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Abstract

The coordinated motion of large flocks of starlings is fascinating for both laymen and sci-
entists. During their aerial displays, the darkness of flocks often changes, for instance dark
bands propagate through the flock (so-called agitation waves) and small or large parts of
the flock darken. The causes of dark bands in agitation waves have recently been shown
to depend on changes in orientation of birds relative to the observer rather than changes in
density of the flock, but what causes other changes in darkness need to be studied still and
this is the aim of the present investigation. Because we cannot empirically relate changes
in darkness in flocks to quantities, such as position and orientation of the flock and of its
members relative to the observer, we study this in a computational model. We use StarDis-
play, a model of collective motion of starlings, because its flocks resemble empirical data
in many properties, such as their three-dimensional shape, their manner of turning, the cor-
relation of heading of its group-members, and its internal structure regarding density and
stability of neighbors. We show that the change in darkness in the flocks perceived by an
observer on the ground mostly depends on the observer’s distance to the flock and on the
degree of exposure of the wing surface of flock members to the observer, and that darkness
appears to decrease when birds roll during sharp turns. Remarkably, the darkness of the
flock perceived by the observer was neither affected by the orientation of the flock relative
to the observer nor by the density of the flock. Further studies are needed to investigate
changes in darkness for flocks under predation.
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Computational modeling
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1 Introduction

Collective motion (Vicsek et al. 2012, Couzin et al., 2002, Sumpter, 2010), and in particu-
lar the fascinating aerial displays of flocks of European starlings (Sturnus vulgaris), have
attracted interdisciplinary scientific interest (Ballerini et al., 2008a, 2008b; Carere et al.,
2009; Feare, 1984; Storms et al., 2019).

Contributing to this fascination are the fast changes in the darkness of a flock of starlings
(Storms et al., 2019). They happen both in the absence of a predator and when the flock is
under predator threat. Under such a threat, either a part of a flock turns dark momentarily
or dark bands are propagating over the flock, the so-called agitation wave (Procaccini et al.,
2011, Hemelrijk et al. 2015c). The question is how this affects the survival of the birds.
Thus, we first need to know what the individual birds are doing. This has been investigated
for the agitation wave. In starlings, an agitation wave starts as a reaction to an approach
or attack by a predator, often a falcon (Storms et al., 2019). The wave moves away from it
(Procaccini et al., 2011). Since these waves have been observed at large distance (of 1 km)
of the observer, it was not clear whether they were ‘density’ waves (of individuals mov-
ing temporarily closer together as observed in herrings (Axelsen et al., 2001)) or waves
of ‘orientation’ in which different surface-areas of the wing would be observed due to a
skitter-like motion of the bird moving away from the predator. This would lead to a pat-
tern resembling the waves due to rolling by dunlins in reaction to fright, but dunlins dis-
play different colors from belly and back (Potts, 1984). A computer simulation of flocks
of starlings, StarDisplay, was used in order to understand what causes us to observe dark
bands moving away from the predator. It revealed that we observe agitation waves due to
a skitter-like escape motion where birds bank during their zig-like maneuver for escaping
the predator (thus, an orientation wave) rather than a maneuver of fleeing forward into the
flock away from the predator (a density wave). These bands resemble those in empirical
data, qualitatively in their general appearance and quantitatively in their speed. Thus, agita-
tion waves in starlings are waves of changes of orientation rather than of density (Hemel-
rijk et al. 2015c¢).

The causes of fluctuations in darkness in the absence of a predator have not been stud-
ied. We look at causes of such fluctuations when no predator is present. We investigate
whether darkness fluctuations arise from temporal or spatial variation in density or the ori-
entation of the members of a flock or the orientation of a flock as a whole, or a combina-
tion of these. For example, we hypothesize that a denser flock will appear darker. Another
hypothesis is that observing an oblong flock along its longer axis should be perceived as
darker than observing it along its shorter axis and a flock that turns should be darker than
one that moves straight ahead, because when birds bank we observe a larger surface of the
wing, like in agitation waves.

The aim of the present paper is to study what causes darkness to fluctuate (measured as
average darkness of the entire flock) in the absence of a predator. This may help also under-
standing what happens during a predator attack when darkness changes differently from
an agitation wave. Knowing what the birds are doing during darkness fluctuations will
help to understand how and why darkness fluctuations affect the survival of the birds when
attacked. Besides, a better understanding of the detailed motion of birds in large flocks has
practical implications: it will help to develop techniques to drive a flock away (for example
with robot falcons or drones) from a location where it is dangerous or causes damage, like
airfields, airbases, and farming fields.
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Several properties of the structure and dynamics of flocks of starlings have been investi-
gated both experimentally (Major et al. 1978; Ballerini et al., 2008a, 2008b; Cavagna et al.,
2010, 2013; Attanasi et al., 2015; Zoratto et al., 2010), e.g., by tracking positions of birds
in flocks (Ballerini et al., 2008a), and theoretically (Bode et al. 2010; Bialek et al., 2012;
Hildenbrandt et al., 2010; Hemelrijk et al. 2011; Hemelrijk et al. 2012; Pearce et al., 2014,
Hemelrijk et al. 2015a, 2015b), e.g., by developing new models of collective motion that
resemble real flocks (Hildenbrandt et al., 2010). To investigate causes of changes in dark-
ness empirically requires tracking the positions and orientations of thousands of birds in
flocks. Although there has been much progress on this recently (Cavagna et al., 2013; Nagy
et al., 2010), for flocks of starlings it remains impossible if they comprise more than 5000
individuals. Therefore, we investigate darkness in a model of collective motion of star-
lings, StarDisplay (Hildenbrandt et al., 2010; Hemelrijk et al. 2015b). Using this particular
model is justified, because its flocks resemble those of real birds in many traits, such as the
distribution of angles and distances to the nearest neighbors (Hildenbrandt et al., 2010),
the flat shape of flocks and their aspect ratio (Hildenbrandt et al., 2010), the way a flock
turns (Hildenbrandt et al., 2010; Hemelrijk et al. 2012), the density distribution in the flock
(Hildenbrandt et al., 2010), the scale-free correlation between correlation length of speed
fluctuations and flock size (Hemelrijk et al. 2015b), and the instability of neighbors in a
flock (Hemelrijk et al. 2015a).

We examine in the model how darkness of the flock, as measured by the signal received
on a static camera, relates to the following quantities: The area of the flock (because it indi-
cates group size and distance to the observer), aspect ratio of the flock (as an indication of
asymmetry of its shape), the average nearest neighbor distance among flock members (as
a measure of density), the distance of the center of the flock to the observer (as measure
of distance to observer), the angle between the line of sight of the observer to the center
of mass of the flock and the longest axis of the principal component analysis of the flock
(representing the orientation of the flock) and the angle between the line of sight of the
observer to the center of mass of the flock and the average orientation of birds (indicating
the surface of the wings that is exposed to the observer).

In order to go beyond the range of densities and aspect ratios explored by our dynamical
model, we also investigate a static model where birds are not moving and where they can
be placed at any position such that the flock can have any desired density and aspect ratio.

2 Methods
2.1 Model

In our model of collective motion of starlings, StarDisplay (Hildenbrandt et al., 2010;
Hemelrijk et al. 2015b), individuals are characterized by their position, heading, and ori-
entation. The orientation is determined by the “up-vector,” which is a unit vector perpen-
dicular to the surface of the wings (see Fig. 1a). The motion of birds is governed by two
forces, a (social) steering force, similarly as in many models in the literature (Couzin et al.,
2002, Strandburg-Peshkin et al. 2013, Pearce et al., 2014, Strombom 2011, Chate et al.
2008, Costanzo et al. 2018), and an aerodynamic force. The aerodynamic force is given
by the sum of lift, drag, thrust, and gravity. Lift is perpendicular to the plane of the wings,
while thrust and drag are, respectively, parallel and antiparallel to the direction of heading
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Fig. 1 a Sketch of one bird: Heading-vector and up-vector, which is orthogonal to the wing’s surface. Angle
B between the line of sight of the observer and the average up-vector of birds, p ~ 0° corresponds to a large
exposed surface (e.g., bird with surface of wings parallel to the ground and flying above the observer, or
bird with surface of wings orthogonal to the ground and flying in front of the observer), f = 90° corre-
sponds to a low exposed surface. Figure modified with permission from (Hemerlijk et al. 2011). b Rep-
resentation of the bird’s projected area for two different views: maximum projected area to the observer
(when the up-vector is parallel to the line of sight of the observer), and minimum projected area to the
observer (when the up-vector is orthogonal to the line of sight of the observer), picture taken from (Hemel-
rijk et al. 2015¢) and modified with permission
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Fig.2 Sketch of the forces acting on a bird flying straight (a) and banking (b). Birds bank in order to turn
in a realistic way, taken from (Hemelrijk et al. 2011). Cp is the centripetal force, Cf is the centrifugal force,
L is the lift (perpendicular to the plane of the wings), L_eff is the effective lift (antiparallel to the gravity)

(see Fig. 2). Wings are considered to be fixed without flapping. A lateral steering force in
the model makes each bird roll into turns, followed by rolling back into position. Rolling
in turns leads to a reduction in effective lift and thus, a loss in altitude, similar to what has
been observed in empirical studies (Pomeroy et al. 1992; Gillies 2008).
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Individuals interact with on average seven closest neighbors in their field of view
(i.e., topological interaction). Individuals have a blind angle at the back (for parame-
ter values see Table 1). The (social) steering force consists of avoidance of the closest
neighbor in the field of view, attraction to the other interacting neighbors in the field of
view, and alignment to their average heading. The steering force comprises also speed
control, attraction to the roost and noise. The speed control causes birds to accelerate or
decelerate toward the desired cruise speed. Attraction to the roost has a horizontal com-
ponent toward the center of the roost, which is maximal when the bird is flying away
from the roost and zero when it is flying toward it, and a vertical component attracting
the birds to a specific altitude. It ensures that the flock does not fly far from the roost.
The attraction to the roost has been modified compared to the original model (Hilden-
brandt et al., 2010; Hemelrijk et al. 2015b) in order to get sharper turns more often.
The direction of turns induced by the attraction to the roost is chosen randomly in order
to avoid the almost circular motion around the roost observed in (Hildenbrandt et al.,

Table 1 Parameters used in the model StarDisplay

Parameter Description Value

Generic

At Integration time step 0.002 s

N Number of birds 5000

Of birds

Au Reaction time 0.019 s

Vo Cruise speed 13.6 m/s

M Mass 0.08 kg

C./Cp Lift-drag coefficient 33

L, Default lift 0.78 N

Dy, T, Default drag, default thrust 0.24 N

b, Banking control 2

0Py Banking control 0

T Speed control 10s

Riax Maximum perception radius 200 m

n, Topological range 74

I Radius of maximum separation (hard sphere) 0.4 m

Tyep Separation radius 1.7m

W Weighting factor separation force IN
Rear “blind angle” cohesion and alignment 36°

» Weighting factor alignment force IN

w, Weighting factor cohesion force IN

we Weighting factor random force 0.IN
Desired altitude 150 m
Wing area 48 cm”2
Wing aspect ratio 8.33

Of roost

R, oost Radius of roost 30m

WRoostH Weighting factor horizontal attraction to the roost 0.00001 N

WRoostV Weighting factor vertical attraction to the roost 0.01 N/m
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Fig.3 Effect of applying a Gaussian filter on the image of a flock: a flock-image that is filtered and (b) the
same image but not filtered. Snapshots of a (c¢) bright and a (d) dark flock. See Table 2 for corresponding
measures

2010). We place the observer in the center of the roost so that the flock continues to be
close. For a detailed description of the model, see (Hemelrijk et al. 2015b; Hildenbrandt
et al., 2010); for parameter values, see Table 1.

2.2 Measurements and initial condition

To measure the global darkness of a moving flock, we generate a series of gray-scale
images of it on a white background. We generate it from the perspective of an observer
positioned on the ground either in the center of the roosting site (at position (0,0,0)) or
at the side of it (at position (100,0,0), in order to keep the average distance of the flock
from the observer constant at d=215 m in both cases of observer at the center and at the
side) while looking at the center of the flock. In case a flock splits in multiple flocks, the
observer orients itself toward the flock with the highest number of individuals. The field of
view of the observer is 30 °, representing a human observer using an optical zoom. We do
this so that the flock occupies a sufficiently large proportion of the image. Individual birds
are modeled as black delta-shaped objects with wing area of 48 cm”2 and wing aspect ratio
of 8.33 (Fig. 1b).

We apply a Gaussian filter to the image (Fig. 3). Smoothing does not change the aver-
age luminance of the entire image (flock plus background). It causes white pixels that are
between black ones to become gray. In this way, we can define the area A of the flock on
the two-dimensional image as the number of non-white pixels divided by the total number
of pixels of the image,

A= Nnon—white/N

with N=512"2 being the total number of pixels of the image.
‘We measure darkness of the flock as
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Table 2 Measures of the flocks shown in Fig. 3c and d

Measure Of Fig. 3¢ Of Fig. 3d
Darkness 0.04 0.11
Vertical component of the average orientation vector of birds up, 0.92 1.00
Angle a between line of sight of the observer and longest axis of the flock 158° 147°
Area of the flock 0.005 0.009
Aspect ratio 3.03 1.75
Distance of the center of the flock from the observer d 319 259
Average nearest neighbor distance NND 1.30 1.25
Angle f between line of sight of the observer and average up-vector of birds 85° 58°
D =1- 2“non—whitel'
flock Nyon_white * 255
non—white

where I; is the luminance of the i-th pixel, X _.picel; 1S the sum of the luminance of the
non-white pixels, and N, i 1S the number of non-white pixels. A black pixel corre-
sponds to a luminance of 0, and a white pixel corresponds to a luminance of 255. A dark-
ness value close to 0 corresponds to a bright flock, and, respectively, a value close to 1 to a
black flock.

Using the Gaussian filter, we introduce a decrease in darkness by increasing the distance
to the flock (Figure Appendix 1). This is realistic, since an object that is further away can
be seen with more difficulty, due to the fact that it will be less rich in contrast because
of the larger volume of light-dispersing medium in between the onlooker and the object
(Cronin et al., 2014.). Also, contrasts are stronger at the borders of the object, so larger
objects (or objects closer to the observer) have more contrast and therefore, they are more
visible.

This decrease in darkness with distance of the flock from the observer happens since
the ratio between the perimeter of the flock and its area increases when the flock is fur-
ther away from the observer. This reduces its darkness since the Gaussian filter acts on the
perimeter of black areas, increasing the luminance of the black pixels.

The parameter sigma (i.e., the standard deviation of the Gaussian filter) affects the
measure of darkness in the following way: A small value of 6 (¢ = 0) does not affect the
luminance of the pixels and thus, is not appropriate to measure darkness, since without
Gaussian filter the darkness would be always 1. A large value of ¢ (¢ = 100) would make
the contour of the flock-area too unprecise. The darkness decreases by increasing sigma
(Figure Appendix 2). The value of sigma is chosen such that within the flock the white
holes disappear. This happens at sigma=3.

We initiate our simulations with 5000 birds with aligned headings and random positions
in a spherical space. After a transition time of 10,000 steps (=20 s), we begin our data col-
lection. The transition time is used to let the flock develop from the spherical initial shape
to an ellipsoidal shape. Every 100 steps, we record the darkness of the flock, along with its
area (i.e., the share of non-white pixels in the image) and aspect ratio (i.e., the longest axis
of the principal component analysis of the flock divided by the second longest axis of it).
We also measure the average up-vector of birds (Fig. 1a) to quantify changes of orientation
of birds, the average altitude of birds, and the average nearest neighbor distance (NND)
among flock members as a measure of density.
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Furthermore, we measure the distance d of the center of the flock to the observer, the
angle o between the line of sight of the observer to the center of mass of the flock and the
longest axis of the bounding box around it (computed with the principal component analy-
sis of the positions of the birds) to study the effect on darkness of the orientation of the
flock relative to the observer. The angle  between the line of sight of the observer to the
center of mass of the flock and the average up-vector of birds (Fig. 1a) is used to study the
effect on darkness of the orientation of individuals relative to the observer.

2.3 Static flocks

We also examine darkness in static flocks that do not move. In these, we set the position
and orientation of individuals (in contrast to the model StarDisplay, where behavioral rules
determine the locations of individuals). We vary the aspect ratio and density of flocks and
give individual group-members the same heading- and up-vector while keeping the other
parameters constant. When studying effects of the density, the perspective of the observer
is from the ground (like for moving flocks) at distance from the flock d=212 m (similar
to the average distance of moving flocks). When studying the aspect ratio, the observer
is positioned on the ground and the longest axis of the bounding box around the flock is
either parallel or orthogonal to the line of sight of the observer in order to maximize the
difference in observed shape of the flock. While studying aspect ratio the distance of the
flock from the observer is set to 350 m in order to study also large variations of the aspect
ratio. For shorter distances and large aspect ratio (aspect ratio=9), the flock does not fit in
the field of view of the observer.

2.4 Statistics

After excluding the first 10,000 steps (=20 s), for each of the 30 independent simulation
runs of 200,000 steps (=400 s), we compute the Pearson product-moment correlation coef-
ficient between darkness of the flock and the other measures. Subsequently, we compute
the average and the variance of the correlation coefficients over the 30 runs (that have the
same parameters and differ in their random starting positions).

3 Results
3.1 Flocks flying above the roosting site

The correlations that are strongest of all are the negative correlation between darkness
and the angle # between the line of sight of the observer (positioned on the ground at
the center of the roosting site), the positive correlation of darkness with the average
up-vector of birds, and the negative correlation of darkness with the distance d of the
flock from the observer (Fig. 4a red dots). This means that darkness mostly depends
on the size of the wings’ surface that is exposed to the observer and on distance to the
observer rather than on density of the flock. Indeed darkness decreases when birds roll
so that the flock turns sharply and increases when birds are flying straight without roll-
ing (Fig. 5a). Darkness decreases during sharp turns since during a turn (either toward
or away from the observer) there will be a point in time and space where the birds show
minimal wings’ surface to the observer. Darkness decreases with increasing distance d
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Fig.4 a (top panel): Average value of the Pearson product-moment correlation between darkness and each
of the following flock measures: angle f between observer’s line of sight and average up-vector of birds, the
average vertical component of the up-vector of birds up_, distance d of the flock center from the observer,
altitude of the flock above ground, area of the flock, aspect ratio of the flock, average nearest neighbor
distance NND, and angle a between line of sight of observer and longest axis of the principal component
analysis of the flock. Red dots (with outer black circle): results when observer is located at the center, at
position (0,0,0). Blue dots (without outer black circle): observer on the side, at position (100,0,0). b (bot-
tom panels): Darkness as a function of the angle a between line of sight of observer and longest axis of the
principal component analysis of the flock, angle  between observer’s line of sight and average up-vector
of birds, the average vertical component of the up-vector of birds up_, and the average nearest neighbor dis-
tance NND (complete dataset of the 10 runs) (Color figure online)

of the flock from the observer (Fig. 4a), as in empirical observations and measurements:
the further away the flock, the more difficult it is to see it.

During turning, birds sink downwards somewhat because they lose lift while rolling.
This causes observed darkness to decrease at lower altitude (Fig. 4a). When the area of the
flock is smaller, the observed darkness decreases because this happens at larger distances
d, and at larger distances the darkness decreases (Fig. 4a). The decrease in darkness with
increasing aspect ratio of the flock (Fig. 4a) arises because flocks become brighter dur-
ing sharp turns, and during sharp turns flocks become more elliptical (larger aspect ratio)
(Fig. 5f). The larger aspect ratio during sharp turns is probably due to individuals sinking
downwards because of the reduced lift when rolling.

In our model, darkness does not correlate with the density of the flock, measured by
the average nearest neighbor distance among flock members, NND, nor with the ori-
entation of the flock relative to the observer, as quantified by the angle o between the
line of sight of the observer and the longest axis of the principal component analysis of
the flock (Fig. 4a). Whether this may be due to the small range of values of the nearest
neighbor distance and of the aspect ratio of the flock reached in our model of flying
flocks, we investigate in section “Static flock.” Since a Pearson correlation coefficient
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Fig.5 Flock measures as a function of 2d-projection of the position of the center of mass of the moving
flock. The observer is at the center of the roosting site, in position (0, 0, 0), indicated by a blue star. a Dark-
ness. b Angle  between observer’s line of sight and average up-vector of birds. ¢ Vertical component of the
average orientation vector up.. d Area of the flock. e Average nearest neighbor distance NND. f Aspect ratio
of the flock. g Frequency distribution of the average nearest neighbor distance NND. h Frequency distribu-
tion of the aspect ratio of the flock

of zero does not suffice to conclude that two quantities are not correlated, we plot dark-
ness as a function of the angle f, of the angle a, and of the average nearest neighbor
distance among flock members NND, showing that NND and o do not correlate with
darkness (Fig. 4b).

We get qualitatively similar results by observing the flock from the side at a dis-
tance of 100 m from the center of the roosting site (Fig. 4a blue dots), showing that the
wing surface exposed to the observer influences the observed darkness independently
from the location of the observer.

3.2 Static flocks

In order to study the effect of flock quantities (like density and aspect ratio) one by one, we use
also static flocks, i.e., non-moving flocks where position and orientation of individuals is directly
set by us, using a larger range of density and aspect ratio than the range we get for moving flocks.
Here, we show that in contrast to our results on moving flocks, darkness increases with den-
sity and depends on the orientation of the flock relative to the observer. The observed darkness
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decreases with average nearest neighbor distance (NND) (Fig. 6a). Besides, when the longest
axis of the flock is oriented toward the observer (i.e., the angle a between observer’s line of sight
and longest axis of the flock is zero), the darkness is maximal, when the shortest axis of the flock
is oriented toward the observer (¢=90°) the darkness is minimal.

4 Discussion

Our results show that the distance of the flock from the observer and the orientation of
birds relative to the observer are affecting darkness more than any of the other quanti-
ties. This is shown by the correlation between darkness and distance and the correlation
between darkness and the angle  between the line of sight of the observer and the average
up-vector of birds being the strongest correlations. The correlation between the orienta-
tion of birds and the observed darkness was expected, since the orientation of birds is also
the cause of changes in darkness in case of the agitation waves. We also expected that for
general changes in darkness (i.e., not specifically due to agitation waves) the density of the
flock might have an important role, but we did not find correlations between the density of
the flock and the observed darkness.

The effect of density and orientation of a flock relative to the observer on the observed
darkness is much larger in our investigation of static flocks than moving flocks. This hap-
pens because the range of densities (NNDs) in moving flocks is much smaller than we
use for static flocks and is too small to influence our observations of blackening (NND
ranges from ca 0.9 to 1.5) (compare Figs. 5g and 6a). Similarly, the range in aspect ratio
of moving flocks (see probability distribution function of the aspect ratio in Fig. 5h) is
too small to affect the darkness. The values of densities and aspect ratios have been set
by us in static flocks (with NND ranging from 0.5 to 2.0), but in the case of moving
flocks we kept parameters of real flocks and these showed little variation in density and
aspect ratio (see Table 1). Empirical measurements (covering a time interval of 7 s) on
flocks flying in the absence of predators show a range of NND from 0.6 to 1.6 (Ballerini
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Fig.6 Darkness of static flocks (a) Darkness as a function of average nearest neighbor distance NND in
a spherical flock (N=5000, position of center of flock=(150,0,150), position of observer=(0,0,0), dis-
tance d=212 m) and (b) Darkness of an elongated flock (N=5000, NND =1, distance from the observer
d=350 m, observer on the ground and flock at altitude 150 m) as a function of aspect ratio of the flock and
orientation. Darkness is at its minimum when the flock orientation is orthogonal to the line of sight of the
observer (empty symbols) and at its maximum when the flock orientation is parallel to the line of sight of
the observer (filled symbols). Gray lines are the minimum and maximum values of darkness observed for
moving flocks
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et al., 2008a, 2008b), which we approximate by a range of NND from 0.9 to 1.5 (note
that density is emergent in StarDisplay and cannot be set directly).

For static flocks, we chose ranges of values of NND and aspect ratio that are larger
than in moving flocks, in order to show that these quantities do actually influence dark-
ness. In moving flocks, these effects are negligible compared to the effect of other
quantities, since the range of values that these quantities reach in moving flocks is not
large enough. This could also be due to the fact that we consider global measures (i.e.,
average values on the entire flock), while sub-regions of the flock may reach local val-
ues that are beyond the observed range of the global variables.

The model StarDisplay that we used has 27 parameters (Table 1). The values of
these parameters are chosen in a way that the flock resembles a real flock in many
traits. We therefore consider our results to be robust and independent of simulation
parameters as long as these are chosen in a way that the flock dynamic resembles real
flocks of starlings. The number of individuals N might have an effect on the observed
darkness, but it is beyond the scope of our study.

Despite that flocks of the model StarDisplay resemble real flocks in many traits, a
limitation of the model is that it does not include flapping flight, but that it represents
birds as rigid delta-shaped bodies. The effect of flapping of wings should be evaluated
in future using a new model.

Limitations of our study are that it does not concern the adaptiveness of variation in dark-
ness, and it does not concern the context of a flock being attacked by a predator. Blackening
does not seem to be adaptive in the absence of a predator, it may be merely a side-effect of
birds being asymmetrical. In the presence of a predator, blackening happens during wave
events and otherwise (Carere et al., 2009; Procaccini et al., 2011; Storms et al., 2019; Zoratto
et al., 2010). Wave events are reducing the catch success of the predator (Procaccini et al.,
2011). Whether other blackening events in reaction to a predator, namely sudden changes in
darkness of the flock, are adaptive and whether they also mainly depend on the surface of the
wings exposed to the observer like when a predator is absent, needs further study.

In nature the dynamics of flocks are more rich than in our model because of the pres-
ence of multiple flocks, wind, birds of other species, and obstacles such as houses, and
therefore, our model underestimates variation in darkness in reality. Our findings should
be tested empirically by measuring darkness of real flocks and simultaneously tracking
positions and orientations of single birds in flocks and of complete flocks.

We hope that our study, aimed at gaining understanding of the internal dynamics of
flocks of starlings, specifically the processes underlying temporal and spatial changes
in darkness, contributes to the interest in aerial displays of huge flocks of starlings
known to so many of us, laymen and scientists alike.

Appendix
In the appendix we show additional graphs reporting the darkness as a function of the

distance d from a static flock of 10.000 individuals (Fig. 7) and the darkness as a func-
tion of the parameter sigma of the Gaussian filter (Fig. 8).
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Fig. 7 Darkness as a function of distance d from the static flock of 10.000 individuals. Dashed line: flock
showing maximal wing surface: center of mass of the flock at (0,0,d), average heading vector (1,0,0), aver-
age up vector (0,0,1), and camera at (0,0,0). Solid line: flock showing minimal wing surface center of mass
of the flock at (d,0,150), average heading vector (1,0,0), average up vector (0,0,1), and camera at (0,0,150).
Solid vertical lines are guides to the eye that indicate the range of distances reached in the simulations of
moving flocks
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Fig.8 Darkness as a function of the parameter sigma of the Gaussian filter. Flock of 10.000 individu-
als with center of mass at (0,0,250), mean heading vector (1,0,0), and mean up vector (0,0,1), NND=0.6
(dashed lines) and NND = 1.0 (solid lines). Right panel is a zoom on same data. The value of sigma=3 cho-
sen for our simulations is a value small enough to get a difference in darkness for different nearest neighbor
distances, which confirms that the value of sigma=3, that was chosen so that the flock was considered as
a whole, because white pixels between birds become non-white, is a good choice for our simulations. A
smaller value of sigma would produce white pixels between birds such that we could not identify and meas-
ure the area of the flock. A larger value of sigma would have the negative effect of flocks with unprecise
contours and flocks with different nearest neighbor distances producing the same darkness
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