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Abstract

The large pine weevil, Hylobius abietis (L.) is the major damaging insect pest in reforestation areas in coniferous

forests in Europe. New control methods require detailed knowledge of the ecology, behaviour and also physiology of the
pest. A study of respiration pattern was conducted to determine the metabolic cost of active ventilation in adults of the
large pine weevil, Hylobius abietis. A volumetric-manometric respirometer was used in parallel with an infrared opto-
cardiograph to record muscular contractions together with gas exchange patterns.

In the dry insect chamber, i.e. in the dehydrated conditions the pine weevil displayed discontinuous gas exchange
cycles (DGCs). Most of the DGCs were of CFV (Closed-Flutter-Ventilation) type, where bursts of carbon dioxide release
(V phase) were ventilated by abdominal pumping movements. However, about 10% of the bursts in each individual were
not ventilated. In the ventilated cycle the burst volume (VCO,) was about 20% greater than that of the non-ventilated
cycle, suggesting a significant metabolic effect of pumping movements.

A minority (ca 10%) of dehydrated individuals exhibited DGCs of CFO (O=open) type, where pumping movements
were lacking, and in these individuals the level of metabolic rate was about 20% lower than in weevils characterised by
CFV cycles. The CFO cycles in H. abietis were considered as an exceptional and unfavourable event. Nevertheless, the
results suggested that in individuals of H. abietis showing complete tonic immobility (CFO cycles) the levels of the true
standard metabolic rate (SMR) were measured.

DGCs recorded by means of flow through method i.e. by infrared gas analyzer (IRGA), were usually recognized as
signs about the existing standard metabolic rate in an insect. Our results indicated that DGCs appearing in dry air in pine
weevils are a sign of standard metabolic rate only in case of CFO cycles, where muscular contractions are absent. In
weevils showing CFV cycles cannot be measured the level of standard metabolic rate due to the vigour active ventilation
by means of abdominal pumping movements. Thus, IRGA cannot be regarded as an universal method to differentiate the
active and standard metabolic rates. Moreover, in parallel with respirometer must be used an actographic device, to
record all body movements including abdominal pumping movements.
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Introduction

The pine weevil Hylobius abietis (L.) (Coleoptera:
Curculionidae), is one of the most important pests of
temperate conifer forestry in Europe, particularly in
Scandinavia and Baltic (Leather ez al. 1999, Langstrom
and Day 2004). Both larvae and adults feed on the bark
of conifer species, but only adult feeding on seedlings
is economically important. If plants are not protected,
most of planted seedlings may be lost. Chemical con-
trol measures have been used to reduce the damage
caused by H. abietis. Restrictions on the use of chem-

ical insecticides in forests in many countries have
stimulated the experiments with alternative control
methods against this forest pest (Luik ez al. 2000, Sibul
et al. 2002, 2005). At the same time, application of new
control methods and introduction of biological insec-
ticides require profound knowledge of the ecology,
behaviour and physiology of forest pest insects (Me-
rivee et al. 1998, Sibul et al. 1999). Estimation of the
physiological state (e.g. standard metabolic rate) of
harmful insects is therefore an inevitable task.
Control levels in insect respirometry, known as
resting or standard metabolic rate (SMR), are ordinari-
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ly determined in an atmosphere saturated with water
vapour on animals which are deprived of food, and are,
insofar as possible, motionless (Keister and Buck 1974).
The SMR is also defined as a value measured at a par-
ticular temperature when the insect is quiet, inactive,
is not digesting a meal, nor exposed to any stress
(Withers 1992). However, in a quiet, inactive and exter-
nally immobile insect, especially in coleopterous adults,
vigorous abdominal pumping movements may occur
under the elytra. Active ventilating with pumping move-
ments is a specific mode of respiration in many insects
(rev. by Miller 1974, 1981, Mill 1985, Nation 2002, Chown
and Nicolson 2004). The major users of metabolic ener-
gy are the muscles. However, there is almost nothing
known about the metabolic cost of the obligatory pump-
ing movements in externally immobile beetles.

Many insects exhibit discontinuous gas exchange
cycles (DGCs), which means that carbon dioxide is
periodically released in bursts, and O, uptake is often
cyclic. Classical “cyclic CO,release” (rev. by Miller 1974,
1981, Kestler 1971, 1985, Slama 1988, 1994, Lighton 1994,
1996, Chown and Nicolson 2004) is caused by the se-
quence of facultative constriction (C), flutter (F) and
open (O) periods of the spiracles in (C)FO cycles (Sch-
neiderman 1960) or in (C)FV cycles (Kestler 1971). In
the CFV cycles classical discontinuous ventilation
(V=pumping) with only short expiratory and inspirato-
ry opening replaces the O period. Kestler (2003) pro-
posed using DGC as a synonym for (C)FB (B=burst)
with four respiratory movements patterns of the CFO
or FO and CFV or FV type. Most adults of the danger-
ous forest pest, the large pine weevil (Hylobius abi-
etis) exhibit pumping movements during the bursts of
carbon dioxide in the CFV cycles, while these move-
ments are externally invisible (Sibul et al. 2004a,b).

Discontinuous gas exchange cycles are thought
to be the mechanism for restriction of water loss (hy-
gric theory of DGCs origin) (rev. by Kestler 1985, Light-
on 1996), but some other theories also exist (rev. by
Chown et al. 2006).

It is usually believed that insects displaying DGCs
can be measured at resting or standard metabolic rate
because during the DGCs the insect is inactive and
immobile, while activity commonly abolishes the cy-
clic gas exchange (Chown 2002, Chown and Nicolson
2004). According to Chown and Gaston (1999), flow-
through CO, respirometry is revolutionizing results by
allowing careful separation of resting (or standard) and
active metabolic rates. However, the metabolic cost of
the pumping movements during the (C)FV cycles has
not yet been studied.

The aim of the present investigation was to meas-
ure the metabolic cost of active ventilation due to the
pumping movements in the (C)FV cycles of H. abietis.

Materials and methods

Insects

The H. abietis adults were collected in May—June
2006 from ground pitfall traps in a freshly cut area in
the forest district of Répina, Southern Estonia (lati-
tude 58 °09' N, longitude 27°08' E, altitude 55 m a.s.l.),
where beetles were very abundant (Sibul 2000). After
collection, the weevils were kept in groups of ten in
glass jars with moistened moss in a refrigerator at 2 —
3 °C. Water and fresh Scots pine (Pinus sylvestris L.)
twigs were added to the jars as needed. Prior to the
experiments weevils were transferred to ambient labo-
ratory conditions (25 °C, 60% RH and a photoperiod
of L14:D10) for 48 h, while weevils kept without water
and food are referred to as dehydrated. Only healthy,
medium-sized individuals were accepted as experimen-
tal insects. The body mass of the weevils used in the
experiments ranged from 200 to 230 mg. All measure-
ments were performed at 25 °C.

Closed system respirometry

The method used was a continuously oxygen-
compensating differential volumetric-manometric
closed system respirometer (CC-dvmCSR), detail de-
scribed earlier (Tartes et al. 1999, 2000, 2002, Vanatoa
et al. 2006), referred to as a closed system respirome-
ter. The respirometer allowed simultaneous recording
of metabolic rate, discrete carbon dioxide releases
(bursts), rapid intakes of air into the tracheae in mi-
crocycles, and abdominal pumping movements. The
respirometer ensures continuous replacement of con-
sumed oxygen with electrolytically produced oxygen.
The insect itself plays an active role in this self-regu-
lating system. The extreme sensitivity of the CC-dvmC-
SR method is based on the fact that it keeps the prod-
uct of volume and pressure changes (energy) in the
general gas law constant by compensating the ener-
getic measurements by a molar change of O, during
CO, absorption (Kestler pers. comm.).

The respirograms display the rates of electrolyt-
ically generated oxygen, which are indicated on the
graphs as “FO, (ml h")”. The respirometer recorded
the air pressure changes in the insect chamber, caused
by the body volume changes due to the pumping ab-
dominal movements of the insect. Carbon dioxide
bursts are not measured but only indicated on the
respirograms as clear downward peaks lasting several
minutes.

We used dry potassium hydroxide and a dry in-
sect chamber (about 15% RH). The humidity (RH%)
and temperature inside the insect chamber was con-
trolled using the Humidity and Temperature Display
Instrument for digital HygroClip probes (HygroPalm,
Rotronic Company).
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Flow-through respirometry

An infrared gas analyser (Infralyt-4. VEB, Junka-
lor, Dessau) adapted for entomological research was
used to record the bursts of carbon dioxide release.
This flow-through respirometer was calibrated at dif-
ferent flow rates by means of calibration gases (Tréger-
gase,VEB, Junkalor, Dessau), with gas injection. Air
flow rate was commonly 3.6 | per h. The rate of car-
bon dioxide release was measured (VCO, ml h').

IR actography

The closed system respirometry and flow-through
respirometry were combined with an infrared optical
device referred to as infrared actograph. This device
was commonly used as an insect IR cardiograph (Hetz
et al. 1999, Kuusik et al. 2001) or optocardiographic
method (Slama 2003). Two IR-emitting diodes
(TSA6203) were placed on one side of the insect cham-
ber, and two IR sensor diodes (BP104) were placed on
the opposite side. The light from the IR-diode was
modulated by the abdominal contractions. The level
of output voltage reflected the vigour of the muscu-
lar contractions of the insect.

Data acquisition and statistics

Computerised data acquisition and analysis were
performed using an analog-to-digital converter and
TestPoint software with 10 Hz sampling rate (DAS
1401, Keithley-Metrabyte). The mean metabolic rate
was automatically calculated by averaging data over
a period involving at least 12 cycles of gas exchange.
Means, standard deviations and the number of obser-
vations (N) are reported. Tests were performed using
a statistic package StatSoft ver. 5.6, Inc/USA. Means
were compared using Student‘s t-test.

Results

Metabolic cost of pumping movement in discon-
tinuous gas exchange

During the first two hours after measurements
were begun, most (88%, N=100) of the H. abietis de-
hydrated individuals displayed continuous abdominal
pumping; this respiration mode was then transformed
into discontinuous gas exchange cycles of the CFV
type, which means that during the bursts of carbon
dioxide release the abdominal pumping movements
were recorded (Figures 1,2 and 3). However, in some
individuals, about 10% of the DGCs were not venti-
lated by pumping movements (Figure 1). The simulta-
neous recording of the flow-through CO, respirome-
ter and infrared actograph showed that the peaks due
to bursts of carbon dioxide which were not ventilated
by pumping movements were significantly shorter than
peaks due to bursts which were actively ventilated
(Figure 1). Thus each individual displayed both the

0.35

0.3

0.25

0.2

Volts

0.15 i

I
N L L l"h“f\w g

8 20 24

Vg (ml h)

0.

a

o

Time (min)

Figure 1. A flow-through CO, respirometry recording (low-
er trace, VCO, ml h'") of discontinuous gas exchange cycles
of (C)FV type in adult Hyobius abietis. Upper trace is a
synchronous recording of IR actograph. Note that one burst
of carbon dioxide release is not ventilated by abdominal
pumping movements
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Figure 2. Discontinuous gas exchange cycles of CFV type
demonstrating a long V (ventilation) period and micro-openings
of the spiracles during the F period (upper trace), a recording
of constant volume respirometer. The simultaneous recording
of infrared actograph is seen on the upper trace (Volts)
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Figure 3. A detail of figure 2. Between pumping movements
are recorded the signals due to heartbeats

EE 2008, Vol. 14, No. 2 (27) I (SSN 1392-1355 [

133



BALTIC FORESTRY

I ACTIVE TRACHEAL VENTILATION AND ITS METABOLIC COST /.../ I |- S/BUL ET AL I

CFV and CFO cycles of gas exchange. The calculated
metabolic cost of the pumping movements contribut-
ed 20.5% + 1.6 % (range 18.4% to 22.3%; N=30 indi-
viduals with 120 CFV and 14 CFO cycles) of total car-
bon dioxide release. The mean burst volume of the
CFV cycle was significantly greater than that of the
CFO cycle (Student's t-test; t=4.77, df=9; P=0.00; N=10
individuals 40 CFV and 10 CVO cycles) (see Table 1).

Table 1. Comparison of gas exchange parameters in CFV and
CFO cycles of adult Hylobius abietis at 25° C

(C)FV cycle (C)FO cycle
Variable
(N= 10 individuals)  (N=10 individuals)

Body mass (mg) 219+7.4 212+8.2%
FO, (ulh™) 44.3+6.6 36.5+4.7%
FO; (ulg'h™) 200.6+29.8 172.6+20.4
Burst volume (CO2 pl)* 3.29+0.28 2.57+0.36%
Burst frequency (mHz) 4.47+0.06 4.23+0.09
Burst frequency per h 15.2+0.86 14.9+0.75

* Asterisks indicate the significant (P < 0.05) differences
between CFV and CFO cycles.

“ Burst volume was calculated in individuals displaying both
types of cycles. See text for test results.

A minority of individuals (10%; n=100) displayed
clear CFO cycles for at least 8-10 hours when pump-
ing movements were lacking (Figure 4). The metabolic
rate during the CFO cycles may be regarded as the real
standard metabolic rate when no muscular activity was
observed. Infrared actograph recorded 1-2 short pe-
riods of activity per two hours. These activity peri-
ods coincided only accidentally with the burst of CO,.
The activity periods were characterised by irregular
muscular contractions (Figure 4). The obligatory pump-
ing movements during the CO, bursts were very reg-
ular (Figures 2 and 3).

The comparison of individuals exhibiting CFV
cycles with those which showed CFO cycles revealed
that the level of metabolic rate in CFV cycles was sig-
nificantly higher than in individuals with CFO cycles
(Student’s t-test; t=2,59, df=23, P=0,016; N=10 individ-
uals each with 5-8 cycles) (see Table 1). The compar-
ison was made between two series with similar body
mass and similar frequencies of DGCs (see Table 1).

Commonly the V period in the CFV cycle contrib-
uted about 30% of the total cycle. There occurred in-
dividuals whose V periods in CFV cycles was about
60% of the total cycle; in these weevils the level of
metabolic rate was 2—3 times higher than in the case
of shorter V periods (Figure 2). The higher levels of
metabolic rates were obviously due to vigorous pump-
ing movements during the long V periods.

Flutter period

During the flutter periods the constant volume
respirometer recorded the very regular upward spikes
(Figure 4) in the CFV and CFO cycles. One might think
that these are muscular contractions, however, simul-
taneous recording of the infrared actograph proved
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Figure 4. Discontinuous gas exchange cycles of (C)FO type
in adult H. abietis recorded by constant volume respirome-
ter (lower trace, FO, (ml h™')). Note that the abdominal pump-
ing movements during the bursts of carbon dioxide release
are absent (upper trace, recording of infrared actograph, Volts).
A short period of activity is indicated by a horizontal line.
The arrows on the lower trace indicate the micro-opening of
the spiracles and miniature inspirations recorded during the
F (flutter) periods

that no muscular contraction occurred during these
spikes; they were caused by the micro-openings of the
spiracles i.e. due to the miniature inspirations.

One period of miniature inspiration is known as
the flutter phase of the DGC. Thus all three phases of
DGC (closed=C, flutter=F, open=0) are well defined by
the CC-dvmCSR respirometer (see Figures 2 and 4).

Discussion

The respirometry and IR actography revealed that
adult H. abietis use the respiration mode of continuous
ventilation by abdominal pumping and convective gas
exchange cycles of CFV type. A similar respiration pat-
tern was described in Periplaneta americana (see Kes-
tler 1971). Active ventilation in dehydrated immobile
weevils lasted maximally 1-2 hours, then transformed into
discontinuous gas exchange cycles (DGCs), mostly of
CFV type. Thus, active continuous ventilation seemed
to be a precursor of discontinuous gas exchange cycles,
as it was also described in adult Leptinotarsa decem-
lineata (Vanatoa et al. 2006). However, the results did
not exclude the possibility that active continuous venti-
lation was a sign of apparatus stress (see Kestler 1991).

According to Duncan ef al. (2002) a tenebrionid
beetle displayed DGCs when dehydrated, and a con-
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tinuous gas exchange pattern after being supplied
with food and water.

In the weevils that displayed the CFV cycles,
there occurred rare bursts of carbon dioxide release,
which were not accompanied by abdominal pumpings.
The calculated metabolic cost of pumping contribut-
ed about 20% of total emission of carbon dioxide dur-
ing a burst.

In a small number of weevils were recorded clear
CFO cycles without any pumping movements and the
level of oxygen consumption was significantly lower
in these weevils than in individuals of CFV cycles.
According to Kestler (1985) the CFV cycles due to
convective V periods are less water-consuming than
diffusive (CFO) cycles. The replacement of diffusive
O period by convective V period avoids the higher
diffusion of water (Kestler 2003). The CFO cycles that
were recorded in a minority of dehydrated H. abietis
may be a sign of abnormality caused by factors that
remain unknown. However, the results suggested that
individuals with CFO cycles displayed the actual
standard metabolic rate.

Obviously for adult Coleoptera is characteristic a
relatively high expenditure of metabolic energy dur-
ing the active ventilation. In contrast to these obser-
vations the active ventilation during the pupal stage
of Tenebrio molitor (Coleoptera: Tenebrionidae)
amounted only about 1% of the total energy used
during the metamorphosis (Harak et al. 1996, 1998,
Kuusik ef al. 1994).

The constant volume respirometer used (CC-dvmC-
SR) allowed us to clearly record the VC, CF and FV
transitions. In 1985, Kestler showed that in large adult
insects with their coordination of ventilation and
spiracular control, tracheal pressure measurements
clearly distinguish the named transitions. Pressure
measurements are at least a useful adjunct to gas ex-
change measurements (Chown et al. 2006).

During the flutter (F) period of H. abietis, there
occurred regular and discrete oxygen uptake volleys
due to passive suction ventilation and diffusion in the
short micro-openings of the spiracles. Thus earlier
observations on flutter in H. abietis were supported
(see Sibul et al. 2004a, 2006). A similar pattern of ox-
ygen uptake during the flutter, i.e. passive suction
ventilation, was also described in adult Leptinotarsa
decemlineata (see Vanatoa et al. 2006). However, it
was also claimed that beetles with thin, membraneous
tergites cannot develop negative endotracheal pres-
sure and therefore are unable to create passive suc-
tion ventilation (see Lighton 1994). Nevertheless,
Kestler (1985) recorded negative tracheal pressure in
Periplaneta americana despite its very thin membrane-
ous tergites.

Physiological recordings of present study are
linked with the behaviour of the H. abietis. Several
authors (Havukkala and Selander 1976, Sibul et al.
1999) have shown that H. abietis is influenced by air
humidity. Under the condition of high relative humid-
ity weevils‘ movement is very active, while in lower
relative humidity conditions it decreases significant-
ly (Sibul et al. 1999).

Conclusions

In dry air discontinuous gas exchange cycles
appeared in the large pine weevil, Hylobius abietis.
The results of the present study revealed a significant
metabolic cost of the pumping movements in the CFV
cycles. We demonstrated that the true standard meta-
bolic rate in the large pine weevil were recorded in the
CFO cycles, where abdominal pumping movements
were absent. At the same time the CFO cycles seemed
to be the exceptional, abnormal and even disadvanta-
geous events in the respiration of H. abietis.

During the flutter period, there always occurred
regular and discrete O, uptake volleys, and thus O,
uptake was measured due to passive suction ventila-
tion and diffusion in the short micro-openings.

The constant volume electrolytic respirometry
combined with infrared actography presented more
information about the gas exchange of beetles than
traditional flow-through respirometry.
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HNOTPEBJEHUE DSHEPTUU TP AKTUBHOM BEHTUJISIIIUA TPAXEH ¥ COCHO-
BOI'O JOJI'OHOCHUKA HYLOBIUS ABIETIS (L.) (COLEOPTERA: CURCULIONIDAE)

H. Cuoya, A. Kyysuk, A. Jlyiik n A. Ilaoomn

Pestome

VY cocrHoBoro poironocuka Hylobius abietis ObUTO W3yYeHO JBIXaHHE C IETBIO BBISIBICHUS MOTPEONCHHS YHEPTHH T.C.
IeHa 0OMEHa aKTUBHOW BEHTHJISIIIUH, IPOBOIMMON HACCKOMBIM TP MOMOIIIM COKPANICHHSI OPFOITHBIX MBI BUT cnonb3oBaH
MaHOMETPUYECKUI pecIIpoMeTep IIOCTOSIHHOTO 00beMa, KOMOMHUPOBAHHBIH ¢ HH)PAKPACHBIM ONTO-KapAHOTPadoM.

B cyxom Bo31yxe COCHOBBIH JONTOHOCHK MPOAEMOHCTHPOBAI MPEPBIBUCTHIN Ta3000MEH C IUKINYECKUM BBIACICHUEM
YIIIEKHCIIOTO Ta3a, [E ,,BBIXJIOMNBI 3TOT0 ra3a CONPOBOXKATHCH COKPOIEHHEM OpromHbIX MblI. OaHako npumepHo 10% u3
BBIXJIONIOB YIJICKHCIIOTO I'a3a HE COIPOBOKAAINCH COKPOIICHHEM MBIIII] U B 3TOM CJIy4ae yPOBEHb IbIXaHUs ObLI IPHUMEPHO Ha
20% HuKe, ueM MpH BBIXJIONAaX, CONPOBOKAAIOIIMXUCS aKTUBHOW BEHTUJISLIUEH.

CpaBHuBas TOTpeOIIeHIE KUCIOPOa y JOJITOHOCHKOB C aKTUBHOM BEHTWIALUEH C JONMTOHOCHKAMH, Y KOTOPBIX aKTHBHAS
BEeHTUJISILUS OTCYTCTBYET, BEIICHHIOCH, YTO Y NIEPBOI IPyNIIbl YKPOBEHB JbIXaHUs ObLT mouTH Ha 20% BEICIIE, YeM Y BTOPOH
IPYIIIBL.

KoHTponbHEIH ypOBEeHb NMOTpeOIeHHUS KHCIOPOAa HAaceKOMBIX M3BECTEH KakK ,,CTaHIapTHAas CKOPOCTb oOMeHa™,
M3MEPSIEMBIN TIPH MOTHOM MBIIICYHOM TOKoe. OOBIYHO NMPHHATO CYUTATh, YTO MPEPHIBUCTHIA ra3000MEH, PETUCTPHPYEMBIH
IpH MOMOIIM WH(PPaKPaCHOTO ra30aHaINU3aTopa, CBUAETEIBCTBYET O MBIIICYHOM ITOKOE HACEKOMOTO, MOCKOIBKO TPHU
MBIIIEYHON aKTHBHOCTH BBIXJIOTIBI YIVIEKHUCIIOTO ra3a HCYE3aroT T.€. Ta3000MEeH CTaHOBUTCS HETIPEPBIBHBIM.

B nacrosmieii pabore Ha mpuMepe COCHOBOTO JOATOHOCHKA MOKa3aHO, YTO UCTUHHYIO CTAHAAPTHYIO CKOPOCTh OOMEeHa
HEOOXOIMMO U3MEPSTh TPH OTCYTCTBUU aKTUBHOMN BEHTHJISILIUH TPaXe.

CrnenoBateibHO, CHHXPOHHO C 3aITUCIO JIBIXaHWsS HEO0OXOJHMMa 3aliCh COKPANICHUI OPIOIIHBIX MBI TPOBOIMMEIM
akTorpagom.

KiroueBble cioBa: akTUBHas BEHTHIALMS Tpaxel, Hylobius abietis, COCHOBOTO IONTOHOCHKA, MPEPBIBUCTHBIN
ra3000MeH, CTaH/apTHas CKOPOCTh OOMeHa
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