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INTRODUCTION

According to a recent DNA analysis (JODICKE et al., 2004), Corduliaaenea

amurensis Selys was considered as a species rather than a subspecies. However,

since theseauthors notedthat more sampling is required I shall consider Cordulia

aenea amurensis as a subspecies in the far East of the range of C. aenea.

This dragonfly, of which the body length is less than 5 cm, is rather small for a

‘flier type’ (CORBET, 1962), and its hindwing is about 30 mm, which is shorter

than that of Sympetrum frequens. There have been few reports made except for

The 3 6 hover frequently during patrolling flight, and fiercely chase rival S3.

Their patrolling flight was videotaped and analyzed. The average net-patrol flight

speed (except hovering)was 161.6130.6 cm/s faster in the morning and the evening

than during the day. Also, hovering frequency was more frequent and the duration

of hovering bouts was longer in the morning and the eveningthan during the day,

and was synchronized with patrollingflight speed. However, chasing flightwas not

related to patrolling or hovering and the duration of chasing bout was about 4-5

seconds with an average flight speed of 274.6±64.7cm/s. The body temperatures of

patrolling flight and chasing flightwere significantly different;the former, 39.811,4°C,

the latter was 40.4il.0°C. The time budget of patrolling males based upon video

pictures was calculated and the relative energy expenditure of patrolling 3 3 was

estimated by standardizing the average net-patrolling flight speed as 1. Energy

expenditure of the 3 3 was greater in the morning and theevening than duringthe

day. It is assumed that energy expenditure was affected by ambient temperatures,

with 33 changing the flight speed and duration of hovering. The 3 3 are inferior in

their sex recognition and it is assumed that their frequenthovering with concurrent

large energy expenditure is to enable 3 3 todistinguish 9 9.
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those of UBUKATA (1975, 1983, 1984a, 1984b, 1986, 1987). According to him,

the mature males patrol with frequent hovering parallel to the shoreline of the

oviposition site of a pond. The flight style of the flier type dragonflies is said to

be energetically more expensive than that of the percher type (CORBET, 1999;

MAY, 1977, 1979, 1984), and the formerare mostly large in size. However, C. a

amurensis is extremely small for a ‘fliertype’; therefore it may be disadvantageous

for the dragonfly to patrol with frequent hovering, which is more expensive than

ordinary forward flight (AZUMA & WATANABE, 1988).

This study deals with the energy budgets of ordinary forward flight, hovering

and chasing of patrolling C. a. amurensis males based upon videotape data.

STUDY SITE, MATERIAL AND METHODS

STUDY SITE - Quantitative data were collected at Mizubasho Pond, a reservoir at Tokiwano,

Hirosaki city, Aomori prefecture (Fig. 1). It has anarea of 1 ha and is located at 410 m a. s. I.,40°37’N,

140°16’E. Investigations were conducted for twelve days on 6-9th of June 2004 and on 15-22nd of

June 2005. Throughoutthe study period sympatric odonates were sighted at the pond; Epitheca bi-

maculata sibirica (Selys), which is larger than C. a. amurensis, small sized Trigomphusmelampus (Se-

lys), Orthetrum albistylum speciosum (Uhler), Libellula quadrimaculata asahinai Schmidt and Coe-

nagrion lanceolatum (Selys), as well as C. a.

amurensis.

SIZE AND WINGLOADING - I

marked 121 males on their wings with a sil-

ver felt-pen (Mitsubishi PX-21 Paint Mark-

er) for the purpose of discrimination of in-

dividuals and took calipermeasurements of

the length of thorax, abdomen and hindwing;
also the height of the cross-section of the 3rd

and sth abdominal segments. Theywere then

released. The same measurements were also

made on males of sympatric E. bimaculata

sibirica and T. melampus. The body weight

of six males of C. a. amurensis was measured

with anelectronic balance to 0.001 mg within

ten hours of collection.

Wingloading(WL) of the males was cal-

culated using the same method asapplied to

Pantala flavescens (ISHIZAWA. 2007). Thus

the forewings and hindwings werephotocop-

ied at 200%, and the same shapes as those

photocopies were clipped out for weighing.
Wing areaswere calculated in proportion of

the weights of the clippedareas to the weight

of the fixed area(100 cm
2 ) of a sheet of pho-

tocopy paper.
WL was calculated by dividing

the body weight by the wingarea.

WINGBEAT FREQUENCY - I painted

right hindwingtips with a silver felt-pen and

Fig. 1. Study site at the E bank of Mizubasho Pond.

Patrolling site was composed of three areas; A was

temporally patrolled, B was most frequently pa-

trolled, and C was subordinatelypatrolled.
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measured wingbeat frequency of the dragonflies, which were put horizontallyon the ground, from

the start of warm-up to taking offwith a non-contact tachometer,CUSTUM, RM-2000 (measur-

ing range: 30.0-30000 rpm, sampling time: 1.0-2.0 s).

VIDEOTAPING OF PATROLLING MALES - Patrollingflight of males along the shore was

videotapedwith a Panasonic NV-MX2000 3CCD digital camcorder at 60 fields/s (one frame is com-

posed of two fields)at point B (Fig. 1), where females visited frequently, for five minutes on the hour

from 7:00 to 18:00 except 9:00 on 20 June 2005.1 counted population density(PD) at the site.

DEFINITION OF PATROLLING - C. a. amurensis males patrolwith interposed frequenthover-

ing. Patrollingflight of an interval of hovering is distinguished from patrollingflightwith interposed

hovering. The former is defined as net-patrol or net patrolling flight (NPT), and the latter as patrol

or patrolling flight (PT).

FLIGHT VELOCITY, HOVERING DURATION AND CHASING DURATION - Flight

speed of net-patrolling (NPV) males was calculated as follows: the distance of shift between 6-10th

field from the start of forward flight of dragonflies in the pictures on the TV display (Fig. 2) t the

real length of dragonflies in the pictures x the average body length (4.86 cm) - field number x 60.

Duration of a hoveringbout (DHV) was measured with a stopwatch on the slow motion video five

times and the results were divided by 5.

Chasing flight speed (CHV) was calculated in the same way as for NPV at any point between sev-

eral fields of the video pictures. Hovering frequency (HVF) and chase frequency (CHF) per minute

duringpatrolling flight and the duration ofchase bouts (CHD) were measured with a stopwatch dur-

ing the observation period separatelyfrom the video monitoring. Duration of stay bout of the males

at the patrolling site was measured with a stopwatch for the marked individuals.

The time budget for one second of chasing (CH), hovering (HV) and net-patrolling (NPT) was

calculated as follows: the residual of (300 sec-CHFxCHD: gross chasing duration) was divided pro-

portionally to gross hovering duration (HVFxHVD and gross net-patrollingduration (PTD) of the

video monitored duration, then each result was divided by 300 (Tab. II).

RELATIVEENERGY EXPENDITURE - I took the average NPV (161.6 cm/s) as 1 for the flight

speed at which the duration of stay bout of patrollingmales is maximal. The relative energy expendi-

ture (REE) ofpatrolling dragonflies was estimated by the relative flight speedbeingsubstituted forx in

the equation(y = -0.095x3+7.716x 2
- 14.773x+14.883), which was obtained from the figure of the curve

of the necessary power presented by AZUMA (1986) (Fig. 3). The necessary power is the sum of in-

duced, profile and parasite powers (AZUMA, 1986; NORBERG et al., 1993). The energy budget of

each item per second was the time budget ofeach item x the result of the above estimation (Tab. III).

BODY TEMPERATURE — Body temperature (Tb) of dragonflieswas measured by thrusting a

Hoskins F-V-K-002 thermocouple(diameter, 0.05 mm) set in a hypodermic needle (external diam-

eter 0.3 mm) and connected to a digital thermometer, John-Fluke, into the mezothorax just above

the trachea within ten seconds after capture (see ISHIZAWA, 1998).Ambient temperature(Ta) at a

height of onemeter above the groundwas measured with a digital thermistor thermometer soon af-

ter the measurement of Tb.

INCLINATION OF BODY AXISDURING HOVERING -
Inclination of body axis of drag-

onflies to the horizontal line in the pictures on the TV display was measured with a protractor. Vi-

bration of the body axis over a few degrees during the inclination was observed and the angle was

also measured on the TV display.

RESPONSE TO DUMMIES - Response to dummies (Fig. 4) was tested on males by changing

the rotation speed (Hz), stoppingrotation and attaching a black paper tube of 10 cm in length (5 mm

in diameter).

STATISTICAL ANALYSES - Analysis of variance (ANOVA) was used to compare means of

body sizes among sympatric dragonflies, and data between sexes orspecies were tested using at-test.

Least squares linear regression analyses were applied to the thermoregulatory data and quadratic or

hyperbolic regression analyses applied to data relevant to CHD and HVF and CHF.
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RESULTS

SIZE, WINGLOADING, WINGBEATFREQUENCY AND REVISITING RATE

Table I shows the sizes of C. a. amurensis, E. bimaculata sibirica and T. melam-

pus, and WLof C. a.amurensis males. Body size of C. a. amurensis was 48.6±1.2

mm (n = 17) in the male and 46.3±0.5mm (n = 2) in the femaleand the size dif-

ference between sexes was significant (p<0.01). Abdominal length was 34.3±1.0

mm (n = 8) in the male, 34.6±1.7 mm (n = 4) in the female; length of hindwing

was 30.6±0.8mm (n = 121) in the male, and 30.3± 1.3 mm (n = 4) in the femalebut

neither of these were significant between sexes (t-test, probability was p<0.7 for

abdominal length and P<0.8 for hindwing length). However, the thoracic length

was significantly differentbetween sexes (p = 2.26E-13, t-test); 8.4±0.3 mm (n =

9) in the maleand 7.9±0.4 mm (n = 4) in the female.

The body length of sympatric E. bimaculata sibirica males was 60.7±2.0 mm (n
= 3), abdominal length 42.4±1.3 mm (n = 5), thoracic length 10.0±0.3 mm (n =

5) and hindwing length 36.2± 1.4 mm (n = 5). In T. melampus the corresponding

measurements were 43.4±0.9 mm (n = 10); 32.8±0.9mm(n = 10); 7.0±0.3 mm (n

= 10); 25.1 ±0.8 mm (n = 11). The length of each measurement was significantly

different between the males of the three species (ANOVA-test, p<0.0001).

The height of the abdominal segment of male C. a. amurensis was 2.9±0.1mm

(n = 10) in the 3rd segment and 1.7±0.1 mm (n = 11) in the 5th segment. In the

female the heights were 4.6±0.1 mm (n = 2), 2.4±0.0 (n = 2), respectively. The

corresponding measurements in E. bimaculata sibirica were 2.9±0.2 mm (n =

Species Cordulia aeneaamurensis Epitheca bimaculata

sibirica

Trigomphus

melampus

Sex male female male male

Body (mm) 48.6±1.2 (17) 46.3±0.5(2) 60,7±2.0(3) 43.4±0.9(10)

Thorax (mm) 8.4±0.3 (9) 7.910.4 (4) I0.0±0.3(5) 7.0±0.3(10)

Abdomen (mm) 34,311,0(8) 34.611.7(4) 42.411.3(5) 32.810.9(10)

Height of 3rd

segment (mm) 2.910.1(10) 4.610.1(2) 2.910.2(4) 2.310.1(10)

Height of 5th

segment(mm) 1.710.1(11) 2.410.0(2) 2.210.1(4) 1.410.1(10)

Hindwing(mm) 30.610.8(121) 30.311.3(4) 36.211.4(5) 25.1+0.8(11)

Wing area (cm2) 9.210.4 (6) -

Weight (mg) 293.719.2(6) - - -

Wing loading(mg/cm2) 31.911.9(6) - - -

Wing-beat

frequency (Hz) 30.016,2 (25) 28.414.6 (2)

Table I

Bodysize, wingarea, weight and wing loadingof sympatric Epitheca bimacu-

lata sibirica

Cordulia aeneaamuremis.

Trigomphus melampusand at Mizubasho Pond atTokiwano, Hirosaki, Aomori prefecture

Species Cordulia aeneaamurensis Epilheca binuiculata

sibirica

Trigomphus

melampus

Sex male female male male

Body (mm) 48.6±1.2 (17) 46.310.5 (2) 60,712.0(3) 43.410.9(10)

Thorax (mm) 8.410,3 (9) 7.910.4 (4) 10.010.3(5) 7.010.3 (10)

Abdomen (mm)

Height of 3rd

34,311,0 (8) 34.611.7(4) 42.411.3(5) 32.810.9(10)

segment (mm)

Height of 5th

2.910.1 (10) 4.610.1 (2) 2.910.2 (4) 2.310.1 (10)

segment (mm) 1.710.1 (11) 2.410.0 (2) 2.210.1 (4) 1.410.1 (10)

Hindwing(mm) 30.610.8(121) 30.311.3(4) 36.211.4(5) 25.110.8(11)

Wingarea (cm2) 9.210.4 (6) - - -

Weight (mg) 293.719.2 (6) - - -

Wingloading(mg/cm2)

Wing-beat

31.911.9 (6) -
-

■

frequency (Hz) 30.016.2 (25) 28.414.6 (2) - -
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4), 2.2±0.1 mm (n = 4)

and in T. melampus

they were 2.3±0.1 mm

(n = 10), 1.4±0.1 mm

(n = 10). The height

of both segments was

significantly different

among the three spe-

cies (ANOVA-test,

p<0.001) except that

there was no signifi-

cant difference in the

height of the 3rd seg-

ment between males

of C. a. amurensis and

E. bimaculatasibirica.

The wing area of

C. a. amurensis males

was 9.2±0.4 cm
2 (n =

6), the body weight was 293.7±9.2mg(n = 6) and the wingloading was 31.9± 1.0

mg/cm2 (n = 6). As it took about ten hours for me to measure the specimens at

home after capturing themearly in the morning at the observation site, the body

weight might have decreased by 10%, and the real WL might have been ca. 35

mg/cm 2

.

Wingbeat frequency during warming-up was 30.0±6.2 Hz (range: 18.3-42.5

Hz, n = 12) in the male and 28.4±4.6 Hz (range, 25.2-31.7 Hz, n = 2) in the fe-

male. The wingbeat frequency was rather higher in the male than in the female,

however there was no significant differencebetween the sexes (p<0.4, t-test). The

average wingbeat frequency at take off in the male was 27.2 Hz.

The revisiting rate of 121 marked males was 59.5% (n = 72), and the revisit-

ing frequency was 155; the average revisiting time was 22 and the revisit rate of

marked individualsthat revisited more than twice a day was 30.5% (22/72). Nine

individuals revisited more than three times a day and the maximum frequency

observed was five times a day. Among the marked individuals, there were those

of which Tbs were measured; hence, there was a possibility of an impediment

to patrol flight due to punctures of the thermo-couple probe. However, the re-

visiting rate was not significantly differentbetween the measured group and non

measured group (measured group, 66.7%, 38/57: non measured group, 51.6%,

33/64, P>0.05, chi-square test). Also, therewas no significant differencebetween

durationof stay bouts in the two groups, 15.8±7.9 min(n = 16) in the measured

group and 16.7±6.4 min (n = 23) in the none measured group; P<0.8, t-test).

Fig. 2. Changes of flight speed in net-patrolling (NPT) and chasing

Flight speed was analyzed based on

video-tapingat Mizubasho Pond on 6 June 2006. Patrolling: 7:00:38

a.m., field No. 1-57; - chasing and being chased; 8:06 a.m., field

No. 1-25.

Cordulia aeneaamurensis males.
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PATROL, HOVERING AND CHASE

The shore line on the east side of the pond was short, ca 45 m, and the maxi-

mum population density (PD) was three during observation by video-monitoring

(maximum density was five for other hours). Patrolling flight was concentrated at

B area (Fig. 1), of which distance was ca 13 m. Males patrolled along the shore

at a height of 20-30 cm, and repeated round-trip flight with frequent hovering

withinthe patrolling area. When malesencountered rival males on the border of

the area, after stopping face to face for a moment, they used to violently chase

the rivals.

In one case, one male of C. a. amurensis appeared at the ovipositing site before

sunrise at 4:30 a.m. (Ta, 15.8°C) on 22 June 2006. Another male appeared even at

the low Ta of 12.7°C at 5:42 a.m. on 9 June 2004. Sunrise is late at the pond be-

cause it is obstructed by the ridge of Mt. Iwaki-san, and it is ca. 5:00 a.m. when

the sun shines on the pond. Males usually appeared later than this time, i.e. at

ca 5:40 a.m. Males were sighted patrolling in slight rain. However, when it had

rained on the previous day and Ta was low, in the next morning males did not

appear until 9:00.

The latest time of disappearance was 18:37 p.m. (Ta, 19.5°C) on 19 June2005.

and even when Ta was high males sometimes disappeared. Also, even it was

early for their disappearance but Ta was around 16°C at 17:00 p.m., they disap-

peared.

Table II

Statistical data on patrolling Cordulia aeneaamurensis males by the time. Data were obtained at

Mizubasho Pond at Tokiwano, Hirosaki, Aomori prefecture by video-tapingfor five minutes/hour

from 7:00-18:00 (except 9:00) on 20 June 2006. [Ta=ambient temperature; CHF=chase frequen-

cy; CHD=duration of chase bout (sec), calculated by the equation of CHD=-0.049x 2+2.066x-

16.943; x=Ta, r=0.605, p<0.05, n=ll; CHV=chase flight speed (cm/s); HVF=hovering frequen-

cy; HVD= duration of a hovering bout (s); PTF= frequency of patrol; PTD=gross duration of

net-patrol in monitoring (s), NPV=net-patrol flight speed (cm/s); PD=population density at the

observation site; AVG=average; s.d.=standard deviation;AVG±s.d.; *=total]
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Figure 2 and Table II show the

results of the analysis of videotap-

ing patrolling flight of C. a. amu-

rensis males. As far as the figure of

analyzed flight speed of the video

is concerned, NPV and CHV seem

irregular, even if analysis errors

are permitted. Particularly in chas-

ing flight, chasing males seemed to

change theirown flightspeed by cor-

responding to that of rivals.

Figure 5 shows the relation of

NPV to Ta. The average NPV was

161.6±30.6 cm/s (n = 245, range:

81.0-265.7cm/s), and the flight speed

was faster in the morning and the

evening at low Ta than in the day-

timewith high Ta. In a multiple cor-

relation coefficient of NPV on Ta

and PD, NPV showed higher cor-

relation on Ta than on PD (Ta, p =

0.0122, PD, p
= 0.301, F = 0.00902)

The average HVD was 1.010.6 s (range; 0.2-4.0 s, n = 364), and showed high

correlationwith Ta (p<0.02),

but low to PD (P>0.5) (Fig.

6). Also, the hovering fre-

quency per minute showed

significant correlation with

Ta (23.514.8/min; n
= 35, r

= 0.459, p<0.01). The aver-

age patrolling flight speed, in-

cluding hovering (PTV), was

estimatedby the time budgets

of hovering and patrol (Tab.

Ill); (NPVx(PT-(HV+PT)));
it was 85.7 cm/s (range: 60.2-

148.0 cm/s).

Chasing flight speed (CHV)

was 274.6164.7 cm/s (range:

162.0-500 cm/s, n = 86), and

the fastest CHV exceeded

more than 3 times as NPV

Fig. 3. Curves of the power required for the flight of

flutteringcreatures. (ModifiedfromAZUMA, 1986).

The equations are as follows: induced power (a):

y=-1.095x
3
+6.524x

2
-13.468x+10.791 r=0.998; -

parasite power (b); y=1.000x
3
; - profilepower (c):

y=1.192x
2 -1.305x+4.092r=0,999; -

necessary power

(a+b+c) y=-0.095x3+7.716x 2-14.773x+14.883.

Fig. 4. Dummy used for the test of response of patrolling

males.
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(Fig. 2). However, CHV showed no correlation to Ta and PD (r = 0.323, p<0.5;

Fig. 5). The average durationof a chasing bout (CHD) was 4.1 ±2.8 s (range: 0.9-

17.0 s, n = 180), and it was significantly correlated with Ta (r = 0.605, p<0.05, n =

11). CHD was short at low Ta and high Ta. However, at Ta of ca 20°C it tended

to be extended (Fig. 7). Chasing frequency (CHF) was 1.9±2.0/min, range; 0-8,

n = 34, and it increased as Ta rose, showing significant correlation with Ta (r =

0.555, P<0.01).

Figure 8 shows the relationship of CHF to HVF. The same individual cannot

simultaneously chase and hover and, therefore, the relationship between the two

is a trade off and they differed significantly (r = 0.721, p<0.0001).
The average durationof stay of males at the site was 16.0±7.0 min (range: 1.3-

30.4 min, n = 41), and this showed a low correlation to Ta (r = 0.256, P<0.1).

There were cases when females appeared early in the morning and late in the

evening, but there was no regularity in their appearance. The earliest observa-

tion of oviposition was at 4:30 a.m. at Ta 15.2°C on 22 June 2005 and the latest

was 18:11 p.m. at Ta 16.5°C on 18 June2005. The lowest Ta during oviposition

was 14.2°C (05:28 a.m. on 16 June2005), The average durationof stay of females

at the oviposition site was 36.5±16.5 s (range: 18-49.6s, n = 3) and the duration

measured from halfway through oviposition in five femalesexceeded one minute

and in one female of them exceeded two minutes.

Table III

Time budgets and relative energy expenditure (REE) per second of patrolling Cordulia aenea

amurensis males. [CH=chase; HV=hovering; NPT=net patrol; time budget was estimated as fol-

lows; CH=CHFxCHD-h300; HV=(300-CH)x(HVFxHV)-(PTD+HVxHVF)-300: NPT=(300-

(CH+HV))-300; relative flight speed=CHV-161.6or NPV-161.6;REE was estimated by the each

time budgetxeach value per second calculated by theequationshown in Fig. 3; y=-0.095x3+7.716x2-

-14.773x+14.883,x=relative flight speed]

Time budget (s) Relative flight speed Relative energy expenditure (s)

Hour CH HV NPT CHV NPV CH HV NPT Total

7:00 0.11 0.57 0.32 1.53 1.04 1.1 8.5 2.5 12.1

8:00 0.16 0.32 0.52 1.57 1.00 1.7 4.8 4.0 10.4

10:00 0.17 0.25 0.58 1.44 0.91 1.6 3,7 4.5 9.8

11:00 0.04 0.50 0.46 1.60 0,84 0.5 7.4 3.6 11.5

12:00 0.12 0.39 0.50 1.71 0,94 1.4 5.8 3.8 11.0

13:00 0.15 0.27 0.57 1.68 0.90 1.7 4.1 4.5 10.3

14:00 0.26 0.45 0.29 1.65 1.00 2.9 6,7 2.3 11.8

15:00 0,05 0.43 0.53 1.49 1.04 0.5 6.4 4.1 10.9

16:00 0.13 0.56 0.31 1.95 1.10 1.8 8.4 2.5 12.7

17:00 0.32 0.46 0.22 1.96 1.14 4.8 6.9 1.7 13.4

18:00 0.0 0.20 0.80 - 1.14 0.0 2.9 6.4 9.3

AVG 0.14 0.41 0.46 1.70 1.00 1.7 6.0 3.6 11.3

(%) 13.7 40.6 45.7 15.0 53.1 31.9 100.0
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RELATIVE ENERGY EXPENDITURE

Table III shows time budgets per second of net-patrolling flight, hovering and

chasing flight and energy budgets of the same items that were calculated by the

relative flight speed. Each time budget per second was 0.46 s (45.7%) for NPT,

0.40 s (40.6%) for HV and 0.14 s (13.7%) for CH. The timebudget was balanced

between HV and NPT, being rather larger in the latter than in the former. CH

decreased at times of wind (11:00 and 15:00) or at low PD (18:00). When rival

males didnot exist at the shore (e.g. 18:00), hovering interval and patrol distance

were extended.

Relative energy

budgets per second

were 3.6 (31.9%) for

NPT, 6.0 (53.1%) for

HV and 1.7 (15.0%)

for CH, with hover-

ing energy clearly the

largest. Each elastic-

ity of energy budget

to the change of 1%

of each time budget

was 0.7 for NPT, 1.3

for HV and 1.1 for

CH. Elasticity was the

largest in HV, and the

second was CH and

NPT was the smallest

among them. This suggests that hovering is largest in energy expenditure.

The correlationof gross REE of durationof stay bout withHVD, CH V, NPV,

Ta and PD was significant (r = 0.932,F = 0.029), and the most effectivefactor was

HVD (regression coefficient = 2203.955, P = 0.349), followed by PD (543.609, P

= 0.218), Ta (339.554, p = 0.457), NPV (68.095, p
= 0.043), with CHV the least

effective (10.432, p = 0.022), REE differedsignificantly amonghours (chi-square

test, pcO.001).

BODY TEMPERATURE

Table IV and Figure 10 show the datafor Tbof C. a. amurensis and Ta. The av-

erage Tbof patrolling males was 39.8± 1.4°C(range: 37.2-42.2°C, n = 39) and that

of chasing males was 40.4±1,0°C (range: 38.8-42.6°C, n = 39), with the difference

of between the two groups significant (p<0.05, t = 2.231). Also comparing Tbs

among both groups and the females (41.8±1.0°C, range; 40.9-42.7°C, n = 4), Tb

Fig. 5. Changes of flight speed in NPT males and ambient tempera-

ture, The equationof least squares linear regression of the flight speed

in NPT males on to ambient temperatureand population density was

y=-10.008x,-5.122x2
+399.968 r=0.831, p =0.012, p

2
=0,301, F=0.009.
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of females was signif-

icantly different from

those of male groups

(p<0.01, ANOVA-

test). Ta ofeach group

measured soon af-

ter Tb was measured

was not significantly
different among the

groups(p<0.7, range:

14.1-28.5°C,ANOVA-

test). I had achance to

measure Tb of a chas-

ing male soon after it

bathedin the water at

12:22 p.m. on 17 June

2005, and its Tb was

39.5°C (Ta 21,3°C). The Tb of the male might well have exceeded 40°C just be-

fore bathing in the water.

Most of females were captured during oviposition, so that the Tb of females

tended to be high. Even in the evening at low Ta, one female was sighted bath-

ing in the water on the way back to her roosting site after oviposition. Probably

it might have been due to high Tb by the large energy expenditure of hovering
and ejection of eggs (ISHIZAWA, 1998).

I could not collect quantitative data on Tb of hovering, because HVD was

short, ca 1 s. However, I was able to measure one male that hovered for 10 s. Its

Tb was 42.2°C (Ta 21.1°C). There was only one case when the Tb of a patrolling

flight exceeded 42°C at a lower Ta than this. Accordingly, it was assumed that

hovering produced large metabolic heat.

The correlation coefficient and regression coefficient of Tb to Ta were 0.1450

and 0.068 in the patrolling flight, respectively and 0.669,0.242 in the chasing flight,

respectively; each coefficient was clearly larger in the latterthan in the former in

both types of flight.

HOVERING

Figure 11 shows the hovering posture of a C. a. amurensis male. The dragon-

fly males usually hover toward the shore of the pond or in the forward direc-

tion. During hovering males often incline their body axis forward at an angle of

19.7±3.1° (range: 12-23°, n = 20). Moreover, vibrationof the abdomen (perhaps

body axis) at a few degrees (ca 3-5°) was observed when their body axis was in-

clined. When the wind blew, males hovered against the wind. However, when

Fig. 6. Changes of duration of a hovering bout (HVD) and ambient

temperature.The equation of least squares linear regression of HVD in

patrollingmales on to ambient temperatureand populationdensitywas

y=-0.1 27x,+0.044x2
+3.777 r=0.726, pl=0.019,p2=0.521, F=0.050.
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the wind blew towards the shore from

the center of the pond, males couldnot

hover towards the shore, and they hov-

ered toward the centerof the pond, pre-

sumably to prevent stalling, and HVD

tendedto be extended alittlelonger (see
dataof 11:00 in Tab. II). In this case, air-

speed increases so that energy expendi-
ture is saved by the wind. Particularly

sympatric Epitheca bimaculata sibirica

males avoided stalling in the tailwind

by hovering during patrolling towards

the shore, and disappeared often. Ac-

cordingly, interference to C. a. amurensis

males by the dragonflies decreased, so

the energy expenditure for chasing flight

to Epitheca bimaculata sibirica males

seemed to decrease.

RESPONSE TO DUMMIES AND OTHER SPECIES BY MALES

TableV shows the response frequency (RF) (RF for each 30 times of test) of

C. a. amurensis males to a stationary or rotating dummy. As the heads or abdo-

mens of the males were often cut by rotating propellers, each test was restricted

to 30 times.

When the dummy was stationary no males responded to it, regardless of the

presence of the long tube. In the dummy with an 8 cm propeller, the difference

of RF to the presence or absence of the long tubewas not significant (attached,

RF 20 at 50.8 Hz; not attached, 25/51.7 Hz). Also, RF differedlittle over a range

of rotation speed between 21.5 Hz and 40 Hz.

When a live male was hung from a fishing rod no male responded even when

it was swung up and down like an ovipositing female, unless it fluttered.When

the dummy was rotat-

ed RF tended to increase

with the rotation frequency

(r = 0.954, pO.0001, F =

5.0322E-05).

In encounters C. a. amu-

rensis males often chased

sympatric malesof E. bimac-

ulatasibirica and T. melam-

pus and dogfights were seen

Table IV

Body temperaturesofboth sexes of Cordulia aenea amurensis

by the phase. Data were obtained at Mizubasho Pond at Toki-

wano, Hirosaki, Aomori prefecture 15-22 June 2005

Fig. 7, Relationship of duration of a chase bout

(CHD) to ambient temperature.Solid line is the

quadraticregression, CHD. y=-0.049x2+2.066x-

16.943, r=0.605, p<0.05, n=l 1.

Sex

Phase

Male

Patrolling Chasing

Female

Ovipositing

N 39 39 4

Tb (AVG±s.d.) 39.811.4 40.411.0 41.811.0

Range of Tb 37.2-42.2 38.8-42.6 40.9142.7

Ta(AVG±s.d.) 21.513.1 22.012.7 22.310.9
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between the C. a. amurensis and E. bimaculata sibirica males like an intraspecific

conflict, but CHD was shorter than for intraspecfic fights. Interspecific conflict

with T. melampus was observed on six occasions over three days, and C. a. amu-

rensis males pursued both malesand femalesof T. melampus, and often tried to

copulate with them. When this occurred, ‘pairs’ often fell into the water.

FORAGING

Foraging in C. a. amurensis at the patrolling site was rarely sighted, as UBU-

KATA (1975) indicated, in spite of abundant midges at the site. However, forag-

ing was observed early in the morning at 4:40 a.m. (Ta, 14.9°C) on 22 June2005

beforesunrise and at low PD of 2.

DISCUSSION

Foraging was rarely sighted at the patrolling site, as UBUKATA (1975) noted,

hence patrolling can be regarded as mate searching. He also noted that patrol

flight speed (PTV) was fast, however, the estimated PTV was slow, ca 0.5 m/sec

(UBUKATA, 1987). The PTV of my data was 85.7 cm/s, 1.7 times that recorded

by Ubukata. Net patrol flight speed (NPV) differed in the morningand the evening

compared to the daytime, and exhibited higher correlationwith Ta than PD at

the patrolling site. MAY (1995) indi-

cated that patrol flight speed was in-

fluenced by Ta, and Anaxjunius con-

trolled metabolic heat production

by adjusting flight speed and wing-

beat frequency according to Ta, and

that heat production was inversely

proportional to Ta. Also, KAISER

(1976) noted that the flight style of

Aeshna cyaneawas influencedby Ta.

In C. a. amurensis, males seemed to

maintainTb at low Ta by active met-

abolic heat production with speeding

up by seemingly high wingbeat fre-

quency. However, high-speed flight

at low Ta robs the body surface of

Tb and this may be compensated by

hovering. HVD and HVF seemed to

increase as Ta declined. The hover-

ing interval seems to be influencedby

PD at the patrolling site, and when

Fig. 8. Relationship of hovering frequency (FIF) to

chase frequency (CHF) per minute in males. Dashed

line is the hyperbolic regression, y=27.188x
0

-249
,

r=0,721 p<0.0001,n=35.



393Energy expenditure in Cordulia aeneaamurensis

rival males decreased

at low Ta (shown at

14:00-15:00in Fig. 6,

Tab. II), hovering in-

terval and patrolling

distance were extend-

ed, with HVF being

increased.

As Ta declined

CHV increased and

CHD showed a high

correlation with Ta.

However, time budg-

et (13.7%) and energy

expenditure (15.0%)

for CH were not so

large. The largest was

for hovering, which

had a share of more

than 50% (53.1%) of the energy requirement. Comparing energy expenditure

per unit timeamong items of patrol flight, HV of C. a. amurensis males was 1.9

times that of NPT. In Anax parthenope julius (AZUMA & WATANABE, 1988)

HV was 2.3 times that of NPT (NPV, 170 cm/s), and this species does not hover

more frequently than C. a. amurensis. As this species hovers more frequently than

other flier type dragonflies, the energy expenditure naturally becomes large.

Then, why does this small flier type dragonfly conduct hovering when the energy

expenditure is so great? MILLER (1982) notedthat periodic stationary hovering

allows visual fixationto occur, improving discrimination and a better chance of

seeing ovipositing females in the shaded regions. As CORBET (1999) notedthat

the visualfield of dragonflies is almost 360°and has wide visual range, C. a. amu-

rensis males may easily find ovipositing females. But as a matter of fact, they of-

ten could not find females ahead downwardof them. Such a case was often seen

also in Anotogaster sieboldii males, that could not recognize femalesovipositing

behind a fallen tree when they flew over the tree (Ishizawa, pers. observ.). Con-

sequently, males C a. amurensis and A. sieboldii seemingly have narrow visual

fields, particularly of ahead downward. I consider that dragonflies have outstand-

ing kinetic vision but not good resolving power.

In hovering C. a. amurensis, males incline their body axis at ca. 20° perpendic-

ular to the horizon. CORBET (1999) argued that such body axis inclination is a

display to females and a function of embellishmentof the patrol flight. However,

I suppose that this widens visual field of ahead downward.

Also, the forward inclinationof body axis enables the instantaneously forward

Fig. 9. Changes of gross relative energy expenditure (GRE) for the

stay bout of males. The multiple regression coefficient of GRE on

HV (x,), CHV (x
2
), NPV (x,), Ta (x

4
) and PD (x ;) was significant

(p<0.05); - y=2203.955x,+10.432x
2

+68.095x
3
+339.554x

4
+543.609

x
5
-l2559.861, r=0.932; - p =0.349, p,=0.022, p3

=0.0432, p4
=0.457,

p5
=0.218, F=0.029.
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flight of the males. A helicopter inclines its body forward when it starts forward

flight from hovering, therefore, the forward inclinationof body axis has two mer-

its: widening of the visual field and instantaneous forward flight. The reason for

the vibrations of 3-5° is not yet clear.

Hovering was correlated with Ta and, as mentioned above, when rival males

did not occur at the site, males conducted long intervals of hovering and long

distant patrol flight, and this brought skew of energy expenditure to patrol flight.

This suggests that hovering may be a behaviourof consciousness of rival males.

UBUKATA (1975) noted the non-localized patrol flight, which seems to be a

‘long distance type’ different from the normal type. As energy expenditure of

net-patrol flight (NPT) is half that of hovering, the durationof stay of patrol-

ling males may be extended. However, NPV is influenced by Ta and even if HF

decreases, HVD is extended, so that the durationof stay may not be extended so

long.

Also itmay be assumed that HVdecreases encounters of males withrivalmales

but it has a higher energy expenditure per unit timethan CH. However, parasite

power works at CH, and this is proportional to the cube of CHV. Hence, as the

CHV increases, energy expenditure increases geometrically. When the average

CHD at 22.7°C is 4.7 s, the energy expenditure corresponds to 3.8 times that of

HV. Converting this into the time of usual patrolling flight, this corresponds to

5.1 s of patrolling flight; 2.8 s for NPT and 2.3 s of HV, rather extending 0.4 s

(8.5% of CHD) of the durationof stay. If CH continues for two seconds at the 5

mfs of CHV, the energy expenditure would be 5.4 times that of HV for one sec-

ond, and corresponds to 7.3 s of PT.

There is a problem as to whethera C. a. amurensis male can discriminatethe sexes

of the intraspecies or not. MOORE (1952) stated that the territoriesof dragon-

* The response frequencies among the phases of rotating and stationary were significant

(Chi-square test, p<0.001).

Table V

Response frequency to the dummy of various rotation velocities of the propellers of different siz-

es. Each experimentwas tested 30 times. The paper tube, which was 10 cm in length and 0.5 cm in

diameter and was paintedblack, was set behind the motor of the dummy in the caseof “attached”

Size (cm) Rotation velocity (Hz) Paper tube Response frequency

8 50.8 attached 20

8 51.7 not attached 25

8 30.8 not attached 14

10 40.0 not attached 20

10 21.5 not attached 18

8 0 attached 0

8 0 not attached 0

10 0 attached 0

10 0 not attached 0
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flies differ from those of birds, and

the behaviour with respect to rival

males is the same as that of males

to females, and that clashes between

males do not seem to be due to ag-

gressive behaviour. C. a. amurensis

males were often observed chasing

the larger E. bimaculatasibirica, and

the small T. melampus, and attempt-

ing to copulate with the latter. UBU-

KATA (1975) describedthe frequent

attempts at interspecific copulation,

and (UBUKATA, 1983) noted that

the fat and long abdomen and the

up-and-down movements of ovipos-

itingfemales couldbe cues for recog-

nitionof females by the males. Nev-

ertheless, my experiment on C. a.

amurensis males indicates that such

an external morphology or a move-

ment could not be the significant

cues. UBUKATA (1983) notedthat

a male could not detect a motion-

less female. (A shortcoming of his experiment is the circumstance that he did

not use dead specimens). Wing fluttering is the crucial releaser of female recog-

nition in this species and also in A. sieboldii (ISHIZAWA, 2005; ISHIZAWA &

ARAI, 2003). The fat abdomen or the swinging similar to the oviposition behav-

iour had no significance. Recognition of femalesby males only occurs when the

formerflutter. The response by C. a. amurensis males to the propeller rotation of

the dummy suggests that males couldnot distinguish between dummy malesand

females, and that the chasing flight didnot mean exclusive attack to rival males.

Some dragonflies, such as maleLeucorrhiniadubia, have the ability of sexual rec-

ognition and attack rival males (PAJUNEN, 1964), while in C. a. amurensis such

recognition behaviourhas been misidentifiedas attack.

Thus, chasing rival males can be regarded as a waste of energy, and patrolling

interspersed with hovering is most profitable for distinguishing females. Hover-

ing is a function of extension of the duration of stay by avoiding waste of ener-

gy. Hence, it can be said that C. a. amurensis males maximize durationof stay at

the patrolling site by controlling NPV, HVD and HVF according to Ta and by

extending patrol distance at low PD.

UBUKATA (1986) discussed the mate searching strategy of C. a. amurensis

males and the profit or loss of returning to the border of the territory by using

Fig. 10. Relationship of Tb to Ta in chasing and

patrolling males. The thin line indicates the linear

regression of Tb to Ta in chasing flight; the heavy
line patrolling flight. Chasing Tb=0.242Ta+35.076,

r=0.6689, p<0.001, F=3.2427E-06,n=39; patrolling

Tb=0.068Ta+38.326,r=0.150, P<0.5, F=0.363,n=39.

The difference of average Tb between chasingmales

and patrolling males were significant (t-test p<0.05,

t=2.231, df=68).
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the inequality of D >

CV or D < (VI-1) CV (where

the visual range of the male =

D, the flight speed of the male=

V and the duration of oviposi-

tion bout by the female= C). He

determined the former as Type

I, which might gain a profit of

maximalmate searching success

by the patrol of round trip, while his Type II might do so by the patrol of straight

flight and considered C. a. amurensis was the latter type. But C. a. amurensis

adopts actually a round trip flight and it should be regarded as Ubukata’s Type
I. In my opinion, the returning on the border of the territory or flying over the

border by extending patrol distance are all profitable because the returning to the

border decreases encounters with rival males and avoids the waste of energy ex-

penditure; consequently, the durationof stay is extended. Flying over the border

extends the duration of stay by saving energy expenditure due to decreasing of

HVF. As long as the maleability to recognize the sexes is weak, the visual range

of the maleis not significant for the conditionof mate searching; even if it were

allowed, it would be useless because an exhausted male cannot seize a female

when she comes within his visual range. Thus, the prolonged stay of the male at

the oviposition site by minimizing energy expenditure is the optimum for mate

searching, and most of the dragonflies (both fliers and perchers) may adopt this

strategy. In percher males, perching and waiting for females at an optimal post is

the most advantageous way of maximization the duration of stay. Also, in sev-

eral Sympetrum species and in P. flavescens, both sexes act always together, and

this may be the most praiseworthy strategy for mate searching.
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