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Eristalis nemorum (L.) males display a characteristic hovering behaviour
above females feeding on a flower. A male may hover at 1-2 cm above
a female for minutes. Even when the flower is oscillating vigorously
the male is able to follow the female. This characteristic behaviour has
been filmed in the natural habitat. Parts of these films have been
analysed frame by frame. The accuracy with which a male is following
the horizontal position of a female is better than 1 mm. The male may
follow a female on an oscillating flower with a small delay of ca. 20 ms.
A conceptual model is proposed for this following behaviour. A wob-
bling movement with small amplitude and a frequency near 7 Hz gen-
erally occurs. When two males are following one female the wobbling
oscillations may be correlated.
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Some insect species are capable of accurate manoeuvres in catching prey or feed-
ing. Chasing and pursuit of insects have been quantitatively described by many
authors. An early example is the work on chasing by Fannia canicularis males
(Land & Collett 1974). More recently the tracking strategy of the blowfly Lucilia
spec. has been studied (Boeddeker & Egelhaaf 2005). The hovering of the hawk
moth Macroglossum stellatarum while feeding has been studied (Farina et al. 1994),
and recently the hawk moth, Manduca sexta, has been studied extensively
(Sprayberry & Daniel 2007).

In this paper a quantitative characterization of the hovering of a male hover-
fly Eristalis nemorum (L.) is given (Fig. 1). Eristalis nemorum males show a charac-
teristic hovering behaviour above females feeding on a flower (Stubbs & Falk
1983, Iliff 2003, Reemer et al. 2009). A male may hover 1-2 cm above a female for
minutes. The female may move over a flower and rotate, the male mostly hov-
ers steadily with the axis of the body remaining approximately in the same
direction. This hovering behaviour may be observed in windy conditions when
the female is feeding on an oscillating flower. The ability of the male in control-
ling its position above the female in these circumstances is very impressive. This
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characteristic behaviour has been filmed in the natural habitat. Parts of these
films have been analysed frame by frame. A detailed description of the tracking
of a female by a male is given here for the horizontal direction as a first step in
understanding the behaviour. The description is inspired by technical position
control systems, a common topic of books on control systems (Dorf 1992). In
addition to experimental results also a conceptual model will be discussed.

MATERIALS AND METHODS
The hovering flies have been filmed near Sint-Michielsgestel, The Netherlands,
from April until August 2009. The behaviour is very characteristic, therefore the
flies have not been kept for further identification. The hand-held camera, a
Casio EX-F1, has been used to film in High Density (HD) with 30 frames/s and
in a High Speed mode (HS) with 300 frames/s. Parts of the film with much
movement along the line of sight have been discarded. The films have been
analysed in small sequences of a few seconds, called tracks, using the ‘Tracker’
video analysis and modelling tool (see http://www.cabrillo.edu/%7Edbrown/
tracker/index.html). Tracks are coded by the date and time of recording plus a
code for a specific track of the film. For example, track 090831_1656_A10 is track
A10 from the film recorded August 31 2009 at 16:56 hours. The code 10 indicates
that the film is made with HS (300 frames/s) and in ‘Tracker’ 1 out of 10 frames
have been used, so the effective frame rate is 30 frames/s. The unit of distance
is chosen to be the length of the female, approx. 1 cm. The analysis in this paper
is using relative distances, transformation from units to cm is therefore not nec-
essary in estimating delay and gain.

The accuracy of position control of male E. nemorum is better than 0.1 unit,
therefore it will be necessary to measure the position of male and female with an
accuracy of ca. 0.02 units. Only the position of one clearly recognizable point of
the male has been measured, i.e., the centre of the face or the tip of the abdomen.
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Figure 1. A male Eristalis nemorum hovering above a female.



Because the males do not rotate, different points only differ in a constant offset.
The female may rotate, therefore for the female always two points have been
chosen, e.g., the centre of the ocelli and the scutellum. In ‘Tracker’ the mean
between ocelli and scutellum has been calculated, the so-called ‘thorax’ point.
The optical axis of the camera may not have been completely horizontal, point-
ing eventually some 10-20 degrees below the horizon leading to a contraction in
the vertical direction of a few percent. It has not been attempted to correct for
this contraction. Calculations were performed with Matlab.

EXPERIMENTAL RESULTS
In the field, far from external sources of noise, the hovering males E. nemorum
are apparent by the emission of a characteristic humming sound of approx. 280
Hz, the frequency of the wing beat. A hovering male may do so for minutes, but
at regular intervals the male is making contact with the female with its legs, per-
haps to check whether the female is of the right species. A real copulation does
not occur in these circumstances. Sometimes the male is hovering above anoth-
er male, in this case the hovering male will leave after contact.

Sometimes two males are hovering above one female, one male above the
other. However the males may change position. It is even possible that four
males are hovering above one female (Reemer et al. 2009).

The fixation point
A male hovering above a female should be able to detect the position of the
female accurately. The question remains at which point of the female the male
is looking to stabilize its position. This point will be called the fixation point
here. Information about the fixation point may be obtained from tracks with a
rotating female. An example is given in Fig. 2.

In Fig. 2 the female is rotating between time 1.2 and 2.2 (s). The horizontal
distance from the male head (face) is given for the female scutellum and for the
female head (ocelli). In both cases the distance from the male head is changing
with time, although in different directions. The fixation point is the point of the
female which does not show this dependence on the female rotation. The bold
(red) lines in Fig. 2a and b have been calculated from the mean position before
and after the rotation of the female; in this case the fixation point is situated
between the female’s head and scutellum. The difference between the measure-
ments and the bold line when the female is not rotating (time<1.2 and time>2.2)
is the combined uncertainty of the position control of the male and the accura-
cy of the experimental method. The uncertainty is 0.1 unit. The estimated fixa-
tion points for some tracks are given in Fig. 3 (more information is available at
http//www.insect-behavior.nl). The fixation points are more or less evenly dis-
tributed with most points on the thorax. Figure 3 is based on various films and
probably different individuals, so there may be individual preferences.
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Hovering with female on an oscillating flower
In windy conditions a male may hover above a female sitting on an oscillating
flower. Oscillations with frequency between 1 and 2 Hz have been measured in
this way. As an example, in film 090831_1656 the hovering behaviour has been
filmed for 14 s. Track 090831_1656_A10 of this film will be used as an example for
the analysis. The results for movement in the horizontal direction, to be called
the x-direction, are given in Fig. 4. The frequency of the oscillation is approx. 1.7
Hz, the amplitude approx. 1.5 units. The Fast Fourier transform of the signals
shows a maximum for 1.7 Hz. The vertical distance is between 0.7 to 2.2 units.
The relation between horizontal and vertical movement remains to be investi-
gated. In this paper the horizontal movement is discussed. The male is follow-
ing the female in the horizontal direction with a delay of approx. 45 ms.

A more accurate value for the delay has been calculated by using the normal-
ized cross correlation function for the male and female position following the
work on M. sexta (Sprayberry & Daniel 2007). Proakis & Manolakis’s (2007)
algorithm for calculating the normalized cross correlation has been implement-
ed in Matlab. Some pre-processing is necessary. To get rid of the offset, the sig-
nals have been filtered by a band-pass filter with a pass-band from 0.5 to 14.5 Hz.
The time between frames is 1/30 s. Therefore, interpolation of the filtered sig-
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Figure 2. Information about the fixation point of the male in track 090704_1504A_B10
(see text). The distance given is the distance, in the horizontal direction, with the head
of the male as the centre of coordinates. Bold (red) lines are calculated from the mean
of the first and last part of the signal.

Figure 3. The fixation points.



nals is necessary to obtain an accuracy of 1 ms. To this end the filtered signals
have been up-sampled from 30 to 1000 Hz (Proakis & Manolakis 2007). The
underlying assumption in the up-sampling algorithm is that the real continuous
signal does not contain frequencies above the Nyquist frequency, which is 15 Hz
for films with 30 frames/s. This assumption has been verified with measure-
ments on HS films. Part of the cross-correlation function is given in Fig. 5.

The maximum of the normalized cross-correlation function is 0.986 with a
delay of 48 ms. For this track the amplitude of oscillation of the male is slightly
larger than the amplitude of oscillation of the female, quantitatively the ampli-
tude of the male is 1.27× the amplitude of the female. This ratio is called the gain.
The maximum normalized correlation of 0.986 is near the theoretical maximum
of 1 and implies that the form of the male position signal is very near the form
of the female signal. For a control system it is expected that delay and gain are
functions of frequency. Therefore, for the identification of the parameters of the
model, the pass-band of the filter has been narrowed to the range 1.0-3.0 Hz. In
this case the delay is 47 ms and the gain 1.234. For a few other tracks gain and
delay have been calculated in the same way. The results for the delay vary
between 0 and 48 ms. A delay of 0 ms suggests that the male is somehow pre-
dicting the movement of the female. This is a topic of further research.

Wobbling
When the female is not moving too much the hovering male is performing a
rolling oscillation about the body axis combined with a horizontal oscillation
perpendicular to the body axis. This movement is called wobbling. The frequen-
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Figure 4. Track 090831_1656_
A10: male and female horizon-
tal position.

Figure 5. Part of the normal-
ized cross-correlation function
between the male and female
signal of Fig. 4.



cy of this oscillation is between 5 and 9 Hz. This kind of oscillatory movement
has also been found in Syritta pipiens (Collett & Land 1975). For E. nemorum males
the frequency is largely held constant during a film. The amplitude of the hori-
zontal movement is approx. 0.1 cm perpendicular to the body axis. During wob-
bling, the stripe on the head of the male remains vertical, while the body is rotat-
ing. This is in accordance with the results for the blowfly Calliphora vicina, but
differs from the preliminary results for Eristalis tenax (Schilstra 1999). Wobbling
may be interpreted as a kind of peering behaviour (Srinivasan et al. 1999) and
may function in estimating the vertical distance above the female.

Two males and one female
It is not uncommon that two males are hovering above one female for a while.
Mostly one male, to be called Male2, is hovering above the other (Male1) and
sometimes they change roles. While changing position the males may hover at
the same height, but this situation will not last much longer than 1 s. The situa-
tion with one male above the other lasts much longer. Male2 may follow the
female, but he may also follow Male1. On one occasion (18 s of film 090819_1618)
it has been possible to gain insight in this relation by analyzing the wobbling
movement of the males. In the first part of the film no clear relation between
wobbling movements exists. In the last part the wobbling movement of Male2
is exactly in antiphase with the wobbling movement of Male1. The maximum
cross-correlation between Male2 and Male1 increases with time from 0.29 to 0.94
(Fig. 6). Male2 wobbles with constant amplitude from the beginning to the end
of the film. The wobbling movement of Male1 increases in amplitude during the
film. The explanation is that Male1 follows Male2 in the last part of the film.
Probably Male1 is following the female in the first part of the film.

THE CONCEPTUAL MODEL
The excellent following behaviour of E. nemorum males suggests an innate fast
and accurate servo control system. The complete system is very complex,
involving eyes, neurons in different layers and motor control of the wings. But
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Figure 6. Maximum cross-cor-
relation between Male2 and
Male1 (film 090819_1618).



a largely simplified model may be of use to gain insight and to relate to the
experiments. A similar approach has been used in the literature in modelling the
behaviour of free-flying male flies tracking females or other males (Land &
Collett 1974, Collett & Land 1975, Land 1993, Boeddeker & Egelhaaf 2005).

First, the geometry of the hovering male is defined (Fig. 7). It is assumed that
the male is looking at a particular fixation point of the female. The angle θe is
the angle between the direction from the eye of the male to the fixation point
and the stripe of the male face. While hovering, the stripe at the face of the male
is nearly vertical, the angle between the stripe and the vertical is called μ. The
angle of the wings with a horizontal plane is called ϕ. The distance between male
and female is called r. The horizontal position of female and male are xF and xM,
respectively.

The model given here is meant to be of use for the following behaviour in the
horizontal x-direction. For small angles θe (Fig. 7) the horizontal position error
is xF-xM = r*θe + r*μ. The angle μ is assumed to be small and constant and may
therefore be neglected in the servo model. For simplicity it will be assumed that
the distance r is constant. The proposed model is given in Fig. 8. The position
error xF-xM is amplified by the gain Kr. The resulting control signal is filtered
by two first-order systems to obtain the velocity. In these first-order systems all
neural and mechanical delays are summarized. By integrating the velocity, the
position xM of the male will be obtained.

The performance of a control system may be characterized by the response to
harmonic input signals of a range of frequencies. The frequency response of the
model (closed loop) with the female position as input and the male position as
output will be called H(ω). From H(ω) the gain |H(ω)| and delay may be calcu-
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Figure 8. The model.

Figure 7. Geometry of hover-
ing.



lated as a function of frequency ω for different sets of parameters Kr, τ1 and τ2.
In Fig. 9 the gain |H(ω)| and delay are given for two sets of parameters along
with the experimental results.

From Fig. 9 a preliminary estimate of the parameters is Kr = 44, τ1 = 0.03 s and
τ2 = 0.01 s. More results are needed for a more reliable estimate. It may be neces-
sary to include feed-forward to fit the results for the delay.

DISCUSSION
The experimental results may be enhanced in many ways. The frames of the
films have a resolution of 1280×720 pixels for the HD films and 512×384 pixels for
the HS films. This is enough for this investigation. The films have been evalu-
ated using 30 frames/s, both for the HD and the HS films; Fig. 4 is from a 300
frames/s HS film using only 1 out of 10 frames, so effectively the results are for
30 frames/s. With the same film using 1 out of 3 frames (100 frames/s) the delay
changes form 47 to 46 ms. A reduction of the sample frequency to 30 Hz is there-
fore justified. The trajectories are in reality three dimensional, but only the posi-
tion in a plane perpendicular to the line of sight has been measured. This will
not be a problem when the movements in the plane and perpendicular to the
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Figure 9. The gain |H| and delay as a function of frequency for the model with τ2 = 0.01
s. Experimental values are indicated by X. Experimental values for 7 Hz are from film
090819_1618 (Fig. 6).



plane are independent. Parts of the results with much movement along the line
of sight have been discarded. The camera was held by hand, therefore not com-
pletely stationary. In some cases this was partly, but not completely, compensat-
ed by choosing a point in the background as a reference. However, measurement
errors like these only have a small influence on delay and gain measurements
given above, which have been derived from comparisons of nearby points. The
unit of distance is female length, i.e., approx. 1 cm. However, analysis in terms
of the model does not depend on absolute distance, so this choice of unit of dis-
tance is irrelevant for the analysis.

The model given here is a phenomenological model with only feedback. The
incidental occurrence of a delay of 0 ms suggests the use of a feed-forward sig-
nal by E. nemorum males. With more experimental results the parameters of the
model may be estimated. The experimental results given above may be com-
pared with the values for tracking flowers by feeding M. sexta (Sprayberry &
Daniel 2007). For M. sexta for 2 Hz horizontal movement of the flower, the
approximate value for the delay is 76 ms compared to a maximum of 47 ms for
E. nemorum. The difference in delay may be due to the larger mass of Manduca.

Conclusion
Eristalis nemorum males are capable of closely following a female feeding on a
flower. The tracking system is functioning without problems when the female
is oscillating at 1.7 Hz with an amplitude of 1 cm. For frequencies below 2 Hz the
maximum normalized cross-correlation between the male and female trajectory
is more than 0.9 and may even be as high as 0.99 indicating nearly exact track-
ing. The male fixation point is probably located at the thorax of the female. The
tracking behaviour in the horizontal direction may be described by a simplified
model with three parameters. On many occasions the males show a wobbling
oscillation with a frequency between 5 and 9 Hz and an amplitude of 0.1 cm.
Wobbling may be used for distance estimation.
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Open Source Physics. http://www.cabrillo.edu/%7Edbrown/tracker/index.html. More
information is available at http//www.insect-behavior.nl
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