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Summary

1.

 

We compared the foraging behaviour of two small (approximately 6000 bees) and
two large (approximately 20 000 bees) honey-bee colonies over 6 days. We determined
where the bees of each colony foraged, whether they collected nectar or pollen, the
number of patches foraged at, the number of bees engaged in foraging, and the concen-
tration of the nectar collected.

 

2.

 

Even though the colonies were located in the same environment and had the same
genetic background, foragers from different colonies used different forage patches.

 

3.

 

Small and large colonies foraged at a similar distance in July when forage was
abundant (mean foraging distance for small and large colonies was 0·67 and 0·62 km,
respectively) whereas the large colonies foraged significantly further in August when
forage was scarce (mean foraging distance for small and large colonies was 1·43 and
2·85 km, respectively).

 

4.

 

Small colonies foraged at approximately the same number of  patches as large
colonies. The total number of foragers returning to the small colonies per minute was
significantly lower than the number of foragers returning to the large colonies. This
means that, relative to their size, small colonies foraged at more patches than large
colonies.

 

5.

 

The quality of the nectar collected by foragers of the small and large colonies did
not differ. However, small colonies did collect more pollen than large colonies.
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Introduction

 

The food sources exploited by social insects are often
ephemeral, widely scattered or both. One benefit of
social life is that nestmates can direct each other to
known food sources. Although the exact recruitment
mechanisms differ among species, an insect colony’s
global foraging behaviour results from the decisions
made by individual foragers and their interactions
with colony members and the foraging environment
(see for example Seeley, Camazine & Sneyd 1991;
Biesmeijer & Ermers 1999). However, the nature of

interactions among colony members may set con-
straints on social foraging, so that small colonies do
not always forage as efficiently as large colonies. For
example, colonies of Pharaoh’s Ants (

 

Monomorium
pharaonis

 

 L.) that are below a critical size cannot form
a pheromone trail to a nearby food source, although
larger colonies can (Beekman, Sumpter & Ratnieks
2001). Because pheromone trails are normally used to
recruit nestmates to food sources, larger colonies
should be more efficient in terms of the time taken for
individual foragers to locate food.

The size of  a honey-bee colony varies naturally
during its life cycle. In temperate climates, the size of a
colony can range from a few thousand bees just after
winter or following nest-founding by a small swarm, to
tens of thousands of individuals during early summer
(Seeley & Morse 1976). It is therefore of interest to
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know how colony size affects foraging behaviour of
honey-bee colonies.

In this study we compared the foraging behaviour
of two small and two large honey-bee colonies in the
same urban environment by decoding their waggle
dances (Frisch 1967) performed over a period of 6
days. In particular, we determined the proportion of
pollen foragers, the mean distance of foraging sites, the
sugar concentration of the nectar collected, and the
number of  patches foraged at by small and large
colonies.

 

Materials and methods

 

 -

 

Four queenright honey-bee colonies of mixed Euro-
pean race but predominantly 

 

Apis mellifera mellifera

 

were studied. These four colonies were established by
combining bees and brood from two large colonies
to make one very populous colony which was then
divided into four. Two additional queens were used so
that each of the four study colonies was queenright
and had brood. Because the colonies were studied
before eggs laid by the new queens had developed into
adult workers (

 

c

 

. 21 days after egg-laying), the genetic
composition of the four experimental colonies was the
same throughout the experiment. This allowed us to
investigate the effect of colony size while controlling
for genetic variation among colonies.

The hives were located at the Laboratory of  Api-
culture and Social Insects, University of  Sheffield,
Yorkshire, UK. Two ‘small’ colonies (S1 and S2) had
approximately 6000 bees and were each housed in
modified 2-frame Langstroth observation hives (Seeley
1995). Each hive contained five frames. The lower two
were arranged in a single layer behind glass, allowing
observation of dancing. The entrance was located in
the bottom of this lower part. The upper three frames
were inside a wooden box, which was placed on top of
the observation hive. The large colonies contained
approximately 21 000 (L1) and 18 000 (L2) bees and
differed from the small hives only in that the top box
was larger and contained eight frames. For each colony
the brood and the queen were in the top box. The
range in colony size obtained in our experiment is
within the natural range from small to moderately
strong colonies (Seeley & Morse 1976). To estimate the
number of bees per hive, at the end of the experiment
the bees were anaesthetized using carbon dioxide and
weighed. Subsamples were weighed and counted to
estimate total populations.

 

    


 

Dances of returning foragers were videotaped simul-
taneously on 23, 24, 26, 29, 30 July and 2 August 1999,
for 4 hours each day per colony using four video

cameras. Using a wooden baffle near the entrance (see
Seeley 1995), most returning foragers were directed to
one side of the hive which allowed almost all dances to
be recorded with a single video camera per hive.

We decoded approximately 30 dances for each hour
of videotape. We first decoded all dances for which at
least five consecutive circuits could be measured with-
out rewinding the videotape. If  at the end of the tape
we did not have 30 dances, we rewound the tape and
decoded dances that had not yet been analysed (dances
were identifiable by the time of dancing). For each
dance, the time of day, angle of the waggle run, and the
duration of five to ten dance circuits were recorded. In
addition, we noted whether or not the dancer had
pollen in her pollen baskets. Because our bees were not
individually marked, dances of the same foraging bee
were undoubtedly recorded more than once on a given
trip to the hive if  the forager made more than one bout
of dancing per trip, or over several trips. However,
because our aim was to determine the number of
patches foraged at and because we decoded a large
number of dances, this should cause minimal error in
our interpretation of the data. Dances were decoded
following Beekman & Ratnieks (2000).

 

     
   

 

To collect returning foragers we temporarily closed the
hive entrances and captured returning foragers. The bees
were immobilized by chilling them for a few minutes.
The abdomens of 20 bees not collecting pollen were
gently squeezed so that the bee regurgitated a droplet
of nectar. The sugar concentration was then measured
with a refractometer. Sugar concentration was deter-
mined for all colonies on 29 and 30 July and 2 August.

To quantify the number of foragers, we counted the
number of bees entering each hive for one minute, 20
times each day, between 09.30 and 13.00, on 29 and 30
July and 2 August. For a given rate of total nectar gain
by the colony, bees adjust their dance threshold (a bee’s
decision whether or not to dance) depending on for-
aging conditions, such that the dance threshold is high
(low) when foraging is abundant (sparse) (Seeley
1994). To determine whether the dance threshold dif-
fers between large and small colonies, we selected 37
bees that danced for the same patch in both a large
(L1) and a small colony (S1) on 26 July 1999, and
measured the total dance duration of each bee. The
mean number of dancing bees was estimated by counting
the number of bees dancing during 1 min every 5 min.
This was done for all colonies on all days for all 4 h of
observation.

 

     
    

 

To estimate the number of patches foraged at by each
colony, we defined patches in terms of the points for
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which the bees danced: each point for which a dance is
given indicates a putative centre of a patch. A patch
was then defined as the collection of all other points
advertised by dances within radius 

 

r

 

 of this centre point.
The patch radius, 

 

r

 

, was set as the distance within which
a bee dancing for the central point could send recruits
following the dances. The patch radius is thus deter-
mined by the accuracy of the waggle dance commun-
ication. Towne & Gould (1988) determined the error
in the dance communication by measuring how close
a bee recruited to a feeder would arrive to that feeder.
Towne and Gould thus established a relationship
between distance from hive to feeder, which we will call

 

d

 

, and the average distance of a recruit from the feeder
to arrival point, which we will call 

 

a

 

. For 

 

d

 

 less than
100 they found that 

 

a

 

 = 55, so we define 

 

a

 

 = 55 for

 

d

 

 < 100. For 

 

d

 

 = 500 they found that 

 

a

 

 = 80. Linearly
interpolating between 100 and 500, we assume that

 

a

 

 = 55 + 0·0625 * (

 

d  –

 

 100). For 

 

d

 

 greater than 500,
dance communication error is determined by the lower
bound for dance accuracy (i.e. approximately 4%, see
Weidenmüller & Seeley 1999) and we assume that 

 

a

 

 =
80 + 0·04 * 

 

d

 

. The mean distance from the feeder to
the arrival point can be used to define the radius, 

 

r

 

, of
a forage patch, in terms of  the accuracy of  the dance.
We define 

 

r

 

 = 4

 

a

 

, so as to ensure that the centres of
patches, when laid out on the plane, are at least 

 

a

 

 dis-
tance from each other. Note that changing this factor
changes the number of patches in an environment, but
does not affect the estimate of the relative number of
patches foraged at by small and large colonies.

We determined the number of patches for any set of
dance points as follows: first we randomly listed the
points for which dances had been performed. The first
point in this list was considered the putative centre of
a patch. Next, we removed all those points from the list
that lay within the patch radius 

 

r

 

. The procedure was
then performed on the next point remaining in the list,
making this the putative central point and removing
all other points within 

 

r

 

 of  this second point

 

.

 

 This pro-
cedure was repeated until no points remained in the

list. The number of patches was then estimated to be
the number of centre points found. To ensure that our
estimate of the number of patches did not depend on
the initial order of  the list, we repeated the above
procedure for 100 different random orderings, taking
the minimum number of centre points found as our
estimate of the number of patches foraged at.

 

Results

 

Figure 1 shows the patch locations danced for by the
foragers of all colonies on all 6 days. Dancers carrying
pollen are represented by triangles and those without
by squares. Bees from different colonies differed in
forage patch location (Fig. 1). For example, on 23 July
all colonies foraged at the same patches located less
than 1 km south-east and south-west of the hives, but
each colony also had unique patches. Patches located
4–5 km south-west were only visited by colony S1 on
July 23.

The median and mean foraging distances are
presented in Table 1 as are the concentration of nectar
collected, the number of foragers and the proportion
of pollen collectors for all four colonies.

The two small colonies had similar numbers of
dancing bees per minute, whereas colony L1 had, on
average, 2·6 times as many dances as the small colonies
(Table 2). This observation implies that the individual
foragers in L1, S1 and S2 all had roughly the same
dance threshold, i.e. propensity to dance on returning
from a successful foraging trip. Furthermore, the total
dance duration of  bees foraging at the same patch in
a small and large hive did not differ (mean over all 37
patches: 1 min 59 s for the large colony L1, and 1 min
40 s for S1) (

 

t

 

-test assuming independent samples,

 

t

 

 = 0·54, df = 72, 

 

P

 

 = 0·57). Bees in the small colonies
were therefore not more likely to dance than those
in L1, because the number of waggle runs per dance
(dance duration) decreases with dance threshold
(Seeley 1995). In contrast, the dance threshold for
colony L2 appears to be much higher than either L1 or

Table 1. Mean and median foraging distances in July and August, concentration of nectar collected, number of foragers, and
the proportion of pollen foragers for all four colonies. Footnotes refer to statistical tests used

S1 S2 L1 L2

Median foraging distance July (km) 0·35 0·53 0·50 0·48
Mean foraging distance July (km)1 0·67 0·68 0·62 0·62
Median foraging distance August (km) 0·23 0·38 2·81 2·75
Mean foraging distance August (km)2 1·02 1·97 2·63 3·01
Nectar [%] (mean ± SD)3 32·3 ± 2·9 31·8 ± 3·4 33·1 ± 3·4 31·7 ± 1·0
No. foragers (mean ± SD)4  36 ± 8  40 ± 11  119 ± 21  93 ± 19
% pollen collectors (mean ± SD)5 33·2 ± 10·7 39·7 ± 20·7 25·2 ± 10·0 23·2 ± 14·3

1One-way , F1,2468 = 3·591, P = 0·06.
2One-way , F1,413 = 39·82, P < 0·001. Overall foraging distances (July and August combined): one-way , F1,2881 = 
284·90, P < 0·001.
3T-test assuming independent samples after pooling all days, t = 1·15, df = 3, P = 0·77.
4One-way  on mean number of foragers per day, F1,4 = 85·2, P = 0·001.
5Wilcoxon paired test on differences of daily pollen foraging, t = 0, P < 0·05.
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Fig. 1. Foraging locations indicated by dances for each colony and each day: (a) 23 July, (b) 24 July, (c) 26 July, (d) 29 July, (e)
30 July and (f ) 2 August 1999. Triangles represent bees carrying pollen, squares represent bees without pollen. The scale for the
2 August plots is different because the bees foraged on distant heather moors. Locations outside the outer circle are indicated
by an arrow with the distance in km. Total number of dances decoded for L1, L2, S1 and S2 are, respectively: 120, 124, 119, 120
(23 July); 124, 122, 120, 120 (24 July); 138, 76, 181, 131 (26 July); 120, 120, 120, 132 (29 July); 121, 120, 120, 122 (30 July) and
91, 120, 115, 89 (2 August).
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the small colonies. On one occasion, 26 July, the bees
in colony L2 hardly danced at all. However, even when
data from this day are discarded there are still only
1·2 times as many dances in L2 as in the small hives,
despite there being 2·4 times more foragers returning
per minute. With no other major differences between
L1 and L2, this difference remains unexplained.

Figure 2 gives an example of how the above procedure
yields the location of the patches. Table 3 provides an
estimate of  the number of  forage patches for each
colony, and for all the colonies combined on each day.
The combined tally is computed by combining the
dances for each day and repeating the patch estimate
procedure. Figure 3 shows how the number of known
patches increases as the number of dances decoded is
increased for the four colonies on 24 July. Other days
have patch increase plots of a similar shape. Notice
that the number of patches increases more slowly as
more dances are decoded. Fitting an exponentially
saturating curve to the patch increase plots in Fig. 3
and extrapolating this curve up to the total number of
dances performed (given in Table 2) shows no increase
in the number of  patches foraged at by any of  the

colonies on any of the days observed. This indicates
that our estimate in Table 3 is a valid approximation of
the total number of forage patches.

Colonies L1 and L2 had 3·5 and 3·0 times as many
bees as colonies S1 and S2, and 3·1 and 2·4 times as
many foragers returning per minute. Assuming forage
trips take the same amount of  time for both colonies

Table 2. Number of dancing bees per minute for each colony (mean ± standard deviation) and the estimated number of dancing
bees in parentheses. The number of bees dancing was counted for 1 min with 5-min interval. The means of the 44 measurements
per day (11 measurements per hour) are shown. The total number of dancing bees was estimated by comparing the colony where
all dances were decoded with the dancing bees per minute for the other colonies. We used S1 on 26 July to calculate the total
number of dances in July and S1 on 2 August to calculate the total number of dances on 2 August using: (known no. dances for
S1 × no. dances per min S1)/no. dancing bees per min focal colony

S1 S2 L1 L2

23 July 6·2 ± 1·1 (334) 5·9 ± 0·4 (298) 14·4 ± 2·3 (767) 7·4 ± 0·9 (395)
24 July 9·0 ± 1·4 (483) 5·6 ± 0·6 (297) 16·8 ± 1·7 (896) 8·5 ± 2·0 (456)
26 July 2·8 ± 0·6147* 5·2 ± 2·1 (278) 11·5 ± 3·6 (612) 0·9 ± 0·873*
29 July 5·4 ± 0·5 (287) 6·4 ± 1·0 (341) 12·3 ± 1·7 (656) 6·4 ± 0·5 (342)
30 July 4·7 ± 0·6 (251) 3·0 ± 1·7 (157) 12·2 ± 1·8 (649) 5·2 ± 0·4 (276)
2 August 3·2 ± 1·4115* 3·1 ± 0·889* 11·7 ± 4·0 (253) 6·1 ± 1·5 (133)
Across all days 5·32 ± 2·94 4·84 ± 2·58 13·2 ± 3·96 5·75 ± 3·41

*Acual number of bees dancing on that day. (Note that the original data were more precise whereas the data in Table 2 are 
rounded numbers.)

Fig. 2. A representative plot of the patches found by colony
S1 on 23 July.

Table 3. Estimated number of  forage patches used by each
of the four colonies on the 6 days. The combined tally is
estimated by combining the dances for each day and
repeating the patch estimate procedure used within colonies
across all colonies. The number in brackets is the percentage
of the total number of patches foraged at by that colony on
that day

S1 S2 L1 L2 Combined

23 July 31 (65) 19 (40) 19 (40) 16 (33) 48 (100)
24 July 18 (51) 15 (43) 20 (57) 12 (34) 35 (100)
26 July 16 (84) 17 (89) 18 (95) 15 (79) 19 (100)
29 July 6 (29) 9 (43) 11 (52) 13 (62) 21 (100)
30 July 8 (38) 9 (43) 12 (57) 8 (38) 21 (100)
2 August 15 (29) 17 (33) 20 (39) 26 (51) 51 (100)

Fig. 3. Number of dances decoded vs the number of known
forage patches for the four colonies on 24 July.
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– which seems likely for 23–30 July as mean foraging
distances were roughly equal for small and large colon-
ies – the proportion of bees engaged in foraging in the
large colonies was slightly smaller than in the small
colonies. This may be due to increased demand for
pollen in the small colonies: the small colonies foraged
for more pollen than the large colonies on all days of
observation. Small colonies tend to collect proportion-
ally more pollen than large colonies because they rear
proportionally more brood (Ratnieks 1986).

Over the six study days the large colonies foraged at
a mean of 15·84 patches vs 15·00 for the two small col-
onies. Not only is the mean number of patches almost
equal for small and large colonies, but small colonies
also foraged at slightly more patches on 23 and 24 July,
the same number on 26 July, and on slightly fewer
patches on 29 and 30 July and 2 August. The difference
between the large and small colonies is therefore not
statistically significant (paired t-test on daily differences;
t = −0·410, df = 5, P = 0·69). Despite the fact that between
2·4 and 3·1 times as many foragers returned to the hive
per minute in large colonies, they foraged at only 1·05
times as many patches as the small colonies. Even if  we
exclude L2 from our analysis, because of its higher
dance threshold, L1 foraged at only 1·11 times as many
patches as S1 and S2 which is also not statistically
significant (paired t-test on daily differences; t = −1·059,
df = 5, P = 0·34).

Discussion

Our results show clearly, and unexpectedly, that small
colonies foraged at approximately the same number of
patches as colonies with three times as many workers.
Our results also show that each colony, irrespective of
its size, foraged at only a subset of the available patches
( Table 3). Therefore, the observation that both small
and large colonies foraged at the same number of
patches is not because all colonies discovered and
exploited all available forage sites. Given that our small
colonies had about three times less foragers than the
larger colonies, it follows that the forager force of the
small colonies was more thinly spread over patches.

How do our results compare with previous studies
that used dance decoding to investigate honey-bee
foraging? Waddington et al. (1994) found that in a
habitat with abundant highly rewarding flowers, most
foraging took place within 1 km of the colony and was
not strongly focused on particular patches. Our results
from 23–30 July are similar in that most bees foraged
within 1 km of  the hive. Each colony foraged at a
mean of  51·0 ± 19·2% (mean ± standard deviation)
of the patches used by all colonies. Therefore, as in
Waddington et al. (1994), colonies exploited different
patches on the same day even though they foraged
from the same location. The exception to this was 26
July when individual colonies foraged at 79% (L2) to
95% (L1) (Table 3) of the total patches used by all four
colonies. On the other 5 days, the observed pattern of

foraging is consistent with the ability of  honey-bee
colonies to monitor a large area, exploiting a large
number of sites, but focusing on only a limited number
of patches, likely to be those of highest profitability
( Visscher & Seeley 1982).

The observation that colonies foraged on different
patches cannot be accounted for simply by the different
nutritional needs of the colonies since there was no
consistent difference in the proportions of  nectar
and pollen collected by equal-sized colonies. The most
likely explanation for the observation that colonies
forage on different patches, even when placed in the
same environment, rests both on chance factors and
the abundance of flower patches. It is relatively easy for
an individual scout from a particular colony to find
and recruit to a patch, and scouts from different colon-
ies will discover these patches at random. Especially
when the number of patches is large, as in our urban
foraging environment, different colonies will discover
a different subset of the available patches. When other
foragers from the colony are recruited to and are actively
exploiting a particular patch, they are more likely to
persist with these than to switch to an unknown patch
of  equal quality. Hence, a forager visiting a rewarding
patch will remain foraging on that patch for as long as
the patch is rewarding and may dance for that patch
if  she judges the profitability sufficiently high (Seeley
1995). As a result, the overall foraging pattern of a
honey-bee colony is not only the result of the available
forage but is also determined by the way in which dif-
ferent patches are discovered by the colony’s scouts.

Seeley (1987) studied the search abilities of honey-
bee colonies by planting flower patches of buckwheat
located at different distances in a forested environment
that was poor in forage. His data showed that when
the patches were nearby (1 km) 70% of the colonies
discovered them, falling to 50% at 1·9–2·0 km and 0%
at 3·2–3·6 km. These results are likely to be an under-
estimate of  a colony’s ability to discover forage sites
as Seeley was unable to keep track of  the origin of  all
foragers that visited his flower patches. However, his
results suggest that a honey-bee colony will not dis-
cover all possible patches in its foraging environment
unless they are close by.

Even though the above can explain why different
colonies placed in the same environment do not neces-
sarily forage at the same patches, it does not explain
why our small colonies foraged at as many patches as
the larger colonies, which had approximately three
times as many foragers. What affects the number of
patches foraged at by a honey-bee colony? The number
of scouts a colony sends out is likely to affect the number
of  patches the colony initially discovers (assuming
that patches are abundant). The discovery of a large
number of  profitable patches by these scouts will
probably result in a diversity of patches being used by
the colony if  the scouts perform waggle dances upon
return to their colony. This could lead to more patches
foraged at when a colony has more scouts. However, a
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large number of scouts could also reduce the number
of patches foraged at as the colony would focus on the
most profitable patches. Our study was not designed
to elucidate the number of  scouts and therefore it
is unknown whether the number of scouts differed
between our large and small colonies. We do know that
our small colonies had fewer dances than the larger
colonies but, again, it is not easy to see what effect the
number of dancing bees will have on the patches for-
aged at by the colony. For example, if  the chances of
locating a dancing bee are lower when there are fewer
dancing bees, then it may be that unemployed foragers
scout, thereby discovering more forage sites.

In conclusion, and in contrast to Pharaoh’s ants, where
colonies below a certain threshold size were unable to
form a pheromone trail to a nearby food source, small
honey-bee colonies do not seem to be constrained with
respect to locating profitable forage sites, at least not in
our study using colonies of 6000 workers. This is inter-
esting because it is clear that there were fewer foragers
advertising profitable forage sites in the small colonies
than in the larger colonies (Table 2). Yet, our small col-
onies seemed to be able to locate an equal number of
profitable patches as the larger colonies and brought
in nectar of the same quality. Would the dance language
communication system be constrained in even smaller
honey-bee colonies than the ones we studied, for example
with fewer than 1000 workers? Such colonies might well
have insufficient foragers to scout out the local environ-
ment and to discover the best patches. However, under
many conditions the availability of forage may be suffi-
ciently high for colonies with zero communication of
food sources to forage efficiently (Sherman & Visscher
2002; Dornhaus & Chittka 2004).
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