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The influences of landmarks on distance estimation of honey bees
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Abstract. Honey bees, Apis meilifera, were trained to fly from their hive to a feeding site along a flight
path marked by visually discriminable landmarks 3-46 m high. The landmarks were placed at regular
intervals of 90 m. During training, the feeder was located directly in front of the third (target) landmark.
In the tests, bees were given the choice of landing at the trained distance or at the target landmark which
had been displaced to a different distance. Bees preferred to land at the target landmark when the
discrepancy between the two indicated distances was small, but landed mostly at the trained distance if
the discrepancy was large. Furthermore, distance estimation depended on landmarks encountered
during flight. When the target landmark was placed at a distance from the hive closer than the trained
distance, the bees’ readiness to respond to this landmark could be increased only if bees had already
passed the landmark that preceded the target landmark during training. Thus, a given flight goal is
defined in the bees’ memory by its distance from the hive, landmarks that mark the goal, and landmarks
that precede the goal during flight. At the same time, the bees, as a group, exhibited considerable

flexibility to land in places that were defined by only one or two of these cues.

A familiar food source is specified in the bee’s
memory by a vector encoding distance and direc-
tion from the hive (von Frisch 1967; Cartwright &
Collett 1983; Collett 1993). The directional com-
ponent is defined by the sun compass (Wolf 1927)
and the distance component may be estimated by
means of energy investment during flight (Heran
1956, but see also Esch et al. 1994). It is unlikely,
however, that these mechanisms alone will reliably
guide an insect during long-distance orientation in
natural conditions.

The estimation of distance and direction may be
disrupted by external influences such as wind or
thick cloud cover impairing sun compass appli-
cation (von Frisch & Lindauer 1954; von Frisch
1967; Dyer & Gould 1981; Chittka & Geiger
1995a) as well as internal errors inherent in the
mechanisms employed by the animals for the
respective assessments (Wehner & Srinivasan
1981; Mueller & Wehner 1988; Wehner & Wehner
1990). To cope with such disruptions, landmarks
must be integrated into the sequence of instruc-
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tions to follow a fixed route (Collett 1992, 1993;
Chittka & Geiger 1995a, b). Theoretically, a
sequentially stored set of instructions that links
consecutive landmarks would suffice for navi-
gation towards a goal even if vector information
were not available, given that the respective next
landmark is detectable and recognizable from the
respective last landmark.

Two easily conceivable problems might com-
promise such a strategy under natural conditions.
First, consider a long-distance foraging trail
through an environment rich in detail, such as a
forest. The insect would have to memorize practi-
cally an infinity of landmarks or panoramas to
guide itself reliably along a given route. A strategy
to save memory space would be to store only
conspicuous landmarks and link these in memory
by flight vector instructions. Second, different
constellations of natural landmarks, such as
bushes, trees or rocks, may often look similar
(Collet & Kelber 1988; Collett 1992). To avoid
mistakes, a given landmark should be defined in
memory not only by its own visual appearance,
but also by, for example, the direction and dis-
tance in which it lies from other targets, for
example the last one passed en route.
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Consequently, bees must integrate landmarks
into their vector estimation, and vice versa: they
must use vector instructions to bring them close
enough to a familiar landmark or panorama, so
that this landmark or panorama can be recog-
nized and used for the final approach to the target
(Collett 1993; Chittka & Geiger 1995a, b). Indeed,
Collett et al. (1993, also Collett & Kelber 1988)
have recently shown that bees are able to mem-
orize not only that (1) a given mark is supposed to
follow a given other mark and (2) a given flight
vector has to follow after another vector, but also
(3) the instruction to fly a given distance in a
certain direction can be triggered by a visual
stimulus. These observations, however, were
made in set-ups that marked only the immediate
surroundings of a food source, and bees might
theoretically employ other mechanisms when
navigating over longer distances.

To understand how flight vector information
and landmark information are weighted during
long-distance orientation, we trained bees along
rows of large artificial landmarks (coloured
tents). In subsequent tests, the landmark
sequence was altered, and bees were given the
choice of landing either at the trained distance or
at another location indicated by the new set-up
of landmarks. We show that landmarks, even if
encountered at unfamiliar locations, strongly
influence the bees’ choice of goal distance. This
is true both for landmarks marking the im-
mediate surroundings of the food source and for
those that mark the flight path from the hive to
this food source.

MATERIAL AND METHODS

Honey bees, Apis mellifera, were trained to collect
sucrose solution at a feeder located directly in
front of a ‘target landmark’ 270 m from the hive.
The flight path was marked by two further land-
marks (at 90 and 180 m) which differed in colour
and shape from the target landmark. Landmarks
were coloured tents (3-46 m high) with the shape
of a regular tetrahedron (Chittka & Geiger 1995a,
b). Some of the landmarks were formed by two or
three such tents directly adjacent to each other,
touching each other at one of the corners. The
experimental site was chosen so that it provided a
minimum of orientation cues in the surround-
ing landscape. The array of landmarks was set up

on a large, even meadow with a very homo-
geneous horizon profile (Chittka & Geiger
1995a). Approximately 100 bees shuttled continu-
ously back and forth between the hive and the
feeder.

In the tests, the landmark set-up was altered,
and bees were given the choice between feeders at
the trained distance and one or more alternative
locations indicated by various landmarks or land-
mark arrays (see below). To make sure that all
bees participating in the tests had come from the
hive, we prepared the tests as follows. (1) The hive
entrance was closed. (2) The bees on the feeder
were blown off and eventually flew back to the
hive. They gathered at the location of the entrance
until the hive was reopened. A small number of
bees sometimes continued searching at the lo-
cation of the feeder. These were caught before the
tests were started. A feeder was briefly set up and
all the bees that landed were captured by means of
forceps and kept until the end of the test. (3)
Meanwhile, the landmark set-up was changed and
test feeders were placed in various locations (see
below).

Subsequently, the tests were started by opening
the hive entrance. Those bees that had been
waiting inside the closed hive usually arrived very
quickly after removal of the hive entrance barrier,
whereas those that had been sitting outside typi-
cally first went into the hive, then flew out and
made their choices at the test feeders a few min-
utes later. Bees arriving at the test feeders were
captured with forceps by experimenters placed at
each feeder. They were counted and kept in a box
until the end of the test. Bees were never rewarded
at any of the feeders during tests. Experiments
were stopped when no further bees arrived at the
feeders (after about 30 min), The training land-
mark set-up (including the feeder) was then
restored and bees were allowed to forage freely for
at least 30 min.

Bees were trained along two different
sequences of landmarks. Since the two exper-
iments were performed in 2 consecutive years
and thus with entirely different individuals, the
choice behaviour in one experiment could not be
influenced by what any bees had experienced in
the respective other set-up. Preliminary exper-
iments had shown that bees discriminate very
well between all the colours and shapes of land-
marks to be described in the following sections
(L. Chittka, unpublished data).
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Chi-squared goodness-of-fit tests were used to
evaluate the data.

Landmark Set-up I

Yellow tents were positioned at 90, 180, 270
and 360 m. The tent at 270 m was flanked by two
blue tents, so that the feeder was marked by a
‘three-peak’ landmark (the target landmark)
coloured blue-yellow~blue. The sequence on the
way to the feeder was thus AAB (different letters
indicate landmarks that differ in shape and
colour). The feeder was located immediately
before B, the target landmark. To see whether
bees would land at B even if it was encountered at
distances that differed from 270 m, we moved the
blue tents so that they flanked the yellow tent at
either 360 m (Fig. 1, test 1a), 180 m (Fig. 1, test
1b) or 90 m (Fig. 1, test 1c). Test feeders were then
set up in front of all of these landmarks and at the
trained distance of 270 m. Control tests were
performed with the original landmark set-up and
test feeders at the same locations (Fig. 1, controls
la and 1b).

Sample sizes and choice values for all exper-
iments are given in the figures.

Landmark Set-up 11

Bees were trained along a sequence of land-
marks XYZ. Landmark X (90 m from hive) con-
sisted of three yellow tents, Y was a green tent
(180 m from hive) and Z (the target landmark,
270 m) was composed of two blue tents. Before
the experiments with altered landmarks were
started, a control test (Fig. 2, control 2a) was
performed in order to confirm that bees had
learned to land at the correct location. For this
purpose, test feeders were placed in front of all
three landmarks.

In a second control test, the landmarks X and Y
were removed, and Y was replaced by another Z
(henceforth Z,, because it is the first one encoun-
tered on the way from the hive). Bees were then
given the choice between Z at the correct distance
of 270 m (henceforth Z,) and Z, at the shortened
distance of 180 m (Fig. 2, control 2b). In all the
following tests, bees had to choose between these
two locations, and in all tests these were marked
by identical landmarks Z. The tests differed in
terms of the landmarks that were placed between
the hive and Z,. The question asked was: would

different parts of the trained landmark sequence,
inserted before Z,, change the ratio between the
numbers of bees landing at Z, (the one at the
incorrect distance) and Z, (the one at the trained
distance)?

The following combinations were tested (Fig.
2): XZ,Z, (test 2a); YZ,Z, (test 2b); XYZ,Z, (test
2¢c); YXZ,Z, (test 2d); UUZ,Z, (test 2e). If there
was only one landmark inserted between the hive
and Z,, it was placed at 90 m; if there were two,
these were placed at 60 and 120 m. UU were
two landmarks with which the bees had had no
previous experience, namely single white tents.

RESULTS

Landmark Set-up 1

In the training situation, the feeder was marked
by a landmark that differed in shape and colora-
tion from all others in the array. At the same time,
the feeder’s location was also defined by its dis-
tance from the hive. The question asked in this
section is; if the test set-up produces a contradic-
tion between the trained distance and the distance
at which the target landmark is encountered,
which distance will be chosen by the bees? Does
this choice depend on the magnitude of discrep-
ancy between the two indicated distances?

In the control test with the unchanged training
landmark set-up and test feeders placed in front of
the landmarks at 180, 270 and 360 m, the vast
majority of the bees (88%) arrived at the training
site (Fig. 1, control 1a). When the target landmark
B was moved either to 360 m (test 1a) or to 180 m
(test 1b), the majority of the bees chose the feeder
marked by this landmark (76% at 360 m, 61% at
180 m; Fig. 1). The second highest percentage in
both tests arrived at the original training site at
270 m (23% in test 1a and 38% in test 1b). The
distribution of choices in both tests is significantly
different from control 1a (test la versus control
la: ¥*=134, df=2, P<0-0001; test 1b versus
control la: x*=102, df=2, P<0-0001).

Even though most bees chose to alight at B
{even when B was not at the trained position), the
percentage of bees that arrived at B in test 1a and
b was reduced relative to control 1a (where B was
at the training position); 76% (test 1a) or 61% (test
1b) versus 88% (control la). This difference is
significant in both cases (test 1a versus control 1a:
1>=24-6, df=1, P<0-0001; test 1b against control
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Figure 1. The percentage of bees that landed at the test feeders in test 1. Test feeders were placed directly in front of
landmarks if marked F; F, was always at the trained position. Numbers below F1, F2, etc., indicate absolute choice
values, N denotes the sample size. Landmarks are denoted by triangles under the abscissa; they are also given ‘one
letter labels’ according to the text. The dashed line marks the distance of the feeder during training. The training
landmark sequence is shown in control 1a and control 1b, with feeders only at the F1 position. During training, bees
passed two identical landmarks (yellow tents, grey triangles) before they encountered a third ‘three-peak-landmark’.
This landmark (the target landmark) consisted of one central yellow tent and two adjacent blue tents (black triangles)
and was placed directly behind the feeder (at 270 m, see landmark symbols in control la, b). It was arranged
perpendicular to the flight path. In the tests, the target landmark was placed at either 360 m (test 1a), 180 m (test 1b)
or 90 m (test Ic) from the hive. Control experiments (controls 1a and 1b) were performed with the original (training)
array and test feeders comparable to the ones in the tests described above.
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la: ¥2=7-73, df=1, P<0-005; number of bees that
landed at B relative to all other bees in the
respective test). Interestingly, significantly more
bees landed at B in test la (where B was further
than the trained distance) than in test 1b (where B
was encountered before the training distance;
x*=521, df=1, P<0-05).

When the target landmark B was placed at
90 m, and test feeders were set up at 90, 180 and
270 m, only 32% of the bees alighted at the target
landmark (Fig. 1, test 1c). The proportion of bees
landing at the target landmark relative to those
landing at other locations is significantly lower
than in the tests described above (test lc versus
test 1a: x2=73, df=1, P<0-0001; test lc versus test
1b: y?=24, df=1, P<0-0001). A control test with
the original landmark array and feeders at the
same positions (control 1b) yielded choices highly
significantly different from test lc (x°=55, df=2,
P<0-0001).

Landmark Set-up 11

The control test with an unaltered landmark
sequence showed that bees had indeed very ac-
curately learned to alight at the correct location
(Fig. 2, control 2a, 99% at Z). In control 2b, where
bees had to choose between two identical land-
marks Z at 180 and 270 m (with no landmarks
preceding Z,), the majority of bees (73%) still
landed at the trained position, but the remaining
27% landed at Z, at 180 m. Since this and all the
following tests are dual choice tests (df=1), we
give only percentages for Z, (at 180 m); the
percentage of bees landing at Z, (at 270 m) is
obviously 100% minus the percentage at Z,.

The question underlying all the subsequent tests
is: to what extent can the decision to land at Z, be
influenced by which parts of the trained sequence
the bee has already passed? Could the bees be
‘made to believe’ that they have already flown far
enough at 180 m if they have passed X and Y, or
parts of this sequence, before Z,?

In comparison with control 2b, the number of
bees landing at Z, was not significantly increased
when unfamiliar Jandmarks were inserted before
Z, (test 2e, sequence UUZ,Z,, 36%; x>=2-09,
df=1, P>0-1) or when only the landmark that was
closest to the hive during training (X) was present
(test 2a, sequence XZ,Z,, 29%; %>=0-09, df=1,
P>0-5). However, significantly more bees alighted
at Z, in all tests that contained the landmark Y

which preceded the target landmark during train-
ing (test 2b, sequence YZ,Z,, 41%; x>=7-04,
df=1, P<0-01; test 2c, sequence XYZ,Z,, 51%;
v*=19, df=1, P<0-0001; test 2d, sequence
YXZ,Z,, 48%; x2=11-1, df=1, P<0-001). There
are no significant differences between pairs of
these last three tests, indicating that bees did not
care about where along the flight path they had
encountered Y, nor whether it was preceded or
followed by X (test 2b versus test 2c: x>=291,
df=1, P>0-1; test 2c¢ versus test 2d: x*=0-25,
df=1, P>0-5; test 2b versus test 2d: x>=0-98,
df=1, P>(-5). Thus, the encounter of Y triggered
a specific expectation that Z was to follow, and
this expectation was sustained even if X occurred
first after Y (test 2d). Landmark X played a minor
role in the distance judgment: its presence was
responded to in terms of slight increases of the
number of bees landing at Z, in all the tests where
it occurred versus comparable tests that lacked
this landmark; however, none of these increases
was significant (i.e. test 2a versus control 2b:
x>=0-09, df=1, P>0-5 as well as test 2c and 2d
versus 2b; statistics see above).

Comparison between Landmark Set-ups I and II

If there is a target landmark at 180 m, is the
decision to land at this landmark made when it is
first encountered along the flight path, or do bees
first look for a target landmark at the training
distance of 270 m? To answer this question, a
comparison between test 1b and the experiments
of test 2 is useful. In all these tests there was a
target landmark at 180 m, and test feeders at both
180 and 270 m. The experiments differ in that in
test 1b, there was a ‘non-feeder’ landmark at the
training site at 270 m, whereas in test 2, there was
always a second target landmark at 270 m. If the
decision to land at 180 m was made when the
target landmark at this distance was first encoun-
tered, the percentage of bees landing at this site
should be independent of whether the iandmark at
270m was a target landmark or not. However,
this is clearly not the case. In test 1b, 61% of the
bees landed at 180 m, whereas in test 2, the highest
percentage ever reached in any of the numerous
experiments was 51%. Test 1b and test 2b are
particularly comparable because in both exper-
iments the target landmark at 180 m was preceded
only by the landmark that was also encountered
before the target landmark during training. The















