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the flock was photographed. The horizontal spread of the flock at

each point in time is readily seen. As the time period between
photographic samples of the flocks remained constant at 650 msec, the
relative distances traveled by birds between photographic samples of
the flocks remained constant at 650 msec, the relative distances
traveled by birds between points in time can also be seen. Figure 4b
shows the elevation of the geometric center of the flock at each of the
six time periods. Inspection of Figure &4 shows that the flock was
executing a right turn of approximately 90°, was losing altitude and
was possibly accelerating.

Nearest neighbor pairings and associated separation distances, as
well as distances to all neighbors of each bird, were calcualted for
the six time periods (Appendix D). The average distance to first nearest
neighbor, and the mean separation distance between flock members are
plotted for each time period in Figure 5. Mean separation distance
reflects distance between all combinations of individuals in a group
and is thus a good measure of the compactness of the group (Hunter,
1966). Figure 5 shows that the flock became more compact from time
one to time two, and then expanded. If both parameters in Figure 5
changed over time such that the curves were parallel, the information
derived from the plot would indicate only that one flock was
expanding or compacting. For example, from time two to time four
to time five the flock structure continued to expand, while at the
same time average distance to first nearest neighbor decreased. This
combination of changes in the two parameters is an indication of the

formation of nearest neighbor pairs or subgroups within the expanding
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has basis in both fish schools and bird flocks. Hunter (1966)
studied the communication of velocity changes in- schools of jack
mackeral. He demonstrated that responding fish may be quicker to
sense alteration in a neighbor's behavior if the neighbor occupies
a particular area of the visual field. Gould and Heppner (1974)
suggested that the Vee formation of geese is such that neighbors are
in the center of the visual field of following birds. It is very
common for pairs or small groups of birds to break away from and
then rejoin cluster flocks, a situation which would occur if birds
followed specific neighbors within the flock resulting in pockets of
response. Localized pockets of response have been observed to form
within schools of fish that are turning (Shaw, 1978).

Two aspects of turning in cluster flocks have been discussed.
The first involves the potential for birds to change relative position
within an airborne flock. A spherical flock structure involving
relatively fixed positions of individuals would offer distinctively
different advantages to peripherally and centrally located birds.
My study indicates that turning and wheeling cluster flocks are in a
constant state of structural reorganization, and that adaptive strategies
for reducing the risk of predation could be based on the phenomena
of relocation rather than maintaining a fixed position in the flock.
A bird would not necessarily have to peel off from the surface of the
flock (Pulliam, 1973) to become separated from the flock. An individual
located iq the center area of a flock could easily become a straggler,

due to positional rotation of individuals in a turn.
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The difference between physical clumps and CFSs suggested by
this study provides the following guideline for requirements of
sampling. A single sample of a flock can establish the geometric
construct that exists at a particular time, but is insensitive to
CFSs in a flock. The movement and redistribution of birds within a
turning flock render analyses based solely on detecting physical
clumps, or analyses based on nearest neighbor data from a single
sample of a flock, of questionable value for establishing the
processes responsible for maintenance of flock stability and
structure. The above type of nearest neighbor analyses ﬁay establish
artitrary associtions such as temporary neighbor pairs resulting
from birds whose flight paths approach or cross at a point in time.
Spatial analyses for clumped versus uniform or random distribution
of birds based on single samples of the flock may be insensitive to
CFSs or truely functional relationships which exist within the flock.

An important aspect of this study is the establishment of a method
for obtaining a quantitative description of the structural changes and
reorganization in airborne flocks. The plots of first neérest neighbor
and mean separation distance were effective in establishing general
trends in the changes in flock geometry over time. The plots of
distribution of distances to all neighbors for each period in time
provided more specific information. For example, the plots allowed
me to establish whether changes in flock compactness were due to
uniform response of all birds in assuming closer or more distant
positions from neighbors, to the formation or merging of subgroups,

or to the existence of stragglers.
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This study provided the method of analysis, and descriptions of
flock geometry which suggest what types of strategies are available
to birds flying within cluster flocks. The next logical step in
analysis of three-dimensional flocks would be to use either this
method or some type of structural analysis method to study responses
of birds in cluster flocks to a trained hawk, and tovquantify the

responses of flock members.


















Figure 1.

Calculation of the positions of birds
in three~dimensional space. The
image of the bird at point F forms
on the negative of camera A to yield
distances D, and D,. These distances
are used in a seriés of geometric
calculations to locate point F (see
text for full explanation of calcula-
tions).
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Figure 2.
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Effect of flight path upon relative
positions of birds within the flock
structure. Fig. 2a shows a level
flight path in which bird A is
directly in front of bird B.

Fig. 2b shows a flight path involving
a dive. In this case bird A is in
front of and above bird B.
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Figure 6.

Distances to first through Nth
neighbor within the flock are plotted
for each of the time periods at which
the flock in trial seven was photo-
graphed. Figure 6a shows the neighbor
distance distribution for time omne,
while Figure 6f shows the distances

at time six. The solid line in each
plot connects the mean values of the
distributions. The dashed line in all
but the connecting mean values at

time one, and appears so that changes in
distributions over time may be more
readily seen.
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Figure 8.
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Spearman rank order correlations between
front to back sequence of birds in the
flock. Correlation coefficients (ordinate)
are plotted for each of the increasingly
longer time periods separating when the

two rankings of birds used in the corre-
lation were established (abscissa).
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Figure 9.
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Summary information on flock movements
over time. Figure %a shows the flock

in trial eight as seen from above for
the eight points in time at which the
flock was photographed. Arrows indicate
the direction of travel of the flock.
Figure 9b shows the changes in elevation
of the geometric center of the flock
over time. Note that the X-Y plane was
elevated approximately 150 cm above
ground level.
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Figure 10.

Changes in values for mean distance to
nearest neighbor and mean separation
distance within the flock for the eight
time periods in trial eight. Specific
types of combinations of changes in the
two parameters may indicate different
types of deployment of birds within

the flock (see text for full explamation).
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Figure 11. Distances to first through Nth
neighbor within the flock are plotted
for each of the time periods at which
the flock in trial eight was photo-
graphed. Figure lla shows the neighbor
distance distribution for time one,
while Figure 11b shows the distances for
time eight. The solid line in each
plot connects the mean values of the
distributions. The dashed line in all
but the first plot is a trace of the
line which connects mean values at
time one, and appears so that changes
in distributions over time may be more
readily seen.
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APPENDIX B
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TEST FOR SYNCHRONY OF FIIN EXPOSURE ESTVEEN CAMERA A AND CAMERA 3,

CAMERA A CAMERA. 3
meter readins AT =eter -seedinz AT
0 (msec) 0 (msec)
651 851 . 450 650
1301 650 1299 649
1952 651 1950 651
2604 652 2602 652
256 gzg 3253 851
Jg9ac2 J9a3 650
Lssy &49 5554 651
5201 650 s204 650
5852 651 5855 651
6504 652 6505 650
7157 653 7157 652
7809 652 7809 652
8460 851 8459 650
9112 653 9111 652
9760 650 9760 69
10409 69 10410 650
11057 648 11059 €ho
11706 649 11709 650
123 648 12358 69
13003 849 13008 650
13653 650 13657 649
14503 650 14307 650
14954 651 14957 650
156804 650 15608 651
16253 6ho 16258 650
16904 651 16907 éh9
17558 652 17536 4o
18208 652 18206 650
18859 651 18855 649
19508 €hg 19507 652
2ciss 651 20158 651
20808 650 20808 650
21495 651 21458 650
22111 552 22109 651
22761 650 22760 651
23410 b9 23412 ' 652
AVG = 650.39 AVG ® 650,34
STD = 1.35 1.01

STD =

DITFERENCE

N
=TSR READING
(msec)

NHERNHEOFPEFRNOVLAFWEFRFLUNEHO MO O WL AN N N -



APPENDIX C

DISTANCES AND ANGULAR RELATIONSHIPS EBETWEEN 2IRDS IN ODEL FLCCX
sctual measured distance betwesn bird pairs...... 121.92em
actual measured angle between birds.......

FRAME #1

3IRD
PAIR DISTANCE

14 126.21em
122.35enm
124, 58em
112.5%mn
125.65¢ca
126.18em
117.83¢=z

121.46
5.22
27.25

4L.0% IRROR

FRALZ #5

BIRD :

2AIR

1-2
I
i3
=
5-

7=-6
7-8

AVG
SID
VAR

1.8%

DISTARCE

133.75¢ca
117.35¢cm
107.1%9ca
121.87¢a
126,582¢a
129.58ca
106,07¢x
115.54co

119.74
10.08
102.60

ZRROR

FRAME #2

BIRD
PAIR DISTANCT

1—2 115. Sacm
1-4 125.28cm
123.97em
110.34cm
- 116.25¢cm
124 ,26ca
113.95¢ca
113 .49¢cm

118.39
STD 5,18
VAR 30.03

2.9% EZRROR

7-3
AVG

\

30.0 degress
FRAKE #3 FRAJME #&
3IRD 3IRD
PATIR DISTANCE DPAIR DISTANCE
1-2 126.72ca l-2 129.72cm
14 127.93cm 1-4 115.42¢m
3=2 123.95cm 32 122.22¢cm
3=4 121.20ca: J=4 122.12em
§=4 127.45¢c= 56 128.47cm
5-3 124 .28cm 5-3 L3, 56cm
7-6 126.11e= 7-6 L4 .58ex
7-8 127.%4ca 7-3 26 ,86ez
AYG 125.70 AVG 20.687
STD 2.39 3TD . 6,48
YAR 5,71 VAR " -&1.%9
3.1%5 ZRRQR 1.0% ZRR0R
ALL FRAMES
BIRD AVERAGE
PAIR DISTANCE STD  ANGIS STD
1-2 126.48em 7.24  28.3 2.10
14 122.25¢m 4.35 32.7 1.34
3-2 118.8%em §.45 33.1 1.27
34 117.47cm 5.23 27.2 1,77
5«6 122.27e¢m 6,55 3.1 2,21
5~-8 123.47em 5.33 30.5 1.84
7-6 118.3%em 7.57 28, 2,32
7-8 119.8%cm 5.56 29.2 1.98

74
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APPENDIX E

Headings in the horizontal and vertical plames of the flock, and of
all birds in the flock. Distance travelled and heading maintained by
birds between each pair of sequential time frames in the series of
photographs in trial seven are shown. The mean heading of all birds
(flock heading) and associated standard deviation (STD) are listed.
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JUNE 8 - JUNE 21 -
3
2 3
BIRD LossEs » E
Q1 02 03 o4 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 ™
201 1 1 .1 3 2 5 1 1 1 2 3 3 2]25(0.89
202 2 6§ 3 3 2 1 2 2 3 1 6{31|0.86
03{2 1 1 31 3 6 1 1 1 12 2{25|1.49
o4 2 2 3111 2 2 1 1 1 118{2.25
05 | 2 2 1 6§ 1 1 12 1 1 2 2{22|0.81
06 2 . 1 1 2 |06{0.33
07 115 2 2 1 2 1 |1s{1.15
8|3 2 5 2 3 11 2 112 2 3{28{1.17
09 1 2 11 2 31 3 2 3 1 2 s{2711.80
10 _ >
|3 2 1 2 2 2 1l13{0.68
n 12 1 1 1 3{060.60
$13|5 8 2t 5 1 7 6 5 & 2 1 11{59(8.43
Wl 112 3 1 131 1 1 1 3 2 1 1{32{1.43
15 & 1 1 11 1 1 1 1 2 11s|0.7s
16| 2 3 1 11 1 1[10{0.72
17 1 1 1 2 1 2 1{09/0.82
18 s 1 2 1 1 2 2 1 3(181.20
1911 1 112 4 1 2|lo0.56
20| & 1 2 2. 11 111 5|19(2.37
21 1 ‘ : 01{0.05
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