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Abstract Multiple mating by honeybee queens results in
colonies of genotypically diverse workers. Recent studies
have demonstrated that increased genetic diversity within a
honeybee colony increases the variation in the frequency of
tasks performed by workers. We show that genotypically
diverse colonies, each composed of 20 subfamilies, collect
more pollen than do genotypically similar colonies, each
composed of a single subfamily. However, genotypically
similar colonies collect greater varieties of pollen than do
genotypically diverse colonies. Further, the composition of
collected pollen types is less similar among genotypically
similar colonies than among genotypically diverse colonies.
The response threshold model predicts that genotypic
subsets of workers vary in their response to task stimuli.
Consistent with this model, our findings suggest that
genotypically diverse colonies likely send out fewer
numbers of foragers that independently search for pollen
sources (scouts) in response to protein demand by the
colony, resulting in a lower variety of collected pollen
types. The cooperative foraging strategy of honeybees
involves a limited number of scouts monitoring the

environment that then guide the majority of foragers to
high quality food sources. The genetic composition of the
colony appears to play an important role in the efficiency of
this behavior.
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Introduction

Honeybee (Apis mellifera) queens mate with multiple
males, a reproductive strategy known as polyandry.
Evolutionary reasons for the behavior are not entirely
understood given the potential risks of multiple mating,
which include exposure to predation and disease (Sherman
et al. 1988), as well as energetic costs. Further, the
reduction in nestmate relatedness with increasing mating
frequency (Palmer and Oldroyd 2000) seems counter to
eusociality, as it negates the advantage of kin selection, a well
accepted explanation for eusocial evolution (Hamilton 1964).
Interestingly, a recent hypothesis based on a comprehensive
phylogenetic analysis suggests that polyandry is likely a
derived trait that evolved either after or concurrently with
eusociality (Hughes et al. 2008). While uncommon, polyan-
dry occurs repeatedly among the eusocial Hymenoptera
(Boomsma and Ratnieks 1996; Strassmann 2001), suggest-
ing the net effect of this mating strategy is adaptive. In
particular, all species of the genus Apis exhibit extremely
high levels of polyandry (Oldroyd et al. 1998; Strassmann
2001). Among the many hypotheses put forward to explain
the adaptive significance of polyandry (e.g., Ridley 1988;
Keller and Hudson 1994; Cole and Wiernasz 1999; Jennions
and Petrie 2000; Crozier and Fjerdingstad 2001; Strassmann
2001; Tarpy and Page 2002; Kraus et al. 2004; Schlüns et al.
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2005), the most credible hypotheses for social insects
address improved fitness from the increased genetic diversity
among nestmates (Crozier and Fjerdingstad 2001; Crozier
and Page 1985; Palmer and Oldroyd 2000; Tarpy and Page
2002). Because honeybee queens can be instrumentally
inseminated (Laidlaw 1977), it is possible to explore in a
controlled manner how the genotypic diversity of a honeybee
colony affects its performance. For example, a honeybee
colony with reduced genetic diversity can be created by
inseminating the queen with a reduced number of males.
Conversely, a queen inseminated with a high number of
males increases the genetic diversity of the colony popula-
tion. When compared to genotypically similar (GS) colonies
in which queens were mated with a reduced number of
males, genotypically diverse (GD) colonies exhibit greater
disease resistance (Hamilton 1987; Seeley and Tarpy 2007;
Tarpy and Seeley 2006), more stable nest thermoregulation
(Jones et al. 2004), and increased communication regarding
foraging conditions (Mattila et al. 2008). There is also
enhanced productivity and fitness after colony founding
among GD colonies compared to GS colonies (Mattila and
Seeley 2007).

The response threshold model for division of labor in
honeybees (Robinson and Page 1989) offers a plausible
explanation for enhanced performance among GD colonies.
The model predicts that genotypic subsets of workers (i.e.,
patrilines) vary in their propensities to perform certain
tasks. As such, a worker will only engage in a particular
task when the intensity of the task stimulus meets or
exceeds her genetically based response threshold. A low
stimulus level affects only those patrilines with the lowest
thresholds. As individuals perform a task, the stimulus for
that task is reduced, thereby lowering the probability that
additional individuals will perform the task. However, if the
stimulus level continues to increase, additional patrilines
perform the task until the overall stimulus level in the
colony is reduced (Beshers and Fewell 2001; Fewell and
Page 1993; Robinson and Page 1989; Oldroyd and
Thompson 2007). Differences in worker response thresh-
olds create genetic polyethism, whereby workers of each
genotype differentially allocate their labor among available
tasks (Calderone and Page 1988; Fewell and Page 1993;
Robinson and Huang 1998). Indeed, the link between
worker genotype and the probability of task performance
has been demonstrated repeatedly in honeybees (reviewed
by Crozier and Fjerdingstad 2001).

The influence of genotype has been demonstrated for
several honeybee traits, including variability in foraging
distance and the ability to switch between nectar and pollen
resources (see Page et al. 1995). The propensity to collect
pollen is a highly heritable trait in honeybees (Hellmich et
al. 1985), as is the tendency to scout independently for food
sources (Dreller 1998). Further, there is some evidence that

bees exhibit preferences among pollens in choice tests
(Campana and Moeller 1977; Levin and Bohart 1955;
Schmidt 1984). However, such preferences are apparently
not based upon inherent differences in pollen quality
(Pernal and Currie 2002). Rather, bees use pollen cues
such as odor (Cook et al. 2005) and pollen grain size, which
may serve to increase collection efficiency and/or nestmate
recruitment (Pernal and Currie 2002). Regardless, the
extent to which such behaviors are genetically based is
unknown. While much is known about the effect of
genotype on individual worker behaviors, the effect of
extreme polyandry on the breadth of pollen types collected
by the foraging population has not been explored. Because
pollen types vary in their nutritional content (Somerville
2001; Standifer 1967), the ability to collect a variety of
pollen types may be important for colony health and
fitness. However, floral resources tend to be patchy and
ephemeral, making it difficult to locate the most profitable
sites. Rather than foraging independently, the scout-recruit
division of labor within a honeybee colony is a highly
efficient foraging strategy whereby most foragers are
instead guided to high quality resources (Visscher and
Seeley 1982). For maximum efficiency, the colony foraging
strategy must strike a balance between an optimal number
of scouts to scan the environment and a substantial number
of recruits to collect food from those profitable resources
(Dreller 1998).

In our study, we considered how the genotypic diversity
within a honeybee colony affects pollen foraging efficiency.
To the extent that pollen foraging traits such as pollen
preference and foraging distance are genetically based,
increased genotypic diversity within the colony may lead to
greater variety of pollen types collected. However, the
response threshold model predicts an alternative outcome,
consistent with the efficient foraging strategy. A genotyp-
ically diverse (GD) colony composed of multiple patrilines
should, on average, maintain greater variability in response
thresholds for any particular task, including specialized
foraging behaviors such as scouting. Response threshold
variability among patrilines suggests that fewer workers
will initially engage in task performance. For example,
response to the scouting stimulus would be performed first
by the patriline(s) with the lowest threshold for scouting. In
a multi-patriline colony, this cohort represents a small
proportion of the colony population. As pollen sources are
discovered and collected, the scouting stimulus is reduced,
as is the probability of engaging additional scouts. In a
genotypically similar (GS) colony composed of a single
patriline, response threshold variability is greatly reduced.
As such, the stimulus to scout for pollen would be detected
by a much larger proportion of the colony population. Thus,
the reduced genetic variability of a GS colony could
produce an overreaction to the scouting stimulus, sending
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significantly more scouts into the field than a GD colony.
To investigate this question, we compared total weight of
collected pollen as well as richness of collected pollen taxa
between GS colonies, each composed of a single patriline,
and GD colonies, each composed of 20 patrilines. We then
assessed the uniformity of collected pollen taxa among
colonies of each treatment group to assess similarity in
foraging patterns, and measured adult population, brood
area, and pollen foraging rate.

Methods

Instrumentally inseminated queens

Honeybee queens were produced by a commercial queen
breeder (Glenn Apiaries, Fallbrook, CA, USA) following
standard queen rearing practices (Laidlaw and Page 1997).
To minimize phenotypic variability due to individual queen
genetics, queens reared for this study were supersisters,
having a relatedness factor of 0.75. Twenty queens were
instrumentally inseminated in a manner similar to that of
Tarpy (2003). Ten of the queens were each inseminated
with 1.0 μl of semen collected from a single drone (i.e., one
unique drone per queen). The remaining ten queens were
each inseminated with a 1.0-μl blend of semen collected
from 20 different drones (i.e., 20 unique drones per queen).
This technique produced one treatment group with geno-
typically diverse (multi-patriline) worker populations and
another group with genotypically similar (single patriline)
worker populations, based on the genetic contributions of
the males (Haberl and Moritz 1994). Drones were selected
from among five lines of breeder stock maintained at Glenn
Apiaries: Minnesota Hygienic, USDA Russian, Cordovan
Italian, Carniolan, and Varroa Sensitive Hygiene (VSH).
Prior to shipping, inseminated queens were confined under
push-in cages within mating nucs until the breeder
confirmed that oviposition had begun.

Colony establishment and monitoring

Queens arrived in Tucson, AZ, USA on 10 June 2008 and
were introduced into queenless colonies of equal strength in
nine-frame, single-story hives. Tominimize drift—particularly
between treatment groups—colonies with polyandrous queens
were co-located approximately 50 m from colonies with
monandrous queens. Colonies within each treatment group
were arranged in a horseshoe pattern. During the following
8 weeks, workers in each colony were gradually replaced by
each inseminated queen’s offspring. Colonies were examined
weekly during this period to remove any developing queen
cells and to assess overall colony health; colonies that replaced
their queens were removed from the study. Once colonies with

unacceptable queens were eliminated, nine GD colonies and
seven GS colonies remained.

Pollen trapping

On 10 Aug 2008, each colony was fitted with a Sundance™
pollen trap. By design, the traps can be readily engaged or
disengaged. Installed traps were initially disengaged for
1 week to allow the bees to adjust to the presence of the
equipment. On 17 Aug 2008, traps were engaged, and bees
were allowed to acclimatize to the engaged configuration for
48 h. The first sampling period commenced on 19 Aug 2008
and continued for 10 days. Two additional 10-day sampling
periods immediately followed. Traps were emptied several
times during each sampling period. Trapped pollen was
labeled by sampling period and by source colony, weighed,
and then stored frozen until processed.

Colony strength assessment

The adult population of each colony was estimated at the
beginning of each sampling period by estimating the
percentage of each frame covered by adult bees (Waller et
al. 1985). Each frame was examined using a wire grid held
over the comb as a visual guide to estimate the coverage
area. Percent coverage by bees was estimated to the nearest
25% (i.e., 0%, 25%, 50%, 75%, or 100% coverage).
Coverage estimates for each frame side were then summed
and the sum divided in half to calculate the total number of
frames (NOF) of adult bees in each hive. Population
estimates were compared between GD and GS colonies
for each sampling period.

Brood area measurements

Brood area and pollen foraging are positively correlated
(Dreller and Tarpy 2000; Fewell and Winston 1992), and
estimates of brood area for each colony were determined at
the end of each sampling period. Brood area on both sides
of every frame in each hive was measured with a wire grid
as above to estimate the coverage area to a resolution of
0.5 cm2. Square centimeters of brood for each frame were
then summed to determine total brood area for each hive.
Brood area estimates were compared between GD and GS
colonies for each sampling period.

Foraging activity

GD colonies have been shown to maintain higher foraging
rates than GS colonies (Mattila and Seeley 2007), which
could potentially account for variation in the types and
amounts of pollen collected. We assessed foraging activity
of colonies several times during each of the three sampling
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periods. At the beginning, middle, and end of each
sampling period, we counted the inbound forager popula-
tion between 08:00:00 and 10:00:00, when pollen foraging
activity was high. GD and GS colonies were paired
randomly. Paired colonies were then observed concurrently
for 1 min. An observer at each colony recorded numbers of
pollen and non-pollen foragers entering the hive. The entire
survey was repeated (with unique colony pairings) four
times. Differences in foraging activity between GD and GS
colonies were compared.

Pollen processing and identification

At the end of each sampling period, each colony’s trapped
pollen was thoroughly mixed, and then a subsample was
collected in a 15-ml centrifuge tube and sent to the
Palynology Laboratory at Washington State University
(Pullman, WA, USA). Samples were processed using a
standard laboratory procedure known as acetolysis, which
dissolves unwanted organic material, exposing the exine of
the pollen grain for identification (Kapp et al. 2000). Slides
were prepared from each processed sample, representative
of each hive’s foraging effort per sampling period, and then
examined by light microscopy. A 500 pollen grain count
identifying types and frequencies was used to indicate the
pollen foraging patterns of each colony during the study
period. Few pollen types can be identified to species with
this approach, and available identification keys often
resolve only to plant family or genus (Kapp et al. 2000).
Therefore, it was often only possible to associate pollen
grains with higher taxonomic levels.

Statistical analysis

Data from each colony within each treatment group were
sampled repeatedly over time and evaluated using repeated
measures analysis of variance (ANOVA; 2 genetic groups×
3 time periods; Zar 1999). The Greenhouse–Geisser
correction to the degrees of freedom was applied in cases
where assumptions of sphericity were violated. To assess
the degree of similarity in pollen types collected among
colonies within each group, we calculated the Bray–Curtis
similarity index among colony pairs (1-Bray–Curtis dis-
tance). The Bray–Curtis similarity index varies from 0 to 1,
where 1 represents identical pollen foraging patterns (Bray
and Curtis 1957). We then assessed the results using the
same repeated measures ANOVA approach. The criterion
for statistical significance was set at α=0.05.

Variable amounts of pollen collected by colonies could
bias the number of identified pollen taxa. Therefore, in
order to validate species richness differences between GD
and GS colonies, pollen counts from each colony were
aggregated for each treatment group over the entire study

period. We then constructed rarefaction curves by repeat-
edly sampling at random each of the aggregated counts
(Gotelli and Graves 1996). Data for the rarefaction curves
were generated using EcoSim software (Gotelli and
Entsminger 2009).

Results

Brood area

The difference in average brood area of GD colonies (M=
1099.9±102.1 cm2) compared to GS colonies (M=685.7±
115.8 cm2) was significant (F1, 14=7.20; p=0.018; η

2=0.3;
Table 1). A significant temporal effect was obtained (F2, 28=
5.021, p=0.014), though this was mild (η2=0.22). A
significant time×diversity interaction was also obtained
(F2, 28=3.72, p=0.037), though this effect was even milder
(η2=0.16). There was an inexplicable decrease in average
brood area among GD colonies from 28 Aug 2008 (M=
1245.2±128.0 cm2) to 7 Sep 2008 (M=901.1±95.4 cm2),
whereas the change in brood area for GS colonies from 28
Aug 2008 (M=671.0±145.1 cm2) to 7 Sep 2008 (M=660.8±
108.1 cm2) was negligible.

Adult population

The average number of frames (NOF) of adult bees of
GD colonies (M=3.77±0.22 frames) was slightly greater
than for GS colonies (M=3.06±0.253 frames). However,
this difference was not significant (F1, 14=4.37, p=0.055,
η2=0.24; Table 1). A temporal effect was not significant
(F2, 28=0.333, p=0.720) nor was the time×diversity
interaction (F2, 28=2.02, p=0.152).

Pollen foragers and collected pollen weight

A greater number of pollen foragers from GD colonies
returned to the hive each minute (M=18.3±1.5 bees/min)
compared to GS colonies (M=14.0±1.7 bees/min); how-
ever, this difference was not significant (F1, 14=3.59, p=
0.079, η2=0.20; Table 1). As a measure of the total
foraging activity, the percentage of returning foragers
carrying pollen was higher in GD colonies (M=51.6±
2.5%) compared to GS colonies (M=45.8±2.8%), but this
difference was not significant (F1, 14=2.40, p=0.144, η

2=
0.15; Table 1). A significant temporal effect was obtained
(F8, 14=21.03, p<0.001) likely due to temporal availability
of pollen sources or changes in brood load. A time×
diversity interaction was not significant (F8, 14=0.90,
p=0.521).

GD colonies collected nearly twice as much pollen (M=
259.4±23.3 g) as did GS colonies (M=140.0±26.4 g), and
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this difference was significant (F1, 14=11.5, p=0.004, η
2=

0.45). A significant temporal effect was obtained both for
pollen foraging rate (F2, 28=22.2, p<0.001, η

2=0.50) and
for pollen weight (F2, 28=42.0, p<0.001, η

2=0.66; Table 1).
This effect was again likely due to the temporal availability
of various pollen sources and/or changes in brood load. A
significant time×diversity interaction was also obtained for
both pollen foraging rate (F2, 28=8.61, p=0.001, η

2=0.19)
and for pollen weight (F2, 28=8.03, p=0.002, η

2=0.13).

Pollen foraging breadth

Among the 52 pollen taxa identified, 46 types were collected
by GS colonies, whereas only 30 types were collected by
GD colonies. Only 24 pollen types collected were found in
common between both treatment groups, whereas 22 pollen
types were unique to the GS colonies, and only six pollen
types were unique to the GD colonies (see Fig. 1). There was
a significant difference in the richness of pollen taxa
collected by genotypically diverse colonies compared to
genotypically similar ones (F1, 14=10.66, p=0.006, η

2=0.43;
Table 1). Despite a tendency for higher population levels and
greater numbers of returning foragers among genotypically
diverse colonies, the average number of pollen taxa collected
by genotypically diverse colonies (M=9.48±0.56 types) was
lower than for genotypically similar colonies (M=12.24±
0.63 types). A significant temporal effect was also obtained
(F2, 28=6.29, p=0.006, η2=0.22), attributable to pollen
availability. The interaction of time×diversity was not
significant (F2, 28=2.13, p=0.138, η

2=0.13).
Rarefaction curves comparing pollen diversity between

GD and GS colonies are shown in Fig. 2. Curves are

displayed with their 95% confidence intervals. While
curves were not yet asymptotic, the rate of pollen type
accumulation for GS colonies was clearly higher than that
of GD colonies.

Pollen foraging similarity

Pair-wise comparisons of Bray–Curtis similarity indices
indicated that the pollen collected by GD colonies was
significantly more uniform (M=79±1.1% similar) com-
pared with the pollen collected by the GS colonies (M=63±
1.4% similar; F1, 55=89.52, p<0.001, η

2=0.62; Table 1). A
significant temporal effect was also obtained (F1.5, 81.6=
76.10, p<0.001, η2=0.49) as was the interaction of time×
diversity (F1.5, 81.6=5.54, p=0.011, η

2=0.05), although this
interaction was weak. Of note, from 29 Aug 2008 to 7 Sep
2008, there was a marked increase in foraging similarity in
both groups. This was likely due to an abundance of
Chenopodium pollen, which accounted for 87% of the
pollen taxa collected by GD colonies and 80% of the pollen
taxa collected by GS colonies during that period.

Fig. 1 Numbers of pollen types collected by genotypically diverse
(GD) vs. genotypically similar (GS) colonies

Table 1 Estimated marginal means (± SEM) for each measure over time between genotypically diverse (GD) and genotypically similar (GS)
colonies. The p values from each (2 genetic groups x 3 sample periods) repeated measures ANOVA are also shown

Measure Group Sample periods p-Values

19-Aug-2008 - 29-Aug-2008 - 08-Sep-2008 - Between
groups

Temporal
effect

Interaction
28-Aug-2008 - 07-Sep-2008 - 17-Sep-2008 -

Adult population GD 3.7 (±0.2) 3.8 (±0.2) 3.8 (±0.3) 0.06 0.72 0.15
GS 3.2 (±0.3) 2.9 (±0.3) 3.1 (±0.3)

Brood area (cm2) GD 1245.2 (±127.7) 901.3 (±95.5) 1153.5 (±111.6) 0.02 0.01 0.04
GS 671.0 (±145.2) 660.6 (±108.4) 725.2 (±126.5)

Pollen forager min-1 GD 14.0 (±1.3) 24.0 (±1.9) 17.0 (±1.9) 0.08 <0.001 0
GS 10.6 (±1.5) 15.1 (±2.2) 16.3 (±2.2)

Percent pollen foragers min-1 GD 43.4% (±3.0%) 58.9% (±4.0%) 52.4% (±2.7%) 0.14 <0.001 0.52
GS 35.4% (±3.4%) 51.4% (±4.5%) 50.6% (±3.0%)

Pollen weight (g) GD 135.5 (±13.2) 359.4 (±31.2) 283.2 (±32.3) 0 < 0.001 0
GS 75.8 (±14.9) 159.9 (±35.4) 184.3 (±36.6)

Pollen types GD 10.1 (±0.8) 9.0 (±0.8) 9.3 (±0.7) 0.01 0.01 0.14
GS 14.6 (±0.9) 11.1 (±0.9) 11.0 (±0.8)

Pollen foraging similarity (Bray-Curtis) GD 72.2% (±1.9%) 89.2% (±0.9%) 76.5% (±2.1%) <0.001 <0.001 0.01
GS 52.0% (±2.5%) 80.0% (±1.2%) 56.0% (±2.8%)
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Discussion

For polyandrous social insects, mating frequency estab-
lishes the genetic architecture of a colony, which in turn
affects individual worker behavior. Several hypotheses
have been put forth to explain why increased genetic
diversity among nestmates is adaptive, including enhanced
division of labor, resistance to pathogens, and increased
tolerance to environmental stress, among others (reviewed
by Boomsma and Ratnieks 1996). Such colony level traits,
however, occur widely among social Hymenoptera, in-
cluding monandrous species. Polyandry is not therefore a
strict requirement for fitness among social insects. For
honeybees, however, decreased genotypic variability
among nestmates does appear to be deleterious to colony
performance.

In our study, we found that GD colonies outperformed
GS colonies in nearly every colony level measure,
although not every difference was significant (see
Table 1). Our findings were generally consistent with
those of Fuchs and Schade (1994) as well as Mattila and
Seeley (2007) in studies comparing colony performance
between treatment groups similar to ours. However, we
also found that GD colonies collected significantly fewer
pollen types than did GS colonies, suggesting that pollen
foraging breadth is affected by the colony’s genetic
composition. We ascribed the greater number of pollen
taxa occurring among GS colonies to a higher frequency
of “rare” pollen types (i.e., pollens represented by only
one or a few grains out of a 500 grain count (see Online
Resource 1). Our results were counter to those of
Woyciechowski and Warakomska (1994) who found no
correlation between pollen diversity and colony genetics.

Our study, however, compared GS colonies against
colonies with a known and very high number of patrilines
(i.e., 1 vs. 20), rather than comparing low and moderate
diversity colonies against those headed by “open-mated”
queens. Further, our pollen was subsampled from pollen
traps that continuously trapped pollen over the duration of
the 30-day study period, rather than simply collecting the
first 200 pollen loads on seven different days. Of note, the
six most common pollen taxa identified in our study
(Chenopodium, Leucophyllum, Asteraceae, Tamarisk,
Poaceae, and Solanaceae) represented the vast majority
of collected pollen in both GD and GS colonies (see
Online Resource 1), suggesting a comparable foraging
pattern between both groups. However, based on our Bray–
Curtis similarity index, we found the overall composition of
collected pollen types to be less similar among GS colonies
than among GD colonies (see Table 1).

Because scouts search independently for food sources,
the variety of pollen types brought back to the colony may
serve as a proxy for overall pollen scouting effort. One
possible interpretation of our findings, therefore, is that the
number of pollen scouts is negatively associated with
intracolonial genetic diversity. This association might exist
because some foragers will act as scouts when they fail to
find a dance to follow (Beekman et al. 2007). GD colonies
produce greater numbers of waggle dances than GS
colonies (Mattila et al. 2008), perhaps increasing the
chances that a forager will find a dance. Thus, a high
frequency of recruitment dances may reduce scouting more
rapidly. However, because scouting is also affected by an
individual’s genotype (Dreller 1998), numbers of waggle
dances alone may not fully regulate a colony’s scouting
effort.

Fig. 2 Rarefaction curves
showing accumulation of pollen
types with increasing pollen
grain counts. Ninety-five
percent confidence intervals are
shown for each curve
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Genetic polyethism predicted by the response threshold
model affords an additional (and not mutually exclusive)
hypothesis for differences in pollen variety between our
treatment groups. Genetic polyethism is an evolutionary
strategy that contributes to colony level behavioral diversity
by exploiting the genetically based tendencies of individual
workers to perform particular tasks. Specifically, behavioral
variability among patrilines suggests that those patrilines
with lower response thresholds likely respond to behavioral
cues sooner than other patrilines in the colony. As such,
patrilines with higher response thresholds may never
perform certain tasks, while patrilines with the lowest
thresholds may appear as behavioral specialists. Subse-
quently, the allocation of tasks across patrilines suggests
fewer bees on average may engage in any particular
behavior, rendering more workers available for other tasks,
which increases overall colony efficiency. If scouting
behavior is allocated across patrilines, scouting effort is
predicted to vary with intracolonial genetic diversity.

Pollen foragers are stimulated to collect pollen when
either brood area increases (Fewell and Page 1993) or
stored pollen decreases (Camazine 1993; Fewell and
Winston 1992). A proportion of these foragers will exhibit
scouting behavior, seeking out new pollen sources (Seeley
1983). If only patrilines with the lowest thresholds for
pollen scouting undertake the task, then GD colonies may
send fewer numbers of pollen scouts in response to colony
protein demand. In a colony composed entirely of a single
patriline, however, the genetic diversity that underlies
pollen foraging behavior is reduced, requiring each indi-
vidual to perform a greater array of tasks, including
scouting behavior. Thus, relatively greater numbers of bees
from GS colonies will likely respond to cues for pollen
scouting. In this sense, an increased number of scouts
represents a breakdown in polyethism; more foragers
engaged in scouting reduces the number of bees available
for other tasks, including being recruited to previously
discovered, high value pollen sources. This explanation is
also consistent with the significantly greater amounts of
pollen collected by GD colonies (Table 1). A more detailed
study to identify and genotype scout bees could lend
support for such a mechanism, particularly if any patrilineal
bias for scouting was demonstrated.

Despite the larger variety of pollen types collected by
GS colonies, we found that GD colonies collected
significantly greater amounts of pollen. However, because
GD colonies had more brood, it was not surprising that they
also had more pollen foragers and collected more pollen
than GS colonies. Measurements of pollen collection and
brood area are not independent; the presence of brood
stimulates pollen foraging (Pankiw et al. 1998), and large
amounts of incoming pollen enable colonies with strong
queens to maximize brood rearing.

If the overall foraging strategy of a honeybee colony is
to put an optimal number of scouts into the environment
and maximize recruiting to the high value resources, then a
colony must efficiently regulate its foraging effort. Com-
bined with their greater foraging rates (Mattila and Seeley
2007), GD colonies are likely able to reduce the overall
stimulus level for pollen foraging more rapidly and with
fewer scouts than GS colonies. By contrast, GS colonies
may be losing task allocation efficiency by sending out far
more scouts than necessary. Recently, Mattila and Seeley
(2010) reported that, contrary to GD colonies, initial
foragers in GS colonies often would not dance when
returning to the hive, and thus would not mobilize their
nestmates to a food source. Our results and interpretation
are an extension of these findings in that the diversity of
pollen types in GS colonies is consistent with a foraging
force comprised largely of individuals that independently
search for pollen sources but do not recruit sufficient
numbers of nestmates to fully exploit identified resources.
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