
Vol.:(0123456789)1 3

Journal of Comparative Physiology A (2018) 204:561–577 
https://doi.org/10.1007/s00359-018-1261-5

ORIGINAL PAPER

Role of side-slip flight in target pursuit: blue-tailed damselflies 
(Ischnura elegans) avoid body rotation while approaching a moving 
perch

Ziv Kassner1 · Gal Ribak1,2 

Received: 21 December 2017 / Revised: 8 April 2018 / Accepted: 9 April 2018 / Published online: 17 April 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Visually guided flight control requires processing changes in the visual panorama (optic-flow) resulting from self-movement 
relative to stationary objects, as well as from moving objects passing through the field of view. We studied the ability of the 
blue-tailed damselfly, Ischnura elegans, to successfully land on a perch moving unpredictably. We tracked the insects landing 
on a vertical pole moved linearly 6 cm back and forth with sinusoidal changes in velocity. When the moving perch changed 
direction at frequencies higher than 1 Hz, the damselflies engaged in manoeuvres that typically involved sideways flight, with 
minimal changes in body orientation relative to the stationary environment. We show that these flight manoeuvres attempted 
to fix the target in the centre of the field of view when flying in any direction while keeping body rotation changes about the 
yaw axis to the minimum. We propose that this pursuit strategy allows the insect to obtain reliable information on self and 
target motion relative to the stationary environment from the translational optic-flow, while minimizing interference from 
the rotational optic-flow. The ability of damselflies to fly in any direction, irrespective of body orientation, underlines the 
superb flight control of these aerial predators.
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Introduction

The seemingly trivial approach of an insect to land on a 
perching spot, such as a twig, flower or reed requires deli-
cate sensorimotor control between the visual system and the 
flight and leg muscles that regulate landing dynamics (Good-
man 1960). When the perching point is moving relative to 
the environment, as in the case of landing on another animal 
or on a flower swaying in the wind [e.g., hawkmoths (Spray-
berry and Daniel 2007), honeybees (Zhang et al. 1990)], the 
task of controlling landing becomes even more complex due 

to latencies between sensory processing and motor output 
as both insect and perch are moving at different speeds and 
directions relative to the stationary visual environment. The 
most challenging type of visual approach is likely aerial pur-
suits in which a flying insect chases another manoeuvring 
insect in the air [e.g., chasing conspecifics: flies (Land and 
Collett 1974; Collett and Land 1975), bees (van Praagh et al. 
1980); chasing prey: Odonata (Tillyard 1917), robber flies 
(Wardill et al. 2017); or chasing a host: parasitic wasps (van 
Achterberg and Durán 2011)]. Approaching such moving 
targets requires precise sensory-motor feedback on small 
spatial and temporal scales to guide the manoeuvring insect 
to the moving target. Prey items may employ direct evasive 
tactics or have a natural erratic flight pattern that aids in 
avoiding predation [e.g., flies (Golding et al. 2001; Combes 
et al. 2012), butterflies (Srygley and Chai 1990; Jantzen and 
Eisner 2008)]. In turn, the sensory-motor system of insects 
adapted to aerial pursuits, such as dragonflies and damsel-
flies, should be particularly well tuned to catching targets 
that move unpredictably.

Aerial interception of small moving targets (prey) is com-
mon in dragonflies (Olberg et al. 2000, 2007). Dragonfly 
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brains possess specific ‘target-selective’ descending neu-
rons that selectively transmit information on movement of 
small targets from the visual system and brain to the thoracic 
motor neurons that affect wing motion (Olberg et al. 2000, 
2007). These seem to operate at a closed feedback loop since 
dragonflies have been shown to update their interception 
path in response to directional changes in their prey’s flight 
trajectory (Olberg 2012). However, more recently, Mischiati 
et al. (2014) and Bomphrey et al. (2016) provided evidence 
that the neuronal control mechanisms behind chasing behav-
iour are more complex than the scenarios portrayed above; 
namely, Mischiati et al. (2014) showed that when dragonflies 
adjust the bearing angle and their body orientation in reac-
tion to changes in the speed and direction of the target, they 
rely on predictive internal models of the motion of their own 
body and head and that of the target. Such internal predic-
tive models are well known from vertebrates such as hawks 
(Kane et al. 2015) and bats (Ghose et al. 2006), but had not 
previously been described in invertebrates. In addition, the 
decision whether or not to initialize take-off after a small 
moving target seems to follow basic rules based on the tar-
get’s projection on the retina to determine if the target size 
and speed matches those of a suitable prey (Lin and Leon-
ardo 2017). While dragonflies have their flight apparatus and 
the nervous system adapted to aerial chases, their ability to 
track and land on moving perches has not been explored. 
Landing on a large stationary target involves a different neu-
ronal circuitry (Borst 2014), but the task of landing on a 
moving perch requires tracking and responding to the move-
ment of the perch. Are odonates good at landing on moving 
perches as they are at capturing small targets in the air?

The optic-flow (the change in visual information over 
time) perceived during movement can be divided into 
translational and rotational components. The translational 
optic-flow results from the linear motion relative to the sta-
tionary panorama and can be used for reliable measurement 
of the distance and speed of objects in the surroundings. 
Rotational optic-flow is derived from the rotational motion 
of the viewer relative to the stationary panorama. While it 
may provide information on changes in orientation of a fly-
ing insect, it does not contribute to measuring the distance 
and speed of objects in the visual field (Taylor and Krapp 
2008). In-fact, rotational optic-flow can interrupt the process 
of visual information integration (Gibson 1951; Koenderink 
1986; Taylor and Krapp 2008; Boeddeker and Hemmi 2010). 
Therefore, to extract flight control information mostly from 
the translational optic-flow, insects limit their rotational 
movements to short head or body saccades interspaced with 
longer periods of constant gaze direction (Collett and Land 
1975; van Hateren and Schilstra 1999; Land 1999; Tammero 
and Dickinson 2002; Ribak et al. 2009).

The extraction of credible information from the optic-
flow to aid in landing has been studied extensively by Lee 

(1976) who suggested that plummeting gannets, human driv-
ers, docking hummingbirds, and pigeons use retinal image 
size and angular velocities to measure the instantaneous time 
to collision (Lee and Reddish 1981; Lee et al. 1991, 1993) 
as a parameter aiding landing or avoiding collision. Alterna-
tively, Borst and Bahde (1986) and Borst (1990) suggested 
that spatial and temporal integration by motion detectors 
in the visual system is the mechanism eliciting the landing 
behaviour in flies. According to that theory, integration is 
being made between many variables, including the differ-
ences between images from both eyes and temporal integra-
tion between them. While the parameters measured may dif-
fer, in both theories the insect approaching a stationary target 
rely on processing temporal changes in visual information 
to indirectly estimate the distance to approaching objects. 
As the perch becomes closer to the observer, the angular 
projection subtended on the retina expands, and insects use 
this expansion rate as well as the instantaneous projected 
object size to estimate proximity to the perch and adjust their 
flight speed accordingly (Wagner 1982; Evangelista et al. 
2010; van Breugel and Dickinson 2012; Baird et al. 2013).

When the perch is moving, however, it is not enough to 
estimate the distance to it; the observer must also steer to 
adjust its trajectory to the change in position of the target. 
While quite a few studies (some are mentioned above) dealt 
with landing on a stationary perch, very few studies dealt 
with insects landing on moving ones (Zhang et al. 1990). 
Harder still, is the need to land on a perch that can abruptly 
change its direction of movement, forcing the insect to steer 
and change direction during the approach. Two alternative 
basic behavioural strategies are employed by animals for 
guidance to a moving target: the first strategy is known as 
‘tracking’, in which the pursuer reacts to the instantane-
ous position of the target by steering to minimize the angle 
between its flight path and the bearing vector to the target 
(Collett and Land 1978). Examples of such tracking behav-
iour have been demonstrated in hoverflies (Collett and Land 
1975), blowflies (Boeddeker et al. 2003), ground beetles 
(Gilbert 1997) and teleost fish (Lanchester and Mark 1975), 
to name just a few. The second guidance strategy is known 
as ‘parallel navigation’, which involves the prediction of the 
future position of the moving target (from target velocity) 
and steering to meet it at that predicted location. The abil-
ity to predict the future trajectory of the target, and inter-
cept it has a simple guidance law: in parallel navigation, the 
insect simply flies closer to the target while steering to keep 
the target at a constant bearing angle (Olberg et al. 2007). 
Unlike in tracking, this fixed bearing angle does not align the 
flight direction to the current position of the target. Rather, it 
guides the insect in the direction of the future meeting point 
between its trajectory and that of the moving target.

During predatory attacks dragonflies use parallel naviga-
tion to intercept the prey (Olberg et al. 2000; Olberg 2012) 
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as well as tracking to decide whether to chase it (Lin and 
Leonardo 2017). Given that different neuronal pathways are 
used for predatory attacks and landing, we were intrigued by 
the question how Odonates use sensory-motor feedback to 
approach perches that move unpredictably. If present, inter-
nal models might suggest some inherent ability to translate 
the dynamics of perch motion to predict where the perch 
will move next. This may be possible for simple ballistic tra-
jectories but seems unlikely when the perch changes speed 
and direction abruptly (e.g., a swinging reed). Similarly, 
applying a parallel navigation strategy while approaching 
the unpredictably moving perch would mean that the drag-
onfly would need to constantly update the future contact 
point with the perch (Ghose et al. 2006). Hence, a possible 
solution to dealing with unpredictable perch movements is 
to use tracking or fixate (Reichardt and Wenking 1969) on 
the perch, since this allows steering to a moving target based 
only on its current position, without the need to predict its 
future position. However, tracking suffers from latencies 
between sensory processing and motor response. If the perch 
is accelerating or changing direction, by the time the posi-
tion data are processed and the muscle react, the informa-
tion is outdated. Hence, it is currently unclear which insects 
can land on perches moving unpredictably and how do they 
manage to do it?

Here we examine how damselflies approach such mov-
ing perches. Members of the Odonata order exhibit superb 
flight manoeuvrability (Wakeling and Ellington 1997; Grav-
ish et al. 2015; Bomphrey et al. 2016). There has been sub-
stantial research into the ability of dragonflies to track and 
intercept their prey (Olberg 2012; Mischiati et al. 2014; Lin 
and Leonardo 2017) but their landing capabilities and behav-
iour have not been studied. The other members of Odonata, 
damselflies (Zygoptera), have rarely been studied in terms 
of either target pursuit or landing. Damselflies are aerial 
predators as well, but they have two distinct anatomical and 
physiological differences from dragonflies. First, their two 
compound eyes do not meet at the dorsal–frontal side of 
the head to form the specialized fovea that dragonflies use 
to track moving targets (Tillyard 1917; Olberg et al. 2007). 
Second, although both dragonflies and damselflies can flap 
their two pairs of wings in and out of phase (Pfau 1991), 
damselflies display a higher flexibility in their flapping kine-
matics (Wakeling and Ellington 1997) and some damselflies 
can, to some extent, alter the kinematics of the contralateral 
wings within the same pair (Pfau 1991; Grabow and Rüp-
pell 1995; Kassner et al. 2016). This increased plasticity 
in flapping kinematics could be associated with improved 
flight manoeuvrability. Damselflies are usually found in the 
dense vegetation of ponds, thus requiring flight in a much 
more cluttered and complex 3D environment (Tillyard 1917; 
Silsby 2001) compared to dragonflies, which spend most 
of their flight time over open water. These anatomical and 

ecological differences make damselflies an intriguing, yet 
unexplored, research model for studying visual tracking and 
landing in a flying insect.

We tested the ability of the blue-tailed damselfly 
(Ischnura elegans) to land on a moving perch that constantly 
changes its speed and direction, thus moving in an unpredict-
able manner. We hypothesized that if damselflies employ 
a parallel navigation strategy to steer during the landing 
approach they will constantly update their interception path 
during the approach to the manoeuvring perch. We further 
hypothesized that their ability to correct their flight path suc-
cessfully during the approach would decrease as the perch 
will move faster and change direction at higher frequencies, 
increasing the demand on the sensory-motor response. This 
higher demand might either require a change in interception 
strategy or define a limit to the target capture ability. To test 
these hypotheses, we filmed damselflies landing on mov-
ing perches using high-speed video cameras and analysed 
the approach strategy compared to approaching a stationary 
perch.

Materials and methods

Insects

Adult blue–tailed damselflies (I. elegans) were collected 
from field sites in northern and central Israel. All insects 
were brought to the laboratory and tested on the same day 
of capture. We only used females in the experiments since 
males have proven to be less cooperative when placed inside 
the flight arena (described next). A similar inter-sex behav-
ioural difference was noted previously in dragonflies (Olberg 
et al. 2007). Insects were individually introduced into the 
flight arena one at a time.

Experimental setting

The flight arena (Fig. 1a) comprised a rectangular box 
(0.39 × 0.59 × 0.49 m, H × L × W). The inner walls were 
white and coated with transparent cellulose acetate sheets 
that provided a slippery surface to prevent the insects from 
landing on them. A checkered pattern (spatial wavelength of 
7 cm) provided visual contrast on the walls (Tammero and 
Dickinson 2002; van Breugel and Dickinson 2012; Baird 
et al. 2013). The transparent glass ceiling of the arena pre-
vented the insects from escaping while enabling illumination 
and filming of the inside of the arena from above.

To stimulate landing behaviour, we used the natural ten-
dency of the insect to land on elevated perches. A vertical 
wooden pole (length 0.3 m, diameter 2.5 mm), positioned 
in the middle of the flight arena, served as the only elevated 
perching point. The pole was mounted on a chart recorder 
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(Kipp & Zonen, BD41 dual channel chart recorder) located 
beneath the floor of the arena. By connecting the chart 
recorder to a function generator (AFG-2000 series, Good 
Will instruments Co., Ltd.) we were able to move the pole in 
prescribed kinematics. When released, the insects flew to the 
pole and perched on it. When disturbed they typically flew 
inside the arena for several seconds and then returned to the 
pole. When the pole was moved, the insects readily manoeu-
vred to chase and land on it. To encourage the insects to fly 
when resting on the pole or ground we used gentle touch 
with the tip of a second wooden pole.

The perch was moved back and forth, at varying speeds, 
defined by a sinusoidal voltage signal. The oscillatory har-
monic movement pattern ensured that the position, speed 
and acceleration of the perch were all changing with time, 
thus making it impossible for the damselflies to use one of 
these instantaneous measurements to predict the future posi-
tion of the perch. However, the same perch motion repeated 
itself in each cycle within a trial. Preliminary experiments 
revealed no improvements in damselflies landing as trials 
progressed. Hence, we ruled out the option that the insects 
can learn and respond to the repetitive movement pattern. 
We designed the signals to move the perch at a constant 
amplitude of 6 cm (~ 4 wing lengths) and varied the fre-
quencies between trials to 1, 2 and 2.5 Hz (average speed 
of 0.12, 0.24 or 0.3 ms, respectively). In another experi-
ment, we designed the signal to move the perch at a larger 
amplitude (15 cm) with a frequency of 1 Hz (average speed 
of 0.3 ms−1). Finally, a control experiment was carried out 

with the perch kept motionless, representing the approach 
of damselflies to landing on stationary perch.

The frequencies used in the experiments were chosen 
based on preliminary trials that had revealed more than 
50% of failure to land when the perch was moved at fre-
quencies higher than 2.5 Hz. For simplicity, the experiments 
are referred to hereafter as ‘stationary’, ‘1’, ‘2’ and ‘2.5’ 
(with the numbers denoting target frequency) in the 6 cm 
amplitude experiments. The experiment of 15 cm movement 
at 1 Hz is referred to hereafter as 1′. Note that in experi-
ments 2.5 and 1′ the perch moved at the same average speed 
although the distance travelled and frequency were different. 
Hence the two experiments enabled us to determine which is 
the more difficult to land on: a perch that changes direction 
at higher frequency or one that moves a greater distance in 
each cycle.

Research design

Individuals were introduced into the flight arena (one at a 
time) for about an hour prior to the first trial. We verified 
prior to the trials that the damselflies were voluntarily flying 
around the arena and landing on the stationary perch. The 
frequency of the perch’s movement in each trial was deter-
mined randomly to prevent learning or fatigue from affecting 
variation between experiments. Each trial ended when the 
insect had landed on the perch. A damselfly that failed to 
land on the moving perch was replaced with another indi-
vidual. Experiments ‘stationary’, 1, 2 and 2.5 were repeated 

Fig. 1  a Illustration of the flight arena as seen from above. The perch (wooden pole) is marked by a black horizontal stripe every 2 cm to facili-
tate digitization. b Camera set-up. The arena was centred in the field of view of the three high-speed cameras
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with the same individuals. Experiment 1′ was performed 
with a different set of individuals.

High‑speed video recording and data analysis

All trials were filmed at 1000 frames per second simulta-
neously by three high-speed video cameras (Fastcam SA3, 
Photron Inc., Fig. 1b). The cameras were spatially calibrated 
(Hedrick 2008) and temporally synchronized to allow the 
extraction of 3D positions of the insect and target in each 
film frame. In total, 289 trials were filmed. From these, we 
first discarded all trials in which the insect seemed to collide 
with the perch rather than manoeuvring and landing on it 
voluntarily. Voluntary landings were defined from films that 
clearly showed a landing response [i.e., extension of legs 
towards the target prior to landing (Wagner 1982; Borst and 
Bahde 1986; Baird et al. 2015)]. This criterion left 83 films 
showing the insect approaching the perch (supplementary 
Table 1). These comprised 17, 16, 24 and 26 films from 15 
different individuals for the stationary, 1, 2 and 2.5 experi-
ments, respectively. An additional 14 films from 6 different 
individuals were analysed from the 1′ experiment.

The exact height on the pole that the damselflies were 
aiming for during the approach was unknown. Since the 
perch (vertical pole) was perpendicular to the ground (i.e., 
aligned with the z-axis, Fig. 1a) we treated the data as two-
dimensional and, unless noted otherwise, analysed the 
approach in the horizontal (XY) plane.

The initiation of approach toward the perch was identi-
fied from a distinct head turn towards the perch, followed 
by steering toward it. From that point we digitized, in each 

movie frame, three points (Fig. 2): the joint between head 
and thorax (point P1), the joint between thorax and abdo-
men (point P2) and a point on the target (point P3, the point 
that the damselfly landed on). Next, the digitized position 
data were filtered with a Butterworth low-pass filter (cut-offs 
frequency = 50 Hz) to remove digitization noise. Based on 
the three digitized points, three instantaneous vectors were 
defined in each film frame: b (body) was defined as the vec-
tor connecting points P2 and P1, t (target = perch direction) 
was defined as the vector connecting points P1 and P3, and v 
(flight direction) was defined as the instantaneous horizontal 
velocity of the insect. The latter was numerically derived 
from the change in position of P1, in the XY plane, with time, 
as described in Rayner and Aldridge (1985). The three vec-
tors were used to define two instantaneous angles (‘v2b’ and 
‘b2t’) in the XY plane (Fig. 2b). These were defined between 
the flight direction and the longitudinal body axis (v2b) and 
between the longitudinal body axis and direction to the perch 
(b2t). The change in b (Δb) during each trial was found by 
subtracting the initial body azimuth angle b(t=0) from the 
instantaneous body azimuth angle b(t) at each video frame.

The head remained fixed relative to the body during most 
of the time within a trial. However, distinct head saccades 
were occasionally observed, and their timing and frequency 
of occurrence were noted during the analysis of the films.

Statistical analysis

All statistical analyses were performed using SPSS sta-
tistics (IBM, version 21). Since the same individuals 
were tested in the stationary, 1, 2 and 2.5 experiments 

Fig. 2  a The angle v2b is defined between the flight direction and the longitudinal axis of the damselfly in the XY plane. b The angle b2t is 
defined between perch location and the longitudinal axis of the damselfly in the XY plane
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(supplementary Table 1), we accounted for repeated meas-
urement in the statistical design. Six different individuals 
were used in experiment 1′ (n = 6). In cases in which one 
individual performed more than once in an experiment we 
first averaged all trials by the same individual per experi-
ment and then carried out statistical tests using the aver-
ages. Non-parametric tests were used when normality and 
homogeneity of variance assumptions were unsupported 
by the data. Data in box plots are shown using ranges, 
medians and 2nd and 3rd quartiles rather than averages 
to reflect the asymmetric data distribution within every 
experiment.

Results

When first introduced into the flight arena, the damselflies 
seemed to be attracted to the perch almost instantly, readily 
attempting to land on it voluntarily.

Flight trajectories

When approaching a stationary perch, the insects either 
turned and flew directly towards it (6 out of 20 trials, e.g., 
Fig. 3a and supplementary Film 1) or flew sideways to bring 
the target into the centre of field of view (b2t = 0) and then 
flew towards the target (14 out of 20 trials, e.g., Fig. 3b 
and supplementary Film 2). In general, flights towards the 
perch moving at 1 Hz did not differ from flights to stationary 
perches (see below). When the perch was moving at fre-
quencies higher than 1 Hz, the trajectories of the damselflies 
became more complex, showing a distinct ‘zigzag’ pattern 
(e.g., Fig. 3c, supplementary Film 3, 4).

Angle between the body’s long axis and the perch 
(b2t)

The distribution of b2t changed between the different 
experiments (Fig. 4). The mean absolute angular position 
of the perch relative to the body tended to increase with 
the increase in moving perch frequency [Repeated meas-
ures ANOVA (RMANOVA), p < 0.001, n = 15, Fig. 4f]. Post 
hoc paired sample t tests (with Bonferroni correction for 
six comparisons, α = 0.0083) revealed that in the stationary 
perch experiment the mean absolute b2t was lower than in 
exp. 2 (p = 0.001) and in exp. 2.5 (p < 0.001). In addition, 
the mean absolute b2t in exp. 1 was lower than b2t in exp. 
2.5 (p = 0.006). There was no statistical difference in mean 
absolute b2t between exp. 1′ and exp. 2.5 (Independent sam-
ples t test, p = 0.111).

Change in body orientation (azimuth)

Changes in b2t can result from the movement of the perch 
relative to the body, as well as changes in orientation of 
the body in 3D space. Hence, next we examined the con-
tribution of the two components to the observed change 
in b2t.

The direction of the damselflies’ longitudinal body axis 
remained relatively fixed as the insect manoeuvred during 
the approach (Fig. 5). The median change in body orienta-
tion as the insect zig-zagged towards the perch was approxi-
mately 20°, with no significant differences in body azimuth 
change among the different experiments (Friedman’s test, 
p = 0.392). Figure 6 provides examples of a typical ‘chase’ 
after the perch, showing that compared to the direction of 
t that changed constantly (primarily due to motion of the 

Fig. 3  Examples of approach to the perch. The damselfly head (cir-
cles) and body (b, black thick lines) are depicted every 10 ms during 
the approach. Also shown are the instantaneous vectors t (thin grey 
lines). a Direct approach to a stationary perch. b Indirect approach to 
a stationary perch. c Approach to a perch changing direction at 2 Hz
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perch sideways) the direction of b showed only moderate, 
saccadic changes.

Head saccades

Gaze shifts performed by discrete rapid head rotations 
(saccades) were not observed during the approach to the 
stationary perch or in exp. 1. They did occur, at low fre-
quency, in all other experiments (Fig. 7). The instantane-
ous b2t angle in the film frame, showing initiation of head 

movement, was on average 37° ± 8.1°, 43° ± 21.1° and 
41° ± 8.6° in the 2, 2.5 and 1′ experiments, respectively 
(data from n = 6 individuals in each experiment). The 
angles did not differ between exp. 2 and exp. 2.5 (Paired 
samples t test, n = 6, p = 0.353), nor between exp. 2.5 and 
1′ (independent samples t test, n = 6, p = 0.823, Fig. 7a). 
The number of saccades per second did vary between exps. 
1′ and 2.5, with damselflies making more saccades per 
second in the 1′ experiment (independent samples t test, 
n = 6, p = 0.009, Fig. 7b).

Fig. 4  Distribution of b2t angles 
in the stationary experiment (a) 
and experiments 1, 2, 2.5 and 1′ 
(b–e, respectively). Each shows 
the frequency of occurrence 
(colour code) of b2t angles 
(horizontal axes) for each of the 
insects (vertical axes). f Median 
b2t in the different experi-
ments. Upper and lower error 
bars represent the maximum 
and minimum observed and the 
boxes’ lower and upper bounda-
ries represent the first and third 
quartiles. Horizontal lines 
within the boxes are the median. 
Capital letters a–c denote signif-
icance levels by paired samples 
t test (post hoc to RMANOVA) 
after Bonferroni correction. 
Differences between experiment 
2.5 and 1′ are not statistically 
significant (NS)
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Angle between flight direction and body axis (v2b)

The insects adjusted their flight direction to keep the 
moving perch close to the centre of the visual field. 
As the perch moved faster and at higher frequencies, 
the mean angle of flight direction relative to the body 
(v2b) increased (RMANOVA, p < 0.001, n = 15, Fig. 8f) 
reaching 90° in some cases (Fig. 9c-e). Post hoc paired 

samples t tests (with Bonferroni correction, α = 0.0083) 
revealed that the direction in which the damselflies flew 
with respect to the direction of the longitudinal body 
axis did not significantly differ between the stationary 
exp. and exp. 1 (p = 0.062). The angle v2b in the sta-
tionary exp. and exp. 1 was smaller from the angle in 
exp. 2 and 2.5 (stationary vs. exp. 2: p = 0.001; exp. 1 
vs. exp. 2: p = 0.008) but the angle did not significantly 

Fig. 5  Change in the azimuth 
angle of b ( �b) in the different 
experiments. a–e The stationary 
experiment and experiments, 1, 
2, 2.5 and 1′, respectively. Each 
shows the frequency of occur-
rence (colour code) of �b angles 
(horizontal axes) for each of the 
insects (vertical axes). f Median 
�b in the different experiments 
(boxes and error bars represen-
tation are the same as in Fig. 4). 
No significant differences 
were found among the various 
experiments
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differ between exp. 2.5 and 1′ (independent samples t 
test, p = 0.1, Fig. 8f). Damselflies flew sideways (60° 
< v2b < 120° consistently for at least 150 ms) in an 

average speed of 0.19 ± 0.04 ms−1 (n = 9 damselflies) and 
0.25 ± 0.04 ms−1 (n = 5 damselflies) in exps. 2.5 and 1′, 
respectively.

Fig. 6  Examples of changes in angle b2t and direction of b and t in 
time during a chase. Left vertical axes represent the angles and right 
vertical axes represent the perch’s position along the line of motion. 
Each asterisk indicates an event of a head saccade. a Stationary 
experiment—all components remain relatively constant. b Experi-

ment 1. c Experiment 2. d, e Experiments 2.5 and 1′, respectively. 
Note that the periodic changes in b are modest compared to changes 
in t and position of the perch. In c–e head saccades are visibly associ-
ated with changes in the direction of vector b. f the definition of b2t 
and colour code in a–e 

Fig. 7  Saccades during pursuit in experiments 2, 2.5 and 1′ (n = 6). a 
Absolute b2t angle at which the damselflies made a saccade. No sig-
nificant differences were found among all experiments (boxplot defi-

nitions are as in Fig. 4). b Mean number of saccades per second in 
experiments 2, 2.5 and 1′. Saccade frequency was significantly higher 
in experiment 1′ than in experiments 2 and 2.5. Whiskers denote SE



570 Journal of Comparative Physiology A (2018) 204:561–577

1 3

The angle between flight direction and body 
axis versus the angle between body’s long axis 
and the perch

Since both the mean b2t and v2b varied between experi-
ments, and changes in b2t were mostly due to motion of the 
perch, we examined the association between b2t and v2b. 
The b2t angle was significantly correlated with v2b only 
in exp. 2 (Spearman rank coefficient r = 0.671, p < 0.001, 

Fig. 10c). Next, we examined within all the experiments 
how the frequency of the moving perch and b2t affect v2b. 
For this, we tested the data from all experiments in a General 
Linear Model (GLM) with b2t serving as a covariate. Both 
the frequency of the moving perch (p = 0.005) and the b2t 
angle (p = 0.008) were found to be significant in affecting the 
v2b angle (Fig. 10f). Data from all experiments were best 
fitted by a power relationship (y = 8.426 × 0.619, R2 = 0.489, 
p < 0.001) denoting an increase in sideways flight (v2b) with 

Fig. 8  Change in v2b in the 
different experiments. a–e are 
experiments stationary, 1, 2, 2.5 
and 1′, respectively. Each shows 
the frequency of occurrence 
(colour code) of v2b angles 
(horizontal axes) for each of the 
insects (vertical axes). f Median 
v2b in the different experiments 
(box and error bar representa-
tions are as in Fig. 4). The 
v2b angle increased with the 
increase in target frequency
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increase in b2t (the angle between the longitudinal axis of 
the body and direction to the perch).

Change in altitude in the moment before landing

While our analysis was limited to steering in the two-dimen-
sional (horizontal) plane, we did measure the approach in the 
vertical plane to examine if damselflies prefer to approach 
for a landing from below or from above. We found that the 
damselflies kept their altitude fairly constant during the last 
300 ms (approximately ten flapping cycles) prior to landing. 
Some approaches lasted less than 300 ms. In these cases, we 
measured the altitude change during the entire approach. 
Positive values of altitude change correspond to the dam-
selfly gaining altitude during the approach. We found no 
distinct preference for approaching the landing point from 
below (supplementary Fig. 1). The mean change in altitude 
was 0.4 ± 0.8, 0.2 ± 0.7, 0.2 ± 0.8, 0.3 ± 0.4 cm in the station-
ary exp. and exps. 1, 2 and 2.5, respectively. There were no 
significant differences in altitude gain between the experi-
ments (RMANOVA, n = 15, p = 0.84). There were also no 
differences in altitude adjustment between exp. 2.5 and 1′ 

(0.3 ± 0.4 cm, n = 15 and 0.2 ± 1.1 cm, n = 6, respectively, 
independent samples t test, p = 0.69).

Discussion

Our damselflies responded to the moving perch almost 
instantly and seemed more attracted to the perch when it was 
moving compared to when it was stationary. This observa-
tion adds to previous studies on dragonflies (Olberg 1981; 
Olberg et al. 2005; Nordström et al. 2011; Combes et al. 
2013) reporting voluntary chasing after small moving tar-
gets. A similar attraction to moving targets was also reported 
in blowflies (Boeddeker et al. 2003), houseflies (Land and 
Collett 1974), hawkmoths (Sprayberry and Daniel 2007) 
and honeybees (Zhang et al. 1990). Hence the motivation 
to chase moving objects seems ubiquitous in flying insects, 
and at least in our damselflies includes chasing large objects 
for perching.

To approach the moving perch, our tested damselflies 
constantly updated their flight trajectory, based on move-
ment of the perch as perceived from their instantaneous 

Fig. 9  Examples of changes in angle v2b (purple) and direction of b 
(blue) and v (green) in time during a chase (axes definitions are as in 
Fig. 6). Each asterisk indicates an event of a head saccade. a Station-

ary experiment—b remains relatively constant while v changes (see 
exemplary trajectory in Fig. 3b). b Experiment 1. c–e Experiments 2, 
2.5 and 1′, respectively. f The definition of v2b and colour code in a–e 
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location. Although the perch moved repeatedly, replicat-
ing the motion pattern in every cycle, there was no evi-
dence of the damselflies improving their landing success 
or anticipating perch direction change as the experiment 
proceeded. Thus, we consider the movement pattern of 

the perch, with time-varying velocity and acceleration, 
to appear unpredictable to our insects. Nevertheless, to 
eliminate the options of learning and chronological biases 
we changed the order of the experiments randomly within 
each individual.

Fig. 10  Relationship between 
b2t and v2b in the stationary 
experiment and experiments 
1, 2, 2.5 and 1′ (a–e, respec-
tively). Each symbol denotes 
the average of one insect. A 
significant correlation was only 
found between b2t and v2b in 
experiment 2 (c). f Data from 
all experiments show a signifi-
cant correlation between both 
above-noted angles. Each colour 
represents a different experi-
ment (see legend)
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Changes in the body‑perch and body‑flight 
direction angles

Within each back and forth movement cycle, the perch con-
stantly changed velocity and acceleration with time. This 
resulted in changes in the flight trajectory of the insect which 
attempted to bring the perch into the centre of the field of 
view (b2t = 0°) and keep it there. This was executed with 
minimal changes in body orientation (azimuth angle of b) 
relative to the surrounding panorama. Consequently, flight 
direction changed independently of the orientation of the 
insect. When the perch moved faster and changed direction 
more frequently it tended to deviate from the centre of the 
field of view of the insect (b2t ≠ 0°). In response, the insect 
either (1) flew sideways in the direction of the perch’s move-
ment, or (2) performed a head saccade when the angle to 
the perch (b2t) deviated approximately ± 40° (Fig. 7a) from 
zero. Thus, the basic guidance law, as evident from our 
experiments, is relatively simple. The insect steers accord-
ing to the current angular position of the perch, and changes 
flight direction to minimize the angle b2t. However, steering 
to change flight direction is performed with minimal changes 
in body orientation: i.e., minimization of b2t is achieved by 
changing the flight direction (vector v) rather than changing 
the orientation of the long axis of the body (b). As a result, 
v2b is the main time-varying parameter. The association 
between b2t and v2b in the different experiments suggests 
that the more the perch deviates from the centre of the field 
of view of the damselfly, the higher the likelihood of side-
ways flight. This is true up to when the damselfly reaches a 
point at which it flies sideways, i.e., a further increase in v2b 
would cause it to fly backwards (Fig. 9c–e). After correct-
ing flight direction to regain b2t = 0° the damselflies moved 
towards the perch with the vectors v, b and t aligned.

Steering strategies in response to perch movement

In the classical description of object fixation and animal 
chases, ‘tracking’ typically refers to steering to minimize 
the angle between flight direction (v) and the current target 
direction (t). This resembles the landing strategy observed 
here. However, in most previous studies flight direction is 
assumed to be coupled with body orientation so that steering 
typically involved torques and rotating the body (b) to face 
the new flight direction; i.e., a condition in which both v2b 
and b2t are minimized throughout the entire chase. This was 
not the case here, except for the final section of the approach, 
after b2t had reached 0°.

Some insects, such as dragonflies (Olberg et al. 2000; 
Olberg 2012; Mischiati et al. 2014) and hoverflies (Collett 
and Land 1978), are known to use parallel navigation when 
chasing other insects in the air. In the classical description 
of parallel navigation, the intercepting insect steers to keep 

the target at a fixed direction in its field of view (90° > 
b2t > 0° and constant). This was not the case seen in the 
landing response of our damselflies. Rather, it appears that 
damselflies both keep their body direction constant, together 
with keeping the perch at the centre of their field of view by 
constantly changing their flight path.

Hence, when landing on a stationary or an unpredictably 
moving perch our damselflies took a somewhat intermediate 
approach: they fixed their body orientation in space while 
moving sideways to move the position of the perch on their 
retina to the centre of their field of view. Consequently, the 
approach to a stationary perch was not necessarily via the 
shortest path (Fig. 3b). Both the approach to a stationary 
perch and the approach towards a moving perch involved 
some flying sideways, with the damselflies more prone to fly 
sideways (i.e., v2b angle was closer to 90°, Fig. 8f) when the 
frequency of the perch’s direction change, increased.

Side‑slip flight during the approach

Damselflies appear to be able to completely separate 
between their heading and flight direction, so that flight 
trajectory adjustments to minimize the angle between the 
longitudinal axis and line of sight to the perch in the hori-
zontal plane can be performed without changing body yaw. 
Sideways flight has been reported previously in dragonflies 
as a by-product of a fast yaw turn (Alexander 1986). It has 
also been noted in other insects, such as hawkmoths (Spray-
berry and Daniel 2007; Greeter and Hedrick 2016), honey 
bees (Zhang et al. 1990) and flies (Land and Collett 1974; 
van Breugel and Dickinson 2012) in connection to low flight 
speed or as a result of inertial force caused by turning. In our 
study, sideways flight seems to be a part of the strategy of 
approaching moving perches. Not only did the damselflies 
exhibit sideway flight while chasing a perch moving at high-
speed, but they also did so more frequently when the perch 
changed direction at higher frequencies.

Previous studies on hawkmoths (Sprayberry and Daniel 
2007; Greeter and Hedrick 2016) and honey bees (Zhang 
et al. 1990) used an artificial stimulus that moved sideways 
to study the tracking behaviour of those insects. It was found 
that the hawkmoth Manduca sexta could fly sideways to 
track artificial flowers that were moved at an average speed 
of 0.06 ms−1 (Sprayberry and Daniel 2007). The lateral 
movement of M. sexta was analysed by Greeter and Hedrick 
(2016) and it was found that they do so by rolling their body, 
thus tilting their net force vector to have a sideways compo-
nent. Honeybees could track a landing spot that was moved 
sideways at a maximum speed of approximately 0.3 ms−1 
(Zhang et al. 1990). In that study, it was shown that bees also 
use translational manoeuvres, i.e., flying sideways, in addi-
tion to rotating about the yaw axis when getting closer than 
ca. 15 cm from the target. A study on robber flies (Wardill 
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et al. 2017) found that, in the final part of their interception 
course, some flies flew backwards to keep a small moving 
target at an anterior point on their visual field while fly-
ing in a trajectory that was tangential to that of the prey. 
Hence, reports on sideways and even backwards flight in 
other insects seem to be associated with the insect tracking 
a moving object.

Possible reasons for the observed side‑slip flight

Our present results clearly show that damselflies manoeuvre 
and fly sideways to land on a moving perch with minimal 
changes in body yaw. However, it is not clear why they do 
so as oppose to simply turning towards their desired land-
ing spot and manoeuvring towards it. This question is par-
ticularly intriguing because damselflies often employed the 
same strategy when flying to stationary perch. Why do they 
not fly to the stationary perch by the shortest route? First, 
we ruled out the option that the complex trajectories were 
inherent behavioural movement patterns aimed at achiev-
ing motion camouflage while tracking moving objects. In 
motion camouflage, the pursuer moves relative to the target 
in a way that would make it appear as a stationary object 
from the target’s perspective (Srinivasan and Davey 1995; 
Mizutani et al. 2003). Using this approach, a damselfly that 
tracks its prey or conspecific may minimize the risk of being 
discovered. This behavioural strategy has been observed in 
hoverflies (Collett and Land 1975) and dragonflies (Mizutani 
et al. 2003) with respect to chasing conspecifics. In order 
for the damselflies to camouflage their motion from the 
moving perch, their instantaneous t vectors (t(t), connecting 
their head and the perch) should intersect at a small area 
so that their image would remain stationary on the target’s 
retina (Srinivasan and Davey 1995). We therefore examined 
whether subsequent instantaneous range vectors intersected 
at a location no greater than 0.5 m from the target (in the 
direction of the pursuer). If they indeed intersected, we 
measured whether the next intersection point was located 
no more than 3 mm (in any direction) from the current 
intersection point. Our data revealed no elements of motion 
camouflage in exp. 1. In the remaining exps. we found that 
5 out of 28 trials (17.8%) in exp. 2, 3 out of 31 trials in exp. 
2.5 (9.6%) and 5 out of 14 trials (35.7%) in exp. 1′ had brief 
periods in the approach that according to the criteria above, 
could be qualified as motion camouflage. These brief seg-
ments of the pursuit were nonetheless very short and seemed 
to be the exception rather than the normal behaviour. Hence, 
we do not consider motion camouflage to be the cause of the 
observed behaviour.

Another option is that keeping body yaw constant 
improves controllability during landing by locking one 
parameter to limit the number of degrees of freedom needed 
to be controlled. However, this idea does not explain why 

sideways translation is more easily controlled compared to 
body yaw. We propose that favouring translation over rota-
tion can be explained as an attempt to visually estimate dis-
tances from the perch and walls while minimizing rotational 
optic-flow from the surrounding panorama. By avoiding yaw 
turns, the damselfly can see the perch as well as the station-
ary elements of the visual panorama and acquire information 
both on self-movement relative to the environment and on 
the movement of the perch. This notion is demonstrated in 
Fig. 11 as two hypothetical examples of a damselfly mov-
ing next to a wall with a visual pattern. When the damsel-
fly is moving sideways without changing the orientation 
of the body (Fig. 11a), the different landmarks on the wall 
and perch provide a pattern of retinal angular velocities 
(Fig. 11c) that can be used to estimate the distance to each 
landmark as well as the motion of the insect relative to the 
wall. If the damselfly instead rotates its body to follow the 
perch (Fig. 11b), all landmarks on the background will have 
the same angular velocities (Fig. 11d). In both cases the 
insect keeps the perch at the centre of its visual field while 
it moves. Keeping the perch at the centre of the visual field 
provides a simple steering law by which to control flight tra-
jectory. It also facilitates estimating the speed and distance 
from the perch based on its expansion on the retina. Finally, 
linear motion (Fig. 11a) would facilitate observing the perch 
movement relative to the background, thus helping to sepa-
rate the speed and distance of the perch from the panorama 
in the background. Therefore, side-slip flight employed to 
derive optic-flow from pure translation while approaching a 
moving perch can help the insect to navigate inside a clut-
tered environment with stationary objects, while minimizing 
interference from rotational optic-flow.

Head saccade during the approach

Insects can acquire new objects that enter their field of view 
or slip from a desired location on the field of view by mak-
ing gaze shifts using fast head or body saccades (Collett and 
Land 1975). Such fast orientation changes enable them to 
fix the object within a certain anatomical region of the eye, 
the fovea. Head saccades avoid the need to change body 
orientation and minimize the visual input derived from 
rotational optic-flow by shortening the duration of image 
blur during gaze shifts (Collett and Land 1975; van Hateren 
and Schilstra 1999; Land 1999; Tammero and Dickinson 
2002; Ribak et al. 2009). Our damselflies made more head 
saccades in exp. 1′ than in any other experiment. In that 
experiment the perch moved a greater distance per cycle, 
but the average speed of the perch was the same as in exp. 
2.5 and it changed direction less frequently. Damselflies 
extended their legs to land on the perch when they were 
about 4 cm from it (mean = 3.9 ± 0.61 cm for all exps. except 
exp. 1′; 4.1 ± 1.86 cm in exp. 1′). From these distances, the 
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amplitude of the target’s motion (6 and 15 cm) results in a 
subtended angle of 73° and 124°, respectively. We found 
that damselflies performed head saccades when the perch 
reached ~ 40° from the centre of their field of view. Hence, 
it seems that objects that move greater distances in a cycle 
(exp. 1′) posed a bigger challenge for the sensory-motor sys-
tem, resulting in a higher likelihood of the perch reaching a 
higher b2t angle and thus leading to the damselflies making 
more frequent head saccades.

The fovea of dragonflies is anatomically associated with 
the area where the two compound eyes meet on the head and 
it is focused on a dorsal area of the visual field (Sherk 1978). 
Studies have shown that during predatory attacks dragon-
flies approach their prey from below (Corbet 1962; Olberg 
et al. 2005, 2007; Mischiati et al. 2014; Lin and Leonardo 
2017). The compound eyes of damselflies are completely 
separated. Hence, it is not clear if these insects have a similar 

fovea. In our experiments, the mean change in altitude in 
the last ten wing beats indicated on a mean altitude gain 
of 0.3 ± 0.09 cm (mean of all the different experiments). 
However, there did not seem to be a very distinct preference 
for approaching the landing point from below (supplemen-
tary Fig. 1). The difference in approach behaviour between 
damselflies and dragonflies may result from the differences 
in eye anatomy or from the method of tracking a perch as 
opposed to a small target (prey). It would be interesting to 
correlate the differences in eye anatomy between damselflies 
and dragonflies with their landing behaviour.

Foraging in the natural habitat of damselflies (within the 
vegetation of wetlands) probably requires not only superb 
manoeuvring skills, but also complex visual information 
processing to allow collision free flight and tracking preda-
tors and prey within a complex (cluttered) and sometimes 
dynamic (moving) 3D visual environment. By keeping 

Fig. 11  Sideways pursuit (a) vs. yaw rotation pursuit (b). Black sil-
houettes denote the initial position of the damselfly. Blue silhouettes 
denote damselfly position after movement. Note that in both cases 
the target is fixed in the centre of the field of view and moves at the 
same magnitude. c Angular velocity of the background perceived by 
the damselfly. Every line denotes a different arbitrary point on the 

background seen by the damselfly while flying sideways. The angular 
velocity of the background on the retina is higher in the middle of 
the field of view compared to the periphery. As the damselfly rotates 
(b), the angular velocity of the background remains constant and all 
points appear to have the same angular velocity
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their orientation relative to the visual panorama constant 
while trying to land on a moving perch, damselflies may be 
attempting to alleviate the task of extracting visual informa-
tion from their environment. The acrobatic ability to land on 
a perch oscillating at 2.5 Hz, and amplitudes > 18 folds the 
body width, underline the superb flight control and manoeu-
vrability of these remarkable insects.
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