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Abstract The eyes of stalk-eyed flies (Diopsidae) are

positioned at the end of rigid peduncles projected laterally

from the head. In dimorphic species the eye-stalks of males

exceed the eye-stalks of females and can exceed body

length. Eye-stalk length is sexually selected in males

improving male reproductive success. We tested whether

the long eye-stalks have a negative effect on free-flight and

aerial turning behavior by analyzing the morphology and

free-flight trajectories of male and female Cyrtodiopsis

dalmanni. At flight posture the mass-moment-of-inertia for

rotation about a vertical axis was 1.49-fold higher in males.

Males also showed a 5% increase in wing length compared

to females. During free-flight females made larger turns

than males (54 � 31.4 vs. 49 � 36.2�, t test, P \ 0.033)

and flew faster while turning (9.4 � 5.45 vs. 8.4 � 6.17

cm s�1, ANOVA, P \ 0.021). However, turning perfor-

mance of both sexes overlapped, and turn rate in males even

marginally exceeded turn rate in females (733 � 235.3 vs.

685 � 282.6 deg s�1, ANCOVA, P \ 0.047). We suggest

that the increase in eye-span does result in an increase in the

mechanical requirements for aerial turning but that male

C. dalmanni are capable of compensating for the constraint

of longer eye-stalks during the range of turns observed

through wingbeat kinematics and increased wing size.
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Abbreviations

MOI Moment of inertia

Introduction

During flight within large enclosures flies typically engage

in rapid directional changes separated by intervals of

relatively straight flight (Land and Collett 1974; Collett

and Land 1975; Wagner 1986; Tammero and Dickinson

2002a). The abrupt changes in flight direction are believed

to function similarly to saccadic eye motions in humans

(Land 1999). By performing rapid directional adjustments

(‘‘saccadic’’ turns) interspaced by periods of straight flight,

flies minimize the duration of blurred image on the retina

when the fixed eye rotates with the head and body (Land

and Collett 1974). Vision plays a major role in the initia-

tion of turning behavior (Heisenberg and Wolf 1979; Götz

and Wandel 1984; Wagner 1986; Mayer et al. 1988;

Tammero and Dickinson 2002a; Frye et al. 2003; Bender

and Dickinson 2006a), but other sensory organs such as the

halters probably take over the control of turning dynamics

within the maneuver once initiated (Tammero and Dick-

inson 2002b; Bender and Dickinson 2006b). The turns are

produced by asymmetric wing-beats between the left and

right wings as the flies, over several wing beats, power both

the initiation and termination of the saccade (Heide and

Götz 1996; Fry et al. 2003; Dickinson 2005) Both the

resistance of air and inertia of the body determine how a

net torque developed by the wings will be expressed as

rotation dynamics of the fly during flight (Fry et al. 2003).

Therefore, rapid turns such as saccades may be limited by

the angular velocity in which a fly can rotate its body in air.
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Stalk-eyed flies (diopsidae) have eyes placed laterally

away from the head on elongated peduncles (Shillito 1971).

Within the family, both males and females share this

morphological characteristic, but in some of the species

eye-stalk length is sexually dimorphic with the distance

between the left and right eye (‘‘eye span’’) in males

exceeding the eye span of females (Wilkinson and Dobson

1997). In dimorphic species, such as Cyrtodiopsis dal-

manni (Fig. 1), lateral growth of the eye-stalks in males

can result in an eye span that considerably exceeds body

length (Baker and Wilkinson 2001). Studies have shown

that in dimorphic species eye-stalk length in males is a

sexually selected trait. Female mate choice favors males

with longer eye-stalks (Burkhardt and De la Motte 1988;

Wilkinson and Reillo 1994; Wilkinson et al. 1998) and

males with smaller eye span retreat faster from confron-

tations with larger males when competing in terrestrial

territorial fights over access to roosting sites where females

come to mate (Panhuis and Wilkinson 1999). As an

emerging model organism for evolution by sexual selec-

tion, there is a growing literature on the development and

expression of eye-stalks (David et al. 2000; Cotton et al.

2004), eye-stalk allometry (Wilkinson 1993; Knell et al.

1999; Baker and Wilkinson 2001), reproductive behavior

(Alighali 1984; Wilkinson et al. 1998), reproductive iso-

lation (Christianson et al. 2005; Swallow et al. 2005) and

population genetics (Wilkinson et al. 2003; Wright et al.

2004) of stalk-eyed flies. However, the consequences of

eye-stalk elaboration outside of the context of mate com-

petition has rarely been addressed.

Because the laterally protruding eyes seem like an

inefficient arrangement for flight, trade-offs between these

secondary sexual traits and aerial performance might be

expected. Swallow et al. (2000) compared the flight

speeds and the variation in flight direction between two

closely related stalk-eyed flies: Cyrtodiopsis whitei, a

species with long eye-stalks and large differences in eye

span between males and females (mean eye span $ = 6.5,

# = 9.8 mm) and C. quinqueguttata, a monomorphic

species with short eye-stalks ($ = 4.06, # = 4.40 mm;

Table 1 in Swallow et al. 2000). Two findings from that

study that are of concern here were that: (1) after

correcting for differences in body mass, head mass did

not differ between the sexes or species (adjusted mean

of head mass C. quinqueguttata: $ = 0.79 � 0.04,

# = 0.81 � 0.02, C. Whitei $ = 0.80 � 0.02, # = 0.84 �
0.03 mg), and (2) the males of C. whitei (long eye-stalks)

showed a slight (P = 0.047) tendency to maintain flight

direction within a narrower range of variability than the

C. quinqueguttata males or the females from both species.

That study suggested differences in visual processing,

drag of the eyes, or aerodynamic interference in the wake

of the eye-stalks as possible mechanisms for the observed

differences in flight velocity and straightness (Swallow

et al. 2000).

An additional explanation for the straightness of flight in

males with longer eye-stalks may involve the associated

change in distribution of mass along the lateral axis.

Rotating a rigid object about a given axis requires a net

moment (torque). The relation between the magnitude of

the moment and the resulting angular acceleration of the

object (neglecting air resistance) is the mass moment of

inertia (MOI) which is specific for the axis of rotation. MOI

is inversely related to the responsiveness of an object to

torques and depends on mass (m) and its distance from the

axis of rotation (R) raised to the second power (MOI =

mR2; Fox 1967). The compound eyes of flies are large

organs (Zeil 1983). The dependence of MOI on the second

power of distance indicates that small changes in lateral

displacement of the eye (eye span) can have a large effect

on the MOI of the body. Dudley (2002) pointed out that

explaining the agility and maneuverability of animal flight,

requires consideration of not only the power output of the

wings but also the responsiveness of the body segments to

rotations and translations. How stalk-eyed flies fall within

these limitations and to what extent their turning behavior

is affected by the unique shape of the head has never been

studied to the best of our knowledge.

The objectives of this study were (1) to evaluate the

effect of eye-stalk elongation on the MOI of the body, (2)

to provide a description of the aerial turning behavior of

stalk-eyed flies during free flight, and (3) to compare the

turning performance between females and males stalk-eyed

flies that differ considerably in eye span. The morphology

and distribution of mass along body axes were evaluated

using measurements on dead flies. Additionally, we tracked

the free flight trajectories of female and male C. dalmanni

within a large flight chamber and analyzed the turns dis-

played by both sexes to assess the effect of head

dimorphism on aerial turning.

Methods

Flies

Male and female C. dalmanni used in the experiment were

obtained as pupae from a large population reared at the

University of Maryland at College Park. After eclosing the

flies were kept in clear, 16 l, plastic containers, at a tem-

perature of 26�C and a light:dark cycle of 12:12 h. The

containers were bedded with moist cotton. The flies had

access to water and food (mashed corn) ad libitum. In

C. dalmanni sexual maturity is achieved after 1 week and

peaks at 4 weeks from eclosion (Reguera et al. 2004).

Because evidence indicated that body mass increases for
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the first 2 weeks after eclosion, we exclusively used flies

2–4 weeks post-eclosion in the experiments.

Morphological measurements

Morphological measurements were performed on 20 male

and 20 female flies. Each fly was killed in chlorophorm

fumes and immediately measured for body mass in a sealed

pre-weighted 1.5 ml plastic tube. Mass was measured to

the nearest 1 lg using an electronic microbalance (Mettler,

MT5). The fly was then placed lying on its thoracic spines

under a dissecting microscope connected to a digital

camera. A scaled planform image of the fly was taken at

magnification �15–20 and a resolution of at least

100 pixels per mm. In the resulting images, we measured

eye span as the distance between the outer edges of the two

eyes. The fly was then dissected to separate the two wings,

the eyes, the eye-stalks, the remaining head, the abdomen

and the anterior pair of legs leaving only the thorax and the

two pair of posterior legs (Fig. 1a). The front legs of

C. dalmanni are substantially larger than the posterior legs,

and the front legs of males are substantially larger than the

front legs of females (see Fig. 1a and ‘‘Results’’ section).

Mass of all the separated body units was measured in

sealed 0.3 ml test tubes to the nearest 1 lg. We evaluated

mass loss during the procedure by summing the weights of

all measured body units and comparing it to the initial total

body mass measurement. The dissection did not exceed

5 min per fly and the measured loss was on average 12.8%

(SD = 7.2, n = 40).

The separated wings were placed flat between a glass

microscope slide and a cover glass, and a digital image was

taken under magnification (�25–35). A macro program

Table 1 Mean � SD of morphological measurements from male and female C. dalmanni

Measurement # $ Significance test

Mass (mg)

Total body 7.12 � 1.033 6.83 � 1.034 t38 = �0.89

Eyes 0.24 � 0.053 0.25 � 0.048 F1,37 = 0.04

Eye-stalks 0.11 � 0.031 0.07 � 0.020 F1,37 = 19.94***

Head � (Eyes + Stalks) 0.27 � 0.070 0.28 � 0.062 F1,37 = 3.57

Total head 0.63 � 0.135 0.59 � 0.111 F1,37 = 0.11

Thorax 2.89 � 0.406 2.26 � 0.509 F1,37 = 4.30*

Abdomen 1.98 � 0.566 2.37 � 0.624 F1,37 = 30.3***

Front legs 0.65 � 0.125 0.43 � 0.095 F1,37 = 41.5***

Size

Eye span (mm) 8.23 � 0.414 5.65 � 0.264 F1,37 = 655***

Wing length (mm) 4.46 � 0.138 4.24 � 0.138 F1,37 = 56.8***

Wing area (mm2) 4.21 � 0.323 3.88 � 0.323 F1,37 = 43.3***

2nd moment area (�10�11 m4) 6.38 � 0.82 5.21 � 0.82 F1,37 = 27.7***

Wing shape

AR 9.5 � 0.30 9.3 � 0.53 t38 = �1.48

r̂2 0.614 � 0.004 0.614 � 0.003 t38 = 0.45

MOI (�10�12 kg m2)

Head (roll) 4.0 � 0.75 1.7 � 0.33 t18 = �8.97***

Total body (roll) 5.7 � 0.85 3.0 � 0.49 t18 = �8.39***

Head (yaw) 4.7 � 0.95 2.1 � 0.46 t18 = �7.82***

Total body (yaw) 29.5 � 3.68 26.6 � 3.61 t18 = �1.80

Total body pitched at v = 70� 7.6 � 1.02 5.1 � 0.86 t18 = �6.25***

All reported averages have a sample size of 20 flies per sex except the MOI which is based on 10 flies per sex

AR is the aspect ratio of the wing, r̂2 is the non-dimensional radius of the second moment of wing area

Asterisks denote statistical significance of the difference between the sexes (* P \ 0.05; ** P \ 0.01; *** P \ 0.001)

Total mass, MOI, AR and r̂2were compared using t test. Other mass and size measurements were compared in an ANCOVA with body mass as a

covariate

MOI are estimates of the moment of inertia of the head for rotations relative to the thorax and of the entire body for rotations about an axis

running through the center of mass
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written for ScionImage (Scion Corp., USA) identified the

wing contours from the background in the images and

extracted the 2D coordinates of positions on the leading

and trailing edges of the wing every 5 pixels (�22 lm)

along the wings major axis (length). The resulting position

data were analyzed in Matlab (MathWorks Inc., USA) to

calculate wing area, wing length (distance from the wing

base articulation to the wing tip), aspect ratio (wing span2/

wing area), the 1–3rd moments of wing area and the non

dimensional radius of the second moment of wing area as

in Ellington (1984).

The MOI of the body and head were estimated separately

from the digital images of the flies and the weighed body

sections. Using the procedure described above for wing

morphology analysis, the edges of the body in the images

were identified and the width of the body (left–right axis)

was measured every 5 pixels along its antero-posterior axis.

The width of the head (antero-posterior axis) was measured

every 5 pixels along the left–right axis. Typically [100

width measurements were obtained along the major axis of

the body or head. We calculated the missing dimension in

the images (dorso-ventral axis) directly from the width

measurements using the height-to-width ratio of the body at

each position along the body and head. The ratio was

obtained for each sex from five male and five female flies

that were photographed from multiple angles showing the

ventral, lateral and frontal (head facing the camera) views.

The measured width, height and their position on the body

were divided by body length (for the body) or eye span (for

the head) and interpolated (cubic-spline) so that the digi-

tized data from all flies included the ratio of height to width

at normalized fixed increments of 0.5% of the major axis.

We averaged the height-to-width ratio for each position

from the five flies per sex measured and used the mean ratio

to calculate the dorsoventral dimension from the width in

the planform images of the weighed flies. The result was the

diameters of elliptical cross sections of the body (or head)

measured at fixed positions along a major axis (‘‘slices’’).

From the diameters (a and b) and the thickness of the slice

(h) the volume of each slice was calculated as a cylinder

with h for height and elliptical cross section (vol-

ume = phab/4). After integrating the volumes for each

weighted body part separately we used the actual weight

measurement and assigned an individual density value for

each body part for each fly and calculated the mass of each

slice from the volume and density. We then found the

Fig. 1 Cyrtodiopsis dalamnni.
a Flies are shown lying on their

upper side (ventral side

opposing the camera). Dashed
lines show the positions of

transects performed to dissect

the eyes, stalks, head, wings,

front legs, thorax and abdomen

for the morphological

measurements. b Snapshot of a

male C. dalmanni in flight

posture viewed from a

horizontal camera (vertical

plane). c A schematic

illustration describing the body

angle (v) and rotation in a

horizontal plane relative to a

vertical axis (dashed line)

passing through the center of

mass (black circle)
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position of the center of mass of the fly on the long axis of

the body by summing the moment of mass of each slice

along the antero-posterior axis of the body and dividing it

by body length. We assumed that the center of mass falls on

the bilateral symmetry line of the body and that body length

axis transects all body cross sections (slices) through their

centroid. The MOI for rotation about the dorsoventral axis

of the body (yaw) and about the long axis of the body (roll)

where both axes pass through the center of mass of the body

was calculated from the MOI of each slice about its three

major axes passing through its centroid:

Ixx ¼ ma2=16þ mh2=3

Iyy ¼ mb2=16þ mh2=3

Izz ¼ mða2 þ b2Þ=16

ð1Þ

And the parallel axis theorem for displaced axis of rotation:

MOIdisplaced ¼ MOIcentroid þ mR2 ð2Þ

where m is the mass of the slice and Ixx is the MOI about

diameter b, Iyy is the MOI about the diameter a and Izz is the

MOI about the slice thickness (h). R is the distance between

the centroid of the slice to the axis of rotation running

through the center of mass of the body and MOIcentroid is Ixx,

Iyy, or Izz depending on the relevant rotation. Finally, the

MOI of all slices are summed to give the total MOI for the fly

for a given rotation. During flight the front legs of C. dal-

manni are positioned parallel to the long axis of the body.

The mass of the massive front legs was added to the calcu-

lation of the MOI as a point mass assumed to be located at

15% of body length below the anterior edge of the thorax

(Fig. 1b). The mass of the posterior legs was included in the

mass of the thorax. Due to the tedious process, MOI was only

measured from ten males and ten females. The flies for the

MOI analysis were chosen to have body mass similar to the

average measured from all the flies (mean body mass � SD

# = 7.00 � 0.499, $ = 6.96 � 0.353 mg, n = 10 per sex,).

The analysis was repeated once for the entire body and once

just for the head about an axis running through the point of

contact between the head and thorax. For the entire body

MOI was also calculated for rotations in a horizontal plane

about a vertical axis passing through the center of mass while

the fly is oriented in the air with its long axis inclined to the

horizontal at pitch angles v = 10�, 30�, 50� and 70� (Fig. 1c).

In this analysis the MOI for v = 0 and 90� is equivalent,

respectively, to the MOI for yaw and roll rotations about the

morphological axes of the fly.

Free flight experiments

The free flight trajectories were tracked inside a rectangular

flight chamber (1.0 � 0.7 � 0.7 m) made of four Plexiglas

walls covered from above by a tent-shaped mosquito net

(Fig. 2a). The entire flight chamber was installed inside a

walk-in temperature (26 � 1.5�C) and humidity (RH = 50

75%) controlled chamber. The walls and floor of the

enclosure were covered with a black background and the

top covered by a dark curtain to prevent interference from

outside of the chamber and to limit light within the

chamber to a constant light level emitted by four clusters of

white LEDs each including 16 LEDs (20� viewing angle,

18,000 mcd for each LED). The LED clusters were

installed 60 cm above the center of the flight chamber in a

rectangular configuration that provided uniform light

within the center of the chamber where fly trajectories were

tracked. Four near infrared (850 nm) arrays of 120 LEDs

each, two from above and two from the sides, supple-

mented the light level and spectrum in the chamber and

were used to identify the flies from the black background

by the tracking system. The tracking system (Trackit,

BIOBSERVE, Germany) uses two CCD cameras with

overlapping views connected to a computer. The cameras

were aimed at an angle of 50� to the horizon on opposite

sides of the top of the chamber (80� relative to each other,

0.9 m apart). The system analyzes the two camera views to

calculate the three dimensional positions of the centroid of

the fly. The fly is tracked at an average frequency of 60 Hz,

inside a 30 � 30 � 30 cm pre-calibrated virtual sampling

cube (see Fry et al. 2000 for a detailed explanation of the

system, calibration and testing procedures). The sampling

volume where flies were tracked was located at the center

of the flight chamber 20 cm away from the nearest wall,

and was elevated 5 cm above the floor of the chamber.

Either male or female flies were introduced into the

chamber in groups of 10–12 and allowed to roam volun-

tarily within the chamber for 3–4 h. The flies mostly

walked along the floor and walls of the chamber taking off

to the air only occasionally. All tracked flights were treated

as independent. To ensure individual variation within the

sex groups we repeated the experiment with seven groups

per sex using new (naı̈ve) flies each time (total flies used

$ = 76 and # = 76).

Trajectory data analysis

The raw flight trajectory data obtained from the tracking

system are the positions of the centroid of the fly along the

orthogonal X, Y and Z axes of the sampling cube (Z is the

vertical, positive values are up, right hand rule) and time

(Fig. 2). We only analyzed flight trajectories that included

data of more than 20 consecutive time points (flights longer

than 0.33 s). The distance of the sampling volume from the

floor and walls removed the possibility of tracking trajec-

tories that are takeoffs. As a first step we needed to define
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and separate turns from straight flight sections. In the

second step (hereafter ‘‘turn performance’’) we focused on

the upper end of the observed turns and compared turn

performance between the sexes. The raw data were

re-sampled at 60 Hz using cubic-spline interpolation to

correct for non-uniform sampling rate by the tracking

system. Then a 5-point-average smoothing filter was

applied on the data to remove random tracking errors and

to ensure that only consistent deviations from straight

horizontal flight would be identified as turns. The smoothed

data were used to calculate the three orthogonal vector

components of the 3D flight velocity from numerical time

derivatives of the position data as in Rayner and Aldrige

(1985). A second time derivative provided the accelera-

tions. From the horizontal components of velocity and

acceleration (along the X and Y axes) we calculated for

each time point the instantaneous curvature (kxy) of the

projection of the trajectory on the horizontal plane.

kxy ¼ ðuxay � uyaxÞ=ðu2
x + u2

yÞ
3=2 ð3Þ

where u represents velocity, a represents acceleration and

the subscripts x, y indicate the direction along the two

horizontal axes. Curvature is the inverse of the radius of

the trajectory. The two horizontal velocities (ux, uy) were

used to calculate horizontal flight speed (Uxy) and

direction from vector analysis and the calculated instan-

taneous flight directions were numerically derived with

respect to time to yield the turn rate. We then defined

sections in the turn rate data exceeding 250 deg s�1 as

indicating a deviation from straight flight (Fig. 2c, d).

Both left and right turns were treated equally by adjusting

the sign of curvature and turn rate to positive values. In

each of the sections identified as turns, the maximum

point of the turn rate curve was identified and the time

interval between the two neighboring minimum points

was defined as the turn duration. Turn amplitude was

defined as the difference in flight direction between the

start and end of the turn. For each of the turns defined

this way we calculated the mean turn rate, mean hori-

zontal speed, and the mean turn path radius (1/kxy) by

averaging all data points within that turn. The technique

resulted in 857 sections identified as turns (443 turns for

males and 414 for females). We used these average

parameters for a general description of the full range of

turning behavior observed. The remainder of the data

(straight flight sections) was saved to calculate flight

speeds and turn frequency.

Fig. 2 a An illustration (not to scale) of the flight chamber and the

tracking system. VC video cameras, TV tracking volume, MN
mosquito net, W LED white LED clusters, IR LED near infrared

LED clusters. b An example of a long flight trajectory data as tracked

continuously for 15.73 s within the sampling volume of the flight

chamber. The upper (black) line is the 3-dimensional trajectory data.

The bottom (grey) line is the projection of the flight trajectory on the

horizontal plane (Z = 0). c A short trajectory (1.58 s) showing two

sections (numbered circles) where the fly changed direction in the

horizontal plane. d Time series of the direction and the turn rate of the

same trajectory as in c demonstrating the cutoff value of turn

definition in the analysis. Numbers of peaks in the turn rate graph

refer to the circles in c. While the section in circle 1 is just below the

cutoff turn rate (250 deg s�1, dashed lines) and is therefore not

considered a turn, maximum turn rate in circle 2 exceed the cutoff

value and is therefore considered a turn
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Comparison of turn performance

To test if males have reduced turning performance rela-

tive to females, we used a subset of the turns identified

above. This was done for three reasons: (1) If drag, MOI

or other factors limit turning performance we expected

the limitation to be demonstrated as flies perform closer

to their maximum, (2) we noted that when flies were

flying very slowly or hovering, the calculation of flight

direction and turn rate was subject to higher tracking error

due to the calculation of angles (direction) from transla-

tions at a fixed time frequency, (3) the smoothing filter

we used was useful in separating turns from straight

sections but smoothed the turn data. Therefore, to com-

pare turning performance we trimmed our data set to

include only turns that had turn amplitude [30�, had

mean flight speed [ 2.5 cm s�1 and a maximum turn rate

[350 deg s�1. This resulted in a reduction of the data to

242 and 191 turns for female and males, respectively. For

each one of these turns we went back to the raw

(unsmoothed) data and within a 350 ms time window

centered on the point of maximum turn rate we doubled

the sampling frequency to 120 Hz using qubic-spline

interpolation. The time point of maximum turn rate within

each such time frame was assigned an adjusted time value

of t = 0 and the turn duration was calculated as the

interval in which turn rate was [20% of the maximum.

We used the median of the remaining tails to calculate the

flight direction prior to and after the turn and the turn

amplitude. Turn path radius, turn rate, and horizontal

speed were calculated as before but this time from the

unsmoothed data. The turns obtained this way were more

repeatable and had a higher time resolution which

allowed us to calculate the second time derivative of

flight direction and obtain the angular acceleration within

the turn. We were interested in the angular acceleration

because turns with similar average turn rates can result

from different acceleration regimes and because we were

interested to get an idea of the order of magnitude of

torques required to rotate the body with the calculated

MOI. The acceleration was divided into two sections

based on its direction. In the first half of the turn (from

the initiation of the turn to time point t = 0) the flies have

an angular acceleration (a1) and in the second half (from

t = 0 to the end of turn) angular deceleration (a2). After

comparing turn performance between females and males

using all the turns in the trimmed data set (n = 433 turns),

we repeated the analysis only on turns from the upper

quartile (25%) of turn rate of each sex within this subset.

The upper quartile was chosen to represent the highest

turn performance in the observed data while retaining

reasonable sample size for statistical analysis ($ = 60

turns, # = 48).

Statistical analysis

We used Analysis of Covariance (ANCOVA) with body

mass as a covariate to compare morphology between

males and females and used ANCOVA with flight speed

and turn amplitude as covariates while comparing turning

behavior. Interactions between the covariates and sex were

only included in a general linear model (GLM) if they

were significant. Except for the comparison of mass of

different body parts (morphological analysis) all ANCO-

VA tests were preformed on log transformed data. Non-

dimensional parameters (moment of area, aspect ratio) and

averages of the measured parameters were compared

between sexes using the t test. Tests and calculation of

adjusted mean were preformed with STATISTICA (Stat-

Soft Inc.,) and SYSTAT (SYSTAT Software Inc.,). Results

are reported as mean � 1 standard deviation (SD) in the

text and tables. In the figures we report mean � standard

error of the mean (SE) to ease evaluation of differences

between the sexes.

Results

Morphological measurements

Mean morphological measurements for male and female C.

dalmanni (n = 20 flies per sex) are presented in Table 1.

Males and females did not differ significantly in body mass

(P = 0.376). In an ANCOVA with body mass as a covar-

iate, no inter-sex differences were found in the mass of the

eyes or in the total mass of the head (P [ 0.73). Relative to

their body mass, the mass of the eye-stalks was bigger in

males (P \\ 0.001) and the mass of the head minus eyes

and eye-stalks was marginally larger in females

(P = 0.066). Inspection of the adjusted mean (mean cor-

rected for body mass) shows that the added mass of eye-

stalks in males (0.034 mg) is almost matched by the added

mass of the head without eye-stalks and eyes in females

(0.028 mg), which explains why the total mass of the head

did not differ between sexes. Males had larger thorax

(P \ 0.045) and front legs (P \ 0.001) and females had

larger abdomens (P \ 0.001). Relative to the logarithm of

body mass, log eye span of males was larger than in

females (P \ 0.001). The inter-sex difference amounted to

an increase of 45.6% (2.6 mm) in males relative to the eye

span of females. The estimated MOI of the head for roll

and yaw in males were more than double the MOI of

females (P \ 0.001 in both cases). The MOI of the entire

body for roll was higher 1.9-fold in males (P \ 0.001) but

the MOI of the entire body for yaw did not differ

(P = 0.088). For rotation about a vertical axis when the

fly’s long axis is inclined at 70� with the horizontal the
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MOI of the body of males was 1.49-fold higher than

females (P \ 0.001).

Males had longer wings (P \ 0.001) and had a larger

wing area (P \ 0.001) relative to their body mass. As a

result wing loading (body weight/wings area) for females

was higher (P \ 0.001) by 12% compared to males

(8.3 � 0.77 and 9.2 � 0.97 Nm�2 for males and females,

respectively). The second moment of wing area, a quan-

tity that links aerodynamic force with wing area in

flapping wings, was 22.4% larger in males relative to

females (P \ 0.001). The bigger wing of males did not

differ in aspect ratio (P [ 0.14), or the non dimensional

radius of gyration (P [ 0.87) from wings of females

indicating that wing growth did not incur a change in

wing shape.

Flight trajectories

A total of 406.2 and 386.5 s of flight from 249 and 267

flight trajectories were recorded from 76 female and 76

male flies, respectively. The average flight trajectory

tracked lasted 1.630 � 1.638 s for females and

1.445 � 1.457 s for males. Out of the total tracked tra-

jectories, 98 (39.3%) and 139 (52.1%) of the tracks of

females and males, respectively, contained no turns as

defined by our criteria. Turn frequency as calculated by

dividing the total number of turns with total air time, was

1.15 and 1.02 turns s�1 for males and females, respectively.

Using only the turns matching the stricter criteria of the

turn performance analysis yielded 0.49 and 0.6 turns s�1

which corresponds to a 22% higher turning frequency in

females.

Flight speed

In straight trajectories (those that did not include turns), the

mean 3D flight speed per track (Fig. 3) of males
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Fig. 3 Flight speed of

C. dalmanni. Frequency

distribution of vertical (a, c) and

horizontal (b, d) flight speeds

for all the turns (a, b) and for

the trajectories that did not

include turns (c, d). During

trajectories that did not include

turns (n = 237) males had

higher horizontal speed than

females (P \ 0.048). The

vertical flight speed was faster

(P \ 0.001) and flies tended to

loose height. During turns

(n = 857) horizontal flight

speed of females was faster than

males (P \ 0.021)
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(21.6 � 6.6 cm s�1) was slightly but significantly (t test,

t235 = �2.3; P \ 0.023) higher than the flight speed of

females. (19.5 � 7.7 cm s�1). A comparison of the mean

vertical flight path angle (the flight direction measured

relative to the horizontal plane) showed that females tended

towards leveled flight (�2.0� � 1.70) while males tended

to loose altitude (�10.2� � 1.26) (t235 = 3.96, P\\0.001).

When the trajectories were arbitrarily divided into leveled

(�3� \ 0 \ 3�), ascents ([3�) and descents (\�3�) based

on the vertical flight angle no differences in horizontal flight

speed between the three flight types (ANOVA,

F2,231 = 0.06, P = 0.94) or between sexes (F1,231 = 3.2,

P [ 0.075) was found. The average horizontal flight speed

in trajectories with turns (# = 9.4 � 6.2, $ = 10.7 � 5.5

cm s�1) was approximately half the speed in trajectories

without. When the average horizontal flight speed in the

straight section prior to a turn was compared with the

average speed during the turn an ANOVA (for repeated

measurements) showed that both sexes slowed down during

a turn (F1,856 = 85.4, P \\ 0.001) and females were flying

faster than males (F1,856 = 5.35, P \ 0.021). Post-hoc tests

of the interaction (F1,856 = 3.95, P \ 0.047) showed that

the speed of females prior to the turn was the highest and the

speed of males during the turn was the lowest (Tukey,

P \\ 0.001 for both cases). The mean vertical speed during

the turns (n = 857) was 0.1 � 4.7 cm s�1. It did not differ

between the sexes (t813 = �0.8, P [ 0.41) and showed a

symmetrical distribution around zero (Fig. 3).

Turn dynamics

Figure 4 shows that in both sexes turn duration increased

rapidly with turn amplitude up to a turn size of 90� and then

remained relatively unchanged at larger turns. Figure 5

shows the relationship of turn path radius and turn rate with

turn amplitude and horizontal flight speed. Using all turns

from both sexes (n = 857), turn rate was found to increase

with turn amplitude (r = 0.74, P \ 0.001) but showed a

logarithmic decrease with horizontal flight speed (r = 0.37,

P \ 0.001). Turn path radius increased with horizontal

flight speed (r = 0.94, P \ 0.001) and decreased with turn

amplitudes (r = 0.264, P \ 0.001; after log transformation).

Figure 6 shows the fine-scale time-line for turns that passed

the criteria for the turn performance analysis. For these

turns, mean turn amplitude did not differ between males and

females (P [ 0.22) and the average turn amplitude was

64� � 26.8�. Turns are typically sharp spikes in the turn rate

curve (Figs. 2, 6a). The maximum point depends on the turn

amplitude but the rapid change in turn rate occurs over a

fairly constant duration (�160 ms). Immediately following

the sharp increase in turn rate there is a sharp decrease. This

is registered as two accelerations with opposing sign in the

angular acceleration curve (Fig. 6b). The relation between

maximum turn rate and turn amplitude over a relatively

fixed turn duration results in larger accelerations for larger

turn magnitude that peak (in the order of magnitude of

104� s�2) 33 ms before and after the maximum turn rate.

sº[ etar nru
T

1-
]

0

5

10

15

20

25

30

35

40

0 30 60 90 120 150

Turn Amplitude [°]

]
m

m[ suidar htap nru
T

0

100

200

300

400

500

600

700

0 0.1 0.2 0.3

Horizontal speed  [ms-1]

sº[ etar nru
T

1-
]

Horizontal speed  [ms-1]

]
m

m[ suidar htap nru
T

0

100

200

300

400

500

600

700

800

900

0 30 60 90 120 150

Females

Males

20

40

60

80

0

100

0 0.05 0.1 0.15 0.2 0.25 0.3

a

c

b

d

Turn Amplitude [°]

Fig. 5 Mean turn rate (a, c) and

mean turn path radius (b, d) in

C. dalmanni during free flight.

The plots are shown as

averages � SE from data

(n = 857, 414 and 443 turns for

female and males, respectively)

binned over 15� of turn

amplitude (a, b) and 0.025 ms�1

of horizontal flight speed (c, d).

Turn rate increased with turn

amplitude but decreased with

horizontal flight speed. Turn

path radius increased with

horizontal flight speed but

decreased with turn amplitude at

turns [60�

J Comp Physiol A (2007) 193:1065–1079 1073

123



Turn performance

Table 2 summarizes the mean of turn parameters observed

from both sexes. During free flight (all turns observed) the

mean turn amplitude was larger in females (P \ 0.033) but

so was the mean turn duration (P \ 0.001). The mean of

turn rate and turn path radius did not differ between the

sexes. When only the turns that passed the criteria for the

turn performance test or only the upper quartile of that

turns were compared between the sexes only turn duration

differed (P \ 0.001; upper quartile P \ 0.004) with

females having slightly longer turn durations.

To specifically test whether male flies have reduced

turning capabilities compared to females, we compared

turn duration between the sexes for a given turn amplitude

and compared turn rate and turn path radius for a given turn

amplitude and horizontal flight speed in an ANCOVA. The

results are summarized in Table 3 as the adjusted means.

For a given turn magnitude, turn duration was still higher

in females than in males (P \ 0.001; upper quartile

P \ 0.026). For a given turn amplitude and horizontal

flight speed males had smaller turn path radius (P \ 0.027)

and higher turn rate (P \ 0.039) than females. When only

the upper quartile of turn rate of the data were analyzed in

the same ANCOVA turn path radius no longer differed

between the sexes (P \ 0.17) but the difference in turn rate

was persistent (P \ 0.047).

Angular accelerations of the turns reached values as

high as 5 � 104� s�2 in the turns with the highest turn rate

(Fig. 7). No difference in the first angular acceleration (a1)

was found between the sexes after correcting for turn rate

(P [ 0.26; upper quartile P \ 0.45). The second angular

acceleration (a2) was larger in males (P \ 0.02; upper

quartile P \ 0.029).

Discussion

Our analysis provides a first exploration to the aerial turning

behavior of stalk-eyed flies. The flight of C. dalmnni is slow

and sluggish, and previous studies have speculated that

longer eye-stalks result in reduced flight performance

(Swallow et al. 2000). Since modifications in head mor-

phology results in changes to the MOI but not in changes to

the mass of the head or body, we hypothesized that if eye-

stalks become a limitation to flight this will be most evident

during aerial maneuvers which include rapid rotations of the

body. When comparing the free flight turning behavior of

males and females we found that females tended to make

larger turns more frequently than males and flew faster

while turning. However, for a given turn amplitude and

flight speed both sexes performed similarly with males

slightly outperforming females. The observed differences in

turning parameters were in general very small with a large

overlap between the sexes in all the parameters tested.

Therefore the emerging overall image from this study is that

the statistical differences in turning performance are prob-

ably of minor ecological significance and males and females

perform very similarly in the range of turns tested. This

suggests that if males have any mechanical handicap

stemming from longer eye-stalks then they were capable of

compensating for it in our experiment. Such compensation

likely occurs through wing-beat kinematics and/or mor-

phological design of the flight apparatus.

Limitations of an analysis based on flight tracks

While interpreting the results of this study it is useful to

first consider its limitations and assumptions. First, our

tracking system operated at 60 Hz which implies a time

resolution of 16.7 ms between successive data points. This

means that fast events such as low amplitude turns that last

less than 50 ms (Fig. 4b) would be represented by only

three data points. To prevent this we limited our analysis to
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turns with amplitude greater than 30�. Turns with larger

amplitude involved higher turn rates (Figs. 5, 6). At turn

amplitude of 150� and turn duration of 200 ms the average

angular resolution would be 12.5� per time step. If we

assume this (�12.5�) to be the maximum error for tracking

turn amplitude, the error is in most cases higher than the

difference observed between the means of both sexes

(Table 2). Similarly the time resolution (�16.7 ms) is

roughly the same as the differences observed between the

mean of both sexes in turn duration. Therefore the small

differences we observed in turn duration are within the

error range of the tracking system and should be treated

Table 2 Mean � SD of turning parameters for male and female C. dalmanni as measured during free flight

Parameter measured $ # Significance test

All turns n = 414 n = 443

Turn duration (ms) 186 � 81.8 158 � 80.9 t855 = 5.27***

Turn amplitude (�) 54 � 31.4 49 � 36.2 t850 = 2.14*

Turn path radius (mm) 24 � 19.0 22 � 22.5 t846 = 1.10

Turn rate (deg s�1) 270 � 155.0 271 � 149.5 t855 = �0.09

Horizontal speed (cm s�1) 9.4 � 5.45 8.4 � 6.17 t852 = 2.58**

Turn performance n = 242 n = 191

Turn duration (ms) 173 � 48.1 157 � 50.0 t431 = 3.60***

Turn amplitude (�) 65 � 26.6 62 � 27.1 t431 = 1.21

Turn path radius (mm) 18.7 � 13.88 18.8 � 18.56 t431 = �0.02

Turn rate (deg s�1) 402 � 221.9 428 � 226.0 t431 = �1.20

Horizontal speed (cm s�1) 10.8 � 5.19 10.4 � 6.50 t431 =0.71

4th quartile x n = 60 n = 48

Turn duration (ms) 142 � 38.1 122 � 34.0 t106 = 2.9***

Turn amplitude (�) 92 � 33.5 86 � 33.4 t106 = 0.88

Turn path radius (mm) 6 � 3 5 � 3 t106 = 1.80

Turn rate (deg s�1) 685 � 282.6 733 � 235.3 t106 = �0.94

Horizontal speed (cm s�1) 7.3 � 3.3 6.3 � 3.0 t106 = 1.67

Uxy denotes horizontal speed x denotes turn rate

Asterisks denote significance of differences between the mean * P \ 0.05; ** P \ 0.01; *** P \ 0.001

Table 3 Adjusted mean for turn duration, turn path radius (r), turn rate (x) and angular accelerations (a1, a2) as calculated from an ANCOVA

using the specified covariates

Parameter tested $ # Covariate Significance test

Turn performance n = 242 n = 191

Duration (ms) 165.6 149.5 Amp F1,430 = 11.7***

Mean r (mm) 13.1 12.3 Amp, Uxy F1,429 = 4.95*

Mean x (deg s�1] 363.9 383.1 Amp, Uxy F1,429 = 4.28*

Mean a1 (deg s�2) 6,967.2 7,308.9 Max x F1,430 = 1.30

Mean a2 (deg s�2) 6,310 6,839 Max x F1,430 = 5.45*

4th quartile (x) n = 60 n = 48

Duration (ms) 135 119 Amp F1,105 = 5.08**

Mean r (mm) 4.5 4.0 Amp, Uxy F1,104 = 1.09

Mean x (deg s�1) 639.5 705.7 Amp, Uxy F1,104 =4.04*

Mean a1 (deg s�2) 15,148 15,014 Max x F1,105 = 0.58

Mean a2 (deg s�2) 13,589 16,765 Max x F1,105 = 4.88**

Amp is the turn amplitude, Uxy is the horizontal flight speed

Asterisks denote significant differences between the sexes * P \ 0.05; ** P \ 0.01; *** P \ 0.001
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with caution. The system is therefore adequate to describe

the low flight speed and weak turning performance of C.

dalmanni but may be inadequate to pick up small differ-

ences in turning performance between the sexes. Whether

differences smaller than 12.5� in turn amplitude and

16.7 ms in turn duration are of biological importance may

be debated. Second, the tracking system only tracked the

centroid of the fly without providing data on orientation of

the body. In the following paragraphs we discuss the

consequence of eye-span length on rotation of the body in

air and it is important to remember that flight trajectory

data is only relevant to this discussion if the fly orients its

body during the turn so that the projection of its body

length on the horizontal plane has the same angle as the

horizontal flight direction. Several fly species are capable

of sideways movements without rotating the body and this

behavior is typically associated with visually tracking

moving targets (Wagner 1986; Land and Collett 1974;

Collett and Land 1975). The assumption that the flies rotate

their body with flight direction is therefore more justified

for goal oriented flight through a stationary background

(Wagner 1986). Third, to improve the tracking accuracy of

the system and to prevent changes to flight behavior that

are due to visual perception of the background we used a

dark background in our experiments. Visual conditions

have been shown to influence flight behavior in flies that

rely on vision for flight control (e.g. Wagner 1986). Since

we were mostly concerned with mechanical rather than

sensory effects and compared turn parameters of males

against the same turns performed by females in the same

flight chamber this should not be a major limitation here.

However, while comparing our data to previous studies

(see below) we can not rule out the possibility that the flies

might behave differently in different visual settings.

Fourth, our analysis compares the flight performance dur-

ing voluntary free-flight and there is always the possibility

that the flies were not performing close to their maximum

capabilities. A limitation to flight performance would be

expected to be more pronounced closer to maximum per-

formance. Some support that the flies were close to their

maximum performance can be interpreted from the fact

that the they increased their turning path radius with flight

speed (Fig. 5d) and slowed down flight speed during the

turns (Fig. 3). This can imply that the flies were incapable

of generating a larger centripetal force while turning. To

further insure that we were measuring higher-end perfor-

mance we trimmed our data set of the total turns observed

to the upper �50% (‘‘turn performance’’) and then to the

upper quartile of that subset. Finally, our analysis is

focused on mechanical constraints that may emerge during

aerial turns from possessing long eye-stalks. Eye-stalks

length may have additional adaptive or maladaptive con-

sequences that are not directly related to flight mechanics

(e.g. increased binocular visual capabilities see Burkhardt

and de la Motte 1983, reduced spatial resolution see Bus-

chbeck and Hoy 1998). These are not discussed here.

Implication of the inter-sex differences in the MOI

Differences in the distribution of mass along the body’s

major axes can affect turning performance through
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changes to the MOI. The turns analyzed here are changes

in flight direction in the horizontal plane. If the flight

paths of the flies are any indication of their orientation in

space (i.e. the flies rotate their body to align it with the

flight direction) then the measured turn rate is an indicator

of the angular velocity and acceleration of body rotations

about a vertical axis. During slow flight the long axis of

the body is tilted at a large angle with the horizontal as in

‘‘normal hovering’’ described by Weis-Fogh (1973). Thus,

for the type of turns analyzed here, the functional axis of

rotation in the horizontal plane can be viewed as a vertical

line passing through the center of mass while the body is

pitched by an angle (v) at its flight posture (Fig. 1b, c).

Figure 8 shows how the calculated MOI of the flies for

rotation about a vertical axis changes with different values

of v. MOI is the highest for yaw, (v = 0�), and the dif-

ference between the two sexes is small in proportion to

the overall MOI of the body. MOI continues to decrease

as v increases, to the level of the MOI calculated for roll

about the body’s longitudinal axis at v = 90�. In the

process, although the difference between the sexes that is

due to lateral expansion of the eyes is maintained fairly

constant, the proportion to the total MOI of the body

increases (Fig. 8). During slow flight or hovering the body

angle of C. dalmanni, as estimated from observing the

flies in their cages, is close to 70� relative to the hori-

zontal (Fig. 1b). At this body angle the MOI of male flies

is 1.49-fold higher than the MOI of females and the

absolute difference is 2.5 � 10�12 kg m2 (Table 1). Since

our turning performance trials indicated no detectable

difference in turning dynamics between males and

females, males are expected to produce larger torques

compared to females in order to achieve the exact same

angular acceleration while rotating the body. Solely from

MOI considerations (overlooking the additional effect of

air resistant) and assuming a body angle of v = 70� the

torques required are 1.49-fold of that required by females

with the same body angle. Because air resistance adds

additional complication to this scenario, it is difficult to

estimate the exact compensation required by the males. At

body lengths (and male eye span) smaller than 9 mm and

maximal speeds of 0.3 ms�1 The Reynolds number for the

body are typically \180. Since body angle is close to

vertical, the overall change to the effective area of the

flies from having longer eye-stalks is probably small

(Fig. 1). The eyes of males would have higher tangential

speed while rotating at the same angular speed as a female

but the somewhat higher drag of male eye-stalks might be

offset to some extent by the larger abdomen of females

(Table 1; Fig. 1). Since the flies slow down considerably

during turning, drag due to eye span elongation may be a

more important consideration for flight performance dur-

ing fast straight flight.

Schilstra and van Hateren (1998) reported on head

rotations relative to the thorax in blowflies during aerial

turning. Other fly species rotate their entire body as one

unit (Land 1999). During walking, stalk-eyed flies perform

head saccades (Land and Nilsson 2002) but it is unknown if

they do the same during flight. Our morphological analysis

shows that for an assumed body angle v = 70� the differ-

ence in MOI between the sexes is mostly due to the change

in head morphology. Rotations of the head relative to the

thorax may have a slight effect on the MOI of the entire

body especially if the head is rolled relative to the thorax so

that the eye-stalks become parallel to the axis of rotation of

the body. Simple observation of the flies turning in air does

not support this idea, at least not to an extent that would be

visible by the human eye.

Flight performance

Both male and female C. dalmanni have considerably

elongated eye-stalks (Fig. 1; Table 1). By evaluating the

effect of eye-stalks on flight performance through the

comparison between the sexes we may be diminishing the

effect of eye span length on turning performance compared

to a similarly sized fly with no eye-stalks. Both sexes of

C. dalmanni displayed aerial turns that are comparable to

previously described aerial turns of other fly species (fruit

fly: Mayer et al. 1988; Tammero and Dickinson 2002a;

Bender and Dickinson 2006a; hoverfly: Collett and Land

1975; blowflies: Schilstra and van Hateren 1999; house fly:

Wagner 1986). Our findings corroborate previous reports

on an increase in turn duration with turn amplitude up to a

certain point and then a leveling of the turn duration to

roughly constant values (Fig. 4b; Mayer et al. 1988;

Schilstra and van Hateren 1999). Also, the relation between

turn rate and turn amplitude has been previously reported

in several studies (Bender and Dickinson 2006a; Schilstra

and van Hateren 1999; Mayer et al. 1988). Of particular use

in comparing the turning performance of C. dalmanni to

other flies are the studies on the aerial turns of blowflies

(Schilstra and van Hateren 1999) and fruit flies (Fry et al.

2003). These studies report on the dynamics of aerial turns

performed during free-flight. The 100 mg blowfly and

the \1.3 mg fruit fly had reported maximum turn rates

(yaw) close to 2,000 deg s�1 and peak angular accelera-

tions of approximately 105 deg s�2 for turn amplitude of

90�. For turns with a similar range of amplitude (75�–

100�), C. dalmanni with an intermediate body mass of

7 mg, reached, on average, a maximum turn rate of

860 � 296 deg s�1 and the peak angular acceleration (a1)

averaged 1.5 � 104 � 1.34 � 104 deg s�2 (Fig. 6). Turn

duration reported in the above mentioned studies was

40 ms for the fruit fly and slightly less for the blowflies.
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Table 2 shows that in the upper quartile of turn rate where

turn amplitude averaged at 86�–92� turn duration of C.

dalmanni was on average 122 and 142 ms in males and

females, respectively. Thus, although C. dalmanni dis-

played similar characteristics of turning behavior, the

turning performance of both sexes of this species was to a

great extent inferior to the turning performance observed in

blowflies and fruit flies.

Even compared to reports from other members of the

family Diopsidae, C. dalmanni emerges as a slow flyer

rarely exceeding a horizontal flight speed of 0.3 ms�1

(Fig. 3). This upper value from our experiment is close to

the average horizontal speed reported by Swallow et al.

(2000) for C. whiteii and C. quinqueguttata, which are

closely related to C. dalmann and have similar body mass.

Apart from inter-species differences, the difference in the

observed flight speeds may relate to a different visual

background (white) but also to the nature of flights ana-

lyzed. In our free flight experiments flies were flying

voluntarily and we used only relatively long trajectories

measured while the flies were airborne and maneuvering.

Swallow et al. (2000) used shorter sequences, in a smaller

volume, immediately after takeoff. Thus, it is likely that the

short trajectories in that study represent bursts of fast flight

during takeoff.

Dimorphism of the flight apparatus

The tracking system used in this study diminishes each fly

into a point mass in space so that we can not evaluate

changes in wingbeat kinematics between males and

females in this study. Therefore, a full mechanistic

explanation of how males compensate for higher MOI is

beyond the scope and capabilities of this report. However,

an interesting observation in this study is that apart from

the obvious differences in eye-stalks and the larger

abdomen of female flies (possibly due to the larger

gonads), most of the morphological differences between

the sexes can be classified as changes to the locomotion

apparatus. The wing, thorax and front legs were all bigger

in males. The front legs of male stalk-eyed flies function

in terrestrial ritual fights (Panhuis and Wilkinson 1999)

but also support and rotate the body while walking

(G. Ribak, unpublished data). The wings and the flight

muscle in the thorax power flight. It therefore seems that

the increase in eye-stalk length in male C. dalmanni

compared to females is correlated with an increase in the

magnitude of the walking and flying apparatus. Swallow

et al. (2000) reported that the thorax of males C. whitei, a

dimorphic species of stalk-eyed fly, was larger than in

females and larger than both male and female C. quin-

queguttata, a closely related monomorphic species with

short eye-stalks. Furthermore, within C. whitei, wing

length was longer in males than in females, and wing

length was longer in the dimorphic C. whitei than in the

monomorphic C. quiqueguttata. The current study further

shows that wing shape (as described by the non-dimen-

sional aspect ratio and radius of gyration) is the same in

both sexes of C. dalmanni indicating that size and not

shape is the main difference between the wings of males

and females of equal body mass.

Marden (1987) found that the proportion of flight

muscle mass to body mass correlates with maximum mass

specific lift in insects that flap their wings conventionally

(as oppose to clap-and-fling). Using thorax mass as a

proxy for flight muscle mass we can conclude that the

proportion of flight muscle in C. dalmanni is \0.4 and

0.33 in males and females, respectively (Table 1). For this

range maximum lift according to Fig. 1 in Marden (1987)

is in the order of 1.5–2.0 folds the body weight. If the

inter-sex difference in thorax mass is indicative of a lar-

ger proportion of flight muscle mass in males this would

support the idea that males can compensate and outper-

form females.

The small difference in wing length observed between

the sexes (5%, Table 1) becomes somewhat bigger when

considering total wing area (8.5%) and even bigger still

when comparing the second moment of area of the wing

(22.4%). The latter represents an estimate to the increase

in aerodynamic force associated with an increase in size

of a flapping wing. The aerodynamic force of a fixed

wing scales linearly with wing area when wing shape is

conserved. However, for a flapping wing, aerodynamic

force scales non-linearly with wing length and area

(Weis-Fogh 1973). The 22.4% difference in the second

moment of area implies that in a hypothetical scenario in

which male and female wings are flapped with exactly the

same kinematics (amplitude, frequency and orientation)

the simplest quasi-steady flow equations predict a 22.4%

increase in average aerodynamic force (Weis-Fogh 1973).

Since torque is a product of a moment arm and force,

increased wings can generate larger torques either by

producing larger forces or having a larger moment arm.

Since it is currently unknown how males and females

C. dalmanni beat their wings during aerial turning the

adaptive potential of larger wings as a compensation

mechanism for elevated MOI in males is still unclear and

warrants further investigation.
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