatively comparing the level of feeding activity of dif-
ferent instars or individuals, it is desirable that the attenu-
ation characteristics be evaluated in some manner, such as
demonstrated in additional experiment II.

Relationship between cumulative AE hits
and bamboo consumption

Previously, we clarified the relationship between the move-
ments of the mandibles of D. minutus and AE generation
[11]. However, the AE phenomenon is yet to be related to the
actual amount of bamboo consumption by the larvae. In this
subsection, we discuss the relationship between the num-
ber of AE hits and bamboo consumption using individuals
AX1 and AX2. The tunnel volumes measured using X-ray
CT images were used to represent bamboo consumption.
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Fig. 11 Relationship between cumulative AE hits (corrected based on
attenuation) and tunnel volume recorded from hatching until the end
of each instar. Ordinal numbers represent instar numbers, excluding
the first to third instars

The tunnel volume bored during each instar was estimated
assuming that the tunnel volume increased linearly with time
between two CT scanning dates and that the larvae did not
extend tunnels during inactive periods of ecdysis. Figure 11
shows the relationship between cumulative AE hits (after
correcting based on attenuation) and tunnel volume recorded
from hatching until the end of each instar for the two larvae.
The graphs in Fig. 11 confirm that the bamboo consump-
tion increased as more AE hits were produced, although the
relationship did not seem to be linear. A possible explanation
for the rather concave shape of these curves was the growth
of the mandibles; as the larvae enlarged through ecdysis
events, larger amounts of bamboo were consumed by one
bite of the mandibles. In addition, each of the two larvae
consumed a total of 68.1 mm? of bamboo on average, and the
average percentage of bamboo consumption in each instar
from first to eighth was 0.03, 0.3, 1.0, 2.2, 6.0, 14, 27, and
49%, respectively. This indicated that bamboo consumption
increased greatly with each instar and suggests that detec-
tion and treatment in early larval instars would significantly
reduce the damage caused by the larvae.

Pre-mating adult feeding activity

Analysis of pre-mating adult feeding (Reifungsfrass) was
continued for ca. 10 days because our previous report
showed that adults made exit holes in 8 days after adult eclo-
sion on average [10]. Figure 12 shows the time courses of the
hourly AE hit rate and mean maximum amplitude of indi-
vidual A1, in continuation of Fig. 4a. It should be noted that
a higher threshold value was employed for adult monitoring,
so the adult hourly AE hit rate is not comparable with the
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Fig.12 Time courses of hourly AE hit rate and mean maximum
amplitude after adult eclosion of individual Al. It should be noted
that, because a higher threshold value was employed, the adult hourly
AE hit rate is not comparable with the larval data shown in Fig. 4

larval data. As mentioned in the first subsection in “Results
and discussion”, adults were considered to have started feed-
ing within ca. 1 day after eclosion. Figure 12 indicates that
feeding activity continued almost ceaselessly during Rei-
fungsfrass, although it was relatively low for 1-2 days after
the adults started feeding. Adults produced AE waves of
larger amplitude than the final instar larvae. Unlike larval
feeding, there was no clear periodicity in the time courses
of the number of AE hits per 5 min. In future research, we
plan to analyze feeding and tunneling activities during the
ovipositional process, and the results will be compared to
the feeding activity during Reifungsfrass.

Conclusions

In this study, AE monitoring was used to analyze larval
feeding and development of D. minutus from the first instar.
AE hits produced by feeding activity were detected, and the
larvae showed almost constant feeding activity every hour
during the instar periods but became inactive during periods
of ecdysis and pupation. Therefore, AE monitoring proved
to be an effective tool for measuring larval duration and
the number of ecdysis events. The examined larvae under-
went either seven or eight instars in total, which differed
from previous reports on D. minutus. AE data also indi-
cated the presence of periodicity in larval feeding; phases of
short inactivity (ca. 5 min) occurred at average intervals of
0.76-2.19 h, which possibly reflected the physiology of the
larvae. The AE amplitude increased with each larval instar,
but because of the attenuation of AE waves, this relationship
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became unclear in later larval stages without additional cor-
rections. Bamboo consumption increased as cumulative
AE hits increased, and the non-linear relationship between
these suggested that more bamboo was consumed by each
bite as the larval instars progressed. The feeding activity of
newly emerged adults continued almost ceaselessly, based
on hourly AE hit rate, in the Reifungsfrass periods. These
findings showed that we established a novel nondestructive
method for the analysis of feeding and development of D.
minutus and other wood-boring insects; however, AE attenu-
ation in the media should always be taken into considera-
tion. AE monitoring, together with X-ray CT as discussed
previously [10], will allow further investigation of feeding
biology and life history, which should aid in the establish-
ment of pest control measures.
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