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of the patrolling species have increased fl ight endurance 
(Wickman, 1992; Wiklund, 2003). 

Flight behaviour is related to fl ight morphology. High-
er acceleration at take-off  is associated with higher fl ight 
muscle-to-total body mass ratio (Marden & Chai, 1991). 
As the thorax of insects is largely occupied by fl ight mus-
cles, approximately 90% (Wickman, 1992), larger thorax 
should allow butterfl ies to fl y with higher velocity, as 
shown by Dudley (1990) and Dudley & Srygley (1994). 
Furthermore, because a large thorax positions the centre of 
body mass closer to the wing base, it should contribute to 
fl ight with high manoeuvrability and high speed (Srygley 
& Dudley, 1993). 

In birds, another major animal group that can fl y, rela-
tionship between fl ight properties and wing morphology 
has well been studied; large birds such as albatrosses that 
fl y fast with lower wingbeat frequency in extensive open 
space over oceans tend to have smaller wings relative to 
body mass (higher wing loading, wing loading = body 
mass / wing area) and longer or slender wings (higher as-
pect ratio, aspect ratio = [wing span]2 / wing area), while 
small birds such as songbirds that fl y slowly and agilely 
with higher wingbeat frequency in restricted spaces or 
dense vegetation tend to have larger wings relative to body 
mass (low wing loading) and shorter or rounder wings 
(low aspect ratios) (Azuma & Kira, 2000). These patterns 
are partly observed in butterfl ies. Betts & Wootton (1988) 
compared six butterfl y species and suggested that high 
fl ight velocities were associated with high wing loadings 
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the fl ight morphology that supports fl ight properties was examined. The perching L. phlaeas exhibited higher thorax-to-body mass 
ratios and greater wing loadings than patrolling Z. maha.

INTRODUCTION

Shapes and behaviours of animals are expected to be 
optimized to enhance their survival and reproductive suc-
cess in their respective environments (Darwin, 1911). In 
butterfl ies, which have relatively large wings compared to 
their bodies, most aspects of their lives depend on fl ights 
powered by wing movements. In feeding, evading preda-
tors, mate-location and so on, fl ight properties adequate to 
attain the purpose should have been acquired. 

With respect to mate-location strategies in butterfl y 
males, two tactics are widely recognised, “waiting” and 
“seeking” (Magnus, 1963) or “perching” and “patrolling” 
(Scott, 1973; Silberglied, 1984; Wickman, 1992; Leder-
house, 1995; Rutowski, 1997; Wiklund, 2003; Honda, 
2005). Males of the perching species “sit at characteristic 
sites and dart out at passing objects in search of females,” 
while males of patrolling species “fl y almost always con-
stantly in search of females” (Scott, 1973). Perching spe-
cies are also called territorial species because their males 
occupy and defend a site from intruding males settling 
(Baker, 1972; Davies, 1978; Bitzer & Shaw, 1981; Alcock, 
1983; Takeuchi & Imafuku, 2005; Biswas et al., 2023). This 
dichotomy of mating tactics is not always valid for some 
species; both perching and patrolling behaviours have been 
observed in a single species (Heinrich, 1986; Benson et 
al., 1989; Kemp, 2001). For the species with typical mate 
locating tactics, it is said that males of the perching species 
have high acceleration ability and speed, whereas males 
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for L. phlaeas, and Oxalis corniculata for Z. maha, are abundant. 
Both lycaenid species were observed in the same fi eld.

Flight velocity, acceleration, and directional change
L. phlaeas males are active from 8:30 to 17:00, and establish 

perching sites in the morning (Suzuki, 1976). Adults of Z. maha 
are active from 8:00 to 19:00, with mating behaviour occurring 
more frequently in the morning than in the afternoon (Wago et 
al., 1976). The fi eldwork of the present study was conducted from 
9:30 to 13:00 in April to June and October 2021. The air tem-
perature near the shadowed ground was measured during fl ight 
recording using a data logger Gemini Tinytag (Gemini Data Log-
gers Ltd., UK). 

Sex diff erentiation was straightforward in Z. maha, where 
males have blue dorsal wings and females have black dorsal 
wings. In L. phlaeas, males have the forewing of linear outer mar-
gin, contrast to females with the forewing of round outer margin. 
When sex identifi cation was diffi  cult, especially in L. phlaeas, 
individuals were captured after recording and examined based on 
the shape of the abdominal tip.

Flight velocity, acceleration, and change in fl ight direction were 
measured using three-dimensional analysis. A three-dimensional 
analysis of butterfl ies fl ying in nature was recently performed by 
our group (Imafuku et al., 2024). In this section, I describe our 
basic methodology. Five stations (A–E) were selected in Kyoto 
and Shiga prefectures, each separated by at least 3 km, which 
seemed to prevent the same butterfl ies from moving between the 
stations. A space where butterfl ies frequently appeared, but with-
out nectar sources or larval foodplants, was determined at each 
station, and a rectangular framework (62 × 62 cm, 46 cm high) 
made of wooden bars (9 mm thick) was placed in this space to 
obtain 12 reference points (8 corners of the framework and 4 
midpoints of its long sides) (Fig. 1C). Two video recorders, A: 
VX2100 and B: DCR810 (Sony Co., Tokyo, JPN), were fi rmly 
fi xed to video-record this space. Their shutter speeds were set 
high: 1/1000 s for Camera A and in “Sports Mode” for Camera B. 
The distance from each camera to the space was 4–7 m. The lens 
axes of the cameras were set almost horizontally (−11° from the 
horizon on average, ranging from −21 to −2°), and crossed nearly 
at a right angle (85° on average, ranging from 63 to 115°). The 
framework occupied 33% on average (ranging from 15 to 48%) 
of the total area of the video view. The video recorders recorded 

and aspect ratios (4 × [forewing length]2 / total wing area). 
Based on the measurement of fl ight velocities of 62 but-
terfl y species fl ying freely in nature, Dudley & Srygley 
(1994) demonstrated that increased fl ight speeds were pos-
itively correlated with higher wing loadings and negatively 
correlated with higher aspect ratios.

These fi ndings suggest that mate-acquisition tactics are 
related to fl ight morphology. Wickman (1992) found that 
perching species had higher thorax-to-body mass ratios, 
wing loadings, and aspect ratios than patrolling species. 
Although some studies have described the relationship 
between mating tactics and fl ight behaviour (Wickman, 
1992; Wiklund, 2003), none have quantitatively character-
ised this relationship. This is probably because the exact 
measurement of butterfl y fl ight behaviour is challenging. 
In the present study, the fl ight behaviours of free-fl ying 
males of two lycaenid species with diff erent fl ight tactics 
were compared, focusing on the following fi ve properties: 
fl ight velocity, change in fl ight direction, acceleration dur-
ing take-off , relative fl ight time, and fl ight morphology. 
The fi rst three properties were determined based on three-
dimensional fl ight reconstruction. Predictions were that the 
perching species show shorter relative fl ight time, faster 
fl ight with higher acceleration than the patrolling species, 
and that they have higher thorax mass ratios and higher 
wing loadings.

MATERIAL AND METHODS
Studied butterfl y species

The perching species Lycaena phlaeas (Linnaeus, 1761) from 
the subfamily Lycaeninae, and the patrolling species Zizeeria 
maha (Kollar, 1844) from the subfamily Polyommantinae were 
selected (Fig. 1A and B). The mating behaviour of the former 
species was described by Suzuki (1976), and the mate-searching 
behaviour of the latter species was investigated by Wago et al. 
(1976) and Wago (1977, 1978). Both species are commonly found 
in open grasslands and along the edges of agricultural fi elds, 
where their larval food plants, Rumex acelosa and R. japonicus 

Fig. 1. A – Lycaena phlaeas, male; B – Zizeeria maha, male; C – Layout of station E. The experimental framework is positioned on the 
right and monitored using two video cameras placed on the left. An LED fl ashlight is positioned near the bottom of the front face of the 
framework.
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for a maximum of 1 h. After shooting the framework, it was re-
moved. A light-emitting diode (LED) fl ashlight (Fig. 1C) emit-
ting a fl ash of light for 0.1 s every 3 s was continuously recorded 
to synchronise the two series of video images.

After fi eld recording, the video images were copied to a home 
video recorder DMR-BR590 (Panasonic Co., Tokyo, JPN). Im-
ages taken using Camera B were fi rst copied to Camera A with a 
frame-numbering function and then to the home video recorder 
to add the frame numbers. Part of the series of images necessary 
for analysis (21–60 frames) was downloaded manually frame-
by-frame to a personal computer Windows 7 using software GV-
USB2 (IO Data Device, Inc., Ishikawa, JPN), which produced 
a series of tif-images at a rate of 60 frames/s. The position of 
the butterfl y (thorax, where possible) in the image was digitized 
using ImageJ ver. 5-3. The 3D coordinates of the butterfl y were 
calculated using a direct linear transformation (DLT) method. 
First, 11 coeffi  cients (whose values depended on the location of 
the cameras) in the transformation expressions were determined 
(calibration) using the 12 reference points mentioned above. Sub-
sequently, the 3D coordinates of the butterfl y position in the wild 
were calculated using two sets of camera images and the deter-
mined coeffi  cients. Biewener & Full (1992) briefl y explained the 
expression of the DLT.

A 50 cm-bar held horizontally, vertically, or obliquely, includ-
ing inside and outside of the framework was video-viewed under 
the same condition as above to address an error caused in the 
process of shooting by two video cameras and digitizing butterfl y 

positions into the computer, with an error of 0.5 ± 0.5% (m ± SD, 
n = 20).

Wind signifi cantly aff ects the fl ight velocity of butterfl ies 
(Dudley, 2000). Therefore, video images recorded under windy 
conditions (judged by the movements of the surrounding leaves) 
were not used for analysis. Flight velocity and acceleration were 
calculated using a fourth-order central diff erence (Biewener & 
Full, 1992). During take-off , fl ight velocity increased with large 
fl uctuations due to the fl apping of large wings; therefore, accel-
eration was determined at the infl ection point of a sigmoid curve 
fi tted to the velocity-time curve (Fig. 2A). The magnitude of the 
change in fl ight direction (directional change) was expressed 
using an angle calculated using three successive coordinates, as 
shown in Fig. 2B.

Five to six fl ights were recorded for velocity and directional 
changes at each station. Take-off s were observed at four stations 
(1–2 take-off s each) for L. phlaeas and at three stations (1–3 take-
off s each) for Z. maha to determine acceleration. These fl ight 
properties were averaged within the stations and compared be-
tween perching and patrolling species.

Relative fl ight time
Observations to determine relative fl ight time were conduct-

ed from 9:30 to 12:30 in April and May 2024. A butterfl y was 
tracked in the fi eld, and the durations of consecutive fl ights and 
stays were recorded using a voice recorder to determine the rela-
tive fl ight time (ratio of fl ight time to the sum of fl ight time and 
stay time) (Fig. 2C). Ten individuals of each species (L. phlaeas 

Fig. 2. Illustrations depicting the determining the acceleration during take-off  (A), change in fl ight direction (B), and relative fl ight time 
(C). A – the change in fl ight velocity (solid line) is fi tted with a sigmoid curve (dashed line), with acceleration determined at the infl ection 
point of this curve (indicated by an arrow). B – numerals 1, 2, and 3 represent three successive 3D coordinates of butterfl y positions. The 
change in fl ight direction (directional change; angle α) is the external angle of coordinate 2 in the triangle formed by coordinates 1, 2, and 
3. C – typical observation patterns of L. phlaeas (top) and Z. maha (bottom). Butterfl y capture was primarily conducted when individuals 
were stationary.
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and Z. maha) were tracked. These recordings were made for 
naturally active single males and evading males bathing in the 
sun, feeding on fl owers, or interacting with other conspecifi cs. 
Especially, patroller Z. maha males frequently fell into conspe-
cifi c interaction, and the successful observations were less than 
50% in this species.

Flight morphology
The thorax-to-body mass ratios, wing loadings, and aspect 

ratios were determined for all tracked individuals, as described 
in the previous section. After tracking the butterfl ies, they were 
captured, brought to the laboratory in a dark cool box, and kept 
at −20°C in a freezer. Within 15 d of freezing, the samples were 
defrosted and immediately subjected to weight measurements. 
The total body mass and thoracic (head, wings, and abdomen 
removed) mass were measured to 0.1 mg using a balance AU-
W220D (Shimadzu Co., Kyoto, JPN). Images of the fore and 
hind wings of a butterfl y were transferred onto a computer using a 
scanner GT-7600UF (Seiko Epson Co., Nagano, JPN) and meas-
ured using ImageJ to determine the forewing length (wing base to 
the outer forward tip) and wing areas.

Statistics
All statistical analyses were conducted using R software (ver. 

3.1.3). Flight properties, fl ight morphologies, and air tempera-
tures at the time of recording were compared between species 
with diff erent mate-locating tactics, using Student’s t-test.

RESULTS

The results of the comparison of fl ight parameters are 
presented in Tables 1 and 2. Perching L. phlaeas males 
travelled signifi cantly faster than patrolling Z. maha males 
(Table 1, velocity). The fl ight paths of perching L. phlaeas 

males were more linear, with smaller directional changes, 
compared to those of patrolling Z. maha males (Table 1, 
directional change). In contrast, no signifi cant diff erence in 
acceleration during take-off  was observed between the two 
species (Table 1, acceleration). The relative fl ight time was 
signifi cantly lower in the perching species (Table 2). Air 
temperature at the time of recording did not diff er between 
the two species (Tables 1 and 2).

The results of the comparison of fl ight morphology are 
presented in Table 3. Perching L. phlaeas males had sig-
nifi cantly greater total body mass and thorax mass than pa-
trolling Z. maha males. Although both masses were higher 
in L. phlaeas, the thorax-to-body mass ratio was also sig-
nifi cantly greater in this species. The total wing area (sum 
of two forewings and two hindwings) was signifi cantly 
larger in perching L. phlaeas than in patrolling Z. maha, 
and wing loading was signifi cantly higher in the former 
species. However, no signifi cant diff erence in aspect ratio 
was observed between the two species.

DISCUSSION

Flight behaviour
Regarding the behavioural aspects of mate-locating tac-

tics in male butterfl ies, perching species are said to have 
ability to exert high fl ight acceleration and high fl ight ve-
locity (Wickman, 1992; Wiklund, 2003). In contrast, pa-
trolling species are said to have ability to sustain continu-
ous fl ight (Scott, 1973). Among these fl ight properties, the 
tendency for continuous fl ight in the patrolling species was 
confi rmed in the present study (Table 2).

Table 1. Compariason of fl ight behaviours between perching Lycaena phlaeas and patrolling Zizeeria maha.

Station
Temperature [°C]* Velocity [m/s] Directional change [º] Accerelation [m/s2]

L. phlaeas Z. maha L. phlaeas Z. maha L. phlaeas Z. maha L. phlaeas Z. maha
A 15.7 24.4 1.39 (6) 0.84 (5) 37 (6) 53 (5) 34.0 (2) 12.2 (3)
B 20.0 20.0 1.44 (5) 0.97 (5) 29 (5) 47 (5) 9.5 (2) 2.8 (1)
C 19.6 19.6 1.70 (5) 0.90 (5) 30 (5) 46 (5) 6.5 (1)
D 24.2 24.2 1.34 (5) 0.86 (5) 30 (5) 51 (5) 18.0 (1)
E 15.9 26.6 1.71 (5) 0.77 (5) 23 (5) 45 (5) 4.9 (1)

Av ± SD 19.1 ± 3.5 23.0 ± 3.0 1.52 ± 0.18 0.87 ± 0.07 30 ± 5 48 ± 3 17.0 ± 12.3 6.6 ± 4.9
P > 0.09 P < 0.001 P < 0.001 P > 0.2

* Average temperature at the time of recording of butterfl y fl ight. Numerals in parentheses () indicate numbers of records, but not of 
independent individuals.

Table 2. Relative fl ight time (%) of perching Lycaena phlaeas and patrolling Zizeeria maha.

Lycaena phlaeas Zizeeria maha

Indiv. Temp.
(°C)

Flight
time (s)

Stay
time (s)

Relative
fl ight time Indiv. Temp.

(°C)
Flight

time (s)
Stay

time (s)
Relative

fl ight time
L1 23.5 8 416 2 Z2 22.8 12 6 67 
L4 19.3 2 100 2 Z3 22.9 8 12 40 
L5 23.3 20 54 27 Z4 19.1 6 20 23 
L6 23.3 6 76 7 Z5 18.9 34 14 71 
L7 23.1 6 94 6 Z6 19.4 18 10 64 
L8 23.3 2 38 5 Z7 20.4 22 10 69 
L9 25.7 14 78 15 Z8 20.3 16 28 36 
L10 18.1 6 44 12 Z9 20.3 34 30 53 
L11 18.6 2 78 3 Z10 24.3 53 14 79 
L12 19.9 4 72 5 Z11 24.6 12 9 57 

Av ± SD 21.8 ± 2.6 7 ± 6 105 ± 111 8 ± 8 Av ± SD 21.3 ± 2.2 21 ± 15 15 ± 8 56 ± 18
P > 0.6 P < 0.001
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Flight velocity has been shown to be associated with 
body mass (Dudley & Srygley, 1994). In the present study, 
the perching species L. phlaeas exhibited higher fl ight ve-
locity and greater body mass compared to the patrolling 
species Z. maha. Therefore, the faster fl ight of L. phlae-
as may be attributed to its greater body mass. Dudley & 
Srygley (1994) provided an equation relating body mass to 
fl ight velocity [velocity (m/s) = 8.7 × mass (g) 0.56], which I 
used to calculate the expected fl ight velocity of the studied 
species. The actual fl ight velocity was 23% higher in L. 
phlaeas and only 3% higher in Z. maha compared to the 
expected fl ight values. This suggests that fl ight velocity of 
these species is infl uenced not only by body mass but also 
by their respective mate-locating tactics.

Flight morphology
The relationship between mate-locating tactics and fl ight 

morphology in butterfl ies was fi rst explored by Wickman 
(1992) who examined 44 species and found that males of 
perching species exhibited higher thorax-to-body mass ra-
tios, higher wing loadings, and higher aspect ratios com-
pared to patrolling species. The fi rst two properties align 
well with the results of this study, whereas a higher aspect 
ratio was not observed in my perching species.

Regarding lycaenid butterfl ies, Wickman (1992) exam-
ined seven perching species and one patrolling species. 
The aspect-ratio values extracted from Fig. 2B in Wick-
man (1992) were 3.06 ± 0.09 (m ± SD) (n = 7) for the 
perching species and 3.18 (n = 1) for the patrolling spe-
cies. Similarly, in the present study, the perching species 
did not exhibit a higher aspect ratio. This fi nding suggests 
that among small butterfl ies such as lycaenids, there is no 
clear correlation between reproductive tactics and wing as-
pect ratio. 

Three-dimensional analysis in natural conditions
This study demonstrated that perching species fl y at high 

fl ight velocity with limited fl ight duration and that these 
fl ight properties are associated with a high thorax-to-body 
mass ratio and high wing loading. The diff erences in male 
mating tactics – perching or patrolling – should also be 
related to female behaviour. Higher reproductive success 
in territorial males has been reported in Pararge aegeria 
(Wickman & Wiklund, 1983) and Cenonympha pamphilus 
(Wickman, 1985). Further investigation into female behav-
iour in the studied species is needed.

To accurately assess fl ight performance, precise meas-
urements of fl ight properties must be obtained. In most 

studies, butterfl y fl ight properties have been measured 
under artifi cial conditions, such as in illuminated rooms, 
outdoor cages, and wind tunnels (see Dudley, 2000; 
Almbro & Kullberg, 2008, 2012; Kleckova et al., 2024). 
Under such conditions, fl ight parameters can be altered, 
as evidenced by the reduction in fl ight velocity observed 
in controlled environments (Dudley & Srygley, 1994). In 
the present study, a three-dimensional tracking method 
was employed to analyse butterfl ies fl ying freely in natural 
conditions, providing accurate estimates of fl ight velocity, 
acceleration, and directional changes, with an error of only 
0.5% (see Material and Methods). However, the dataset 
was limited, and only two species were examined. Future 
studies should incorporate a larger sample of species and 
consider phylogenetic comparisons. Additionally, applying 
a three-dimensional analysis to other behavioural phenom-
ena, such as foraging and anti-predator strategies, could 
provide valuable insights into butterfl y behaviour.
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