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Abstract Honey bee foragers specialize on collecting
pollen and nectar. Pollen foraging behavior is modulated
by at least two stimuli within the nest: the presence of
brood pheromone and young larvae and the quantity of
stored pollen. Genetic variation in pollen foraging behavior
has been demonstrated repeatedly. We used selected high
and low pollen-hoarding strains of bees that differ dramat-
ically in the quantity of pollen collected to determine if the
observed differences in foraging could be explained by
differential responses to brood stimuli. Workers from the
high and low pollen-hoarding strains and wild-type bees
were co-fostered in colonies with either brood or no brood.
As expected based on previous studies, returning high
pollen-hoarding foragers collected heavier pollen loads and
lighter nectar loads than low pollen-hoarding bees. Effects
of brood treatment were also observed; bees exposed to
brood collected heavier pollen loads and initiated foraging
earlier than those from broodless colonies. More specifi-
cally, brood treatment resulted in increased pollen foraging
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in high pollen-hoarding bees but did not affect pollen
foraging in low pollen-hoarding bees, suggesting that high
pollen-hoarding bees are more sensitive to the presence of
brood. However, response to brood stimuli does not
sufficiently explain the differences in foraging behavior
between the strains since these differences persisted even in
the absence of brood.

Keywords Honey bee - Pollen foraging - Brood - Genotype

Introduction

Honey bees demonstrate a pronounced division of labor
between bees that work in the nest and those that forage.
Worker honey bees usually initiate foraging when they are
2-3 weeks old (Rosch 1925). Most bees collect both pollen
and nectar, but individuals may concentrate more on one
resource than the other. Pollen specialists tend to carry
relatively more pollen and less nectar than nectar specialists
(Hunt et al. 1995; Page et al. 2000). Some of the observed
variation in foraging behavior is due to genetic variation
(Hellmich et al. 1985; Calderone and Page 1988, 1991,
1996; Calderone et al. 1989; Dreller et al. 1995; Robinson
and Page 1989; Rothenbuhler and Page 1989; Hunt et al.
1995; Page et al. 1995, 2000; Fewell and Page 1993, 2000;
Guzman-Novoa and Gary 1993, Guzman-Novoa et al.
1994; Rueppell et al. 2004; Chapman et al. 2007); however,
foragers are also responsive to stimuli within the nest (see
Schmickl and Crailsheim 2004 for review of nest homeo-
stasis). Larvae and their associated pheromones stimulate
pollen foraging behavior (Filmer 1932; Free 1967; Cale
1968; Todd and Reed 1970; Al-Tikrity et al. 1972; Fewell
and Page 1993; Le Conte et al. 2001; Pankiw and Page
1999, 2001b; Pankiw et al. 1998, 2004a; Pankiw 2007,
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Schmickl and Crailsheim 2004) while stored pollen reduces
pollen foraging activity (Free 1967; Barker 1971; Free and
Williams 1971; Moeller 1972; Fewell and Winston 1992;
Fewell and Page 1993; Dreller et al. 1999; Dreller and
Tarpy 2000; Schmickl and Crailsheim 2004). Recent
studies have shown that sensory responses of young worker
honey bees (prior to the onset of foraging) correlate with
ovary size (number of ovarioles) and transcription levels of
vitellogenin, an insect yolk protein precursor (Tsuruda et al.
2008), while foraging behavior correlates with responses to
sugar (Pankiw and Page 2000; Pankiw 2003; Pankiw et al.
2004b), suggesting that foraging division of labor and
reproductive regulatory networks are linked (Page and
Amdam 2007).

Page and Fondrk (1995) conducted a bidirectional
selection program and produced strains of bees that differ
dramatically in the amount of surplus pollen they store in
combs in the nest (pollen hoarding). High-strain bees also
are much more likely to become pollen specialists, collect
larger loads than low-strain bees when foraging for pollen,
and initiate foraging at an earlier age (Page and Fondrk
1995; Page et al. 1995, 1998, 2000; Hunt et al. 1995;
Fewell and Page 2000; Pankiw et al. 2002; Pankiw and
Page 2001a; Rueppell et al. 2004). High-strain bees and
wild-type pollen foragers are more responsive to sugar
solutions than low-strain bees and wild-type nectar for-
agers, respectively, and bees with high sucrose responsive-
ness are also more responsive to pollen than bees with low
sucrose responsiveness when tested with the proboscis
extension response test (Bitterman et al. 1983; Scheiner et
al. 2001a,b, 2004; Page et al. 1998; Pankiw and Page 1999,
2000; Pankiw et al. 2001, 2004b; Pankiw 2003; Rueppell et
al. 2006). This suggests that differences in foraging
behavior between high- and low-strain bees are a result of
differential sensitivity to nectar and pollen foraging stimuli.
Prior work has shown that high- and low-strain bees
respond to changes in the amount of stored pollen by
adjusting the foraging effort of individuals, not by changing
the number of foragers (Fewell and Page 2000). When in
colonies with high pollen stores, the high- and low-strain
bees increased nectar foraging rates and decreased pollen
foraging rates compared to colonies with low amounts of
stored pollen. Brood stimuli also affect foraging choices,
which are associated with foraging initiation (Pankiw and
Page 2001a). Brood pheromone can accelerate or delay
foraging onset depending on dosage and colony conditions
(Le Conte et al. 2001; Pankiw et al. 2004a).

Pankiw and Page (2001a) changed both the quantities of
brood and stored pollen and tested the responses of high-
and low-strain bees under high- and low-pollen foraging
stimulus conditions (high brood quantities/low stored
pollen and low brood/high stored pollen, respectively).
Their study demonstrated a clear effect of the “total”
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stimulus on foraging behavior of high- and low-strain bees.
However, the pollen and brood stimuli were confounded
and did not address the question of differential sensitivity of
high- and low-strain workers to brood stimulus as a releaser
of pollen foraging behavior. They also did not have a
brood-free treatment and, therefore, were unable to test for
behavioral differences of high- and low-strain bees in the
absence of the brood-produced pollen foraging stimuli. This
is important with respect to understanding to what degree
pollen foraging activity is a response to pollen foraging
releasing stimuli or is activated by other mechanisms.

Based on what is known about the multiple effects of
brood stimuli, pollen foraging behavior, and differences in
the sensory response systems of high- and low-strain bees,
and of nectar and pollen foragers, we asked if differences in
foraging behavior between high- and low-strain bees are
due to differential responses to pollen foraging releasing
stimuli provided by brood. We hypothesized that: (1) bees
respond to brood stimuli by foraging at younger ages; (2)
bees respond to brood stimuli by increasing pollen foraging
behavior; (3) high pollen-hoarding bees are more respon-
sive to brood stimuli than bees of the low pollen hoarding
strain; and (4) there are no differences between high- and
low-strain bees in the absence of brood stimuli.

We held constant the quantity of pollen in colonies and
measured the effects of larvae on foraging behavior and
foraging age of identified cohorts of bees from the high and
low strains. Additional bees from unrelated wild-type
colonies (bees not under artificial selection) were also
compared.

Materials and methods
Bees

The bees used in this study were derived from the high and
low pollen-hoarding strains of Page and Fondrk (1995) and
from commercial colonies of wild-type bees that were used
as reference points for comparisons between bees of the
high and low strains. Workers of known age were obtained
by removing combs of developing pupae from colonies
about 12 h prior to emergence. The combs were placed in
an incubator overnight. Newly emerged adults were paint-
marked on the thorax to indicate source strain. Five
hundred bees of each genotype (high, low, and wild type)
were introduced to each of six unrelated wild-type colonies
located in the same apiary in Davis, CA over 2 days
beginning 14 April 2004. Honey (two frames), pollen
(partial frame), sealed and unsealed brood (two frames),
and empty-space areas were equalized between the six
colonies. The marked cohorts were allowed to develop
under these normal conditions for 8 days, giving all bees
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similar colony environments during the period they were
likely to engage in feeding brood. Unmarked, newly
emerged, wild-type bees were added to each colony for
3 days following the introduction of the marked, focal bees.

Treatments

On day 9, all colony environments were adjusted to consist
of two frames of honey: one frame with 300 cm? of pollen
and empty space and one frame of foundation. In each
colony, the queen was confined in a cylindrical wire cage
that allowed contact with workers. We tried to make the
colonies as similar as possible. The six colonies were then
evenly divided into three replicates of paired treatments: (1)
brood [approximately one full frame open brood (750 cm?)]
and (2) broodless (dummy frame). The dummy frame was
made from an empty frame with sheets of wood covering
the comb surface. This way, empty space, stored pollen,
and honey were equalized between colonies and only the
amount of brood differed. We made sure that stored pollen
(an inhibitor of pollen foraging) was not different between
our brood treatments to be certain that we were only testing
the effects of brood on foraging behavior. Every 5 days, the
brood combs from the brood treatment colonies were
removed, and new frames of young, open larvae were
substituted. This allowed us to maintain brood and
broodless treatments throughout the experiment. All colo-
nies were reset with 300 cm? of pollen on day 17 to prevent
significantly different amounts of stored pollen due to
treatment. The amount of stored pollen was measured at the
end of the study and was not found to be significantly
different between the treatments (¢ test, p>0.05); however,
our small sample sizes (three colonies per treatment) should
be noted.

Foraging behavior

Sampling began after entrance counts consistently showed
bees of all genotypes foraging (day 20). Returning marked
foragers were collected each day from a pair of colonies
(one with brood and one without brood). We collected all of
the observed foragers each day during 10-min sampling
periods throughout the hours of 0800 and 1500. Given the
limitation of having one person collecting the data, pairs of
colonies (replicates) were rotated on a daily basis; for
example, colonies 1 and 2 were sampled on days 20, 23,
26, etc. while colonies 3 and 4 were sampled on days 21,
24, 27, etc. and colonies 5 and 6 were sampled on days 22,
25, 28, etc. Six rounds of collections took place over
3 weeks. A mesh screen was placed over the entrance of
each hive to facilitate the capture of returning foragers.
Individual bees were treated with carbon dioxide gas until
immobile to enable the expulsion of crop contents and

removal of pollen loads. The weight of the pollen load was
attained for each bee by weighing the pollen pellet from the
corbicula of one of the hind legs. We recorded the weight of
only one pollen load because pollen loads can be
accidentally knocked off and lost during collection and
processing. Since our scale only measured down to 0.001 g,
workers with less than 0.001 g per leg were recorded as
having a 0.0005 g per leg (0.001 g total pollen load). Crop
contents were expelled into pre-weighed capillary tubes
(Kimax-51) that were then re-weighed (Gary and Lorenzen
1976). The sucrose concentrations of the crop contents
were then individually measured using a hand-held refrac-
tometer (Bausch & Lomb Optical, USA). Processed bees
were then frozen to avoid re-sampling. The pollen
proportion of the entire foraging load was calculated from
the foraging load data by dividing the pollen load weight by
the combined weight of the nectar and pollen loads. It also
excludes non-foragers from the analyses since the denom-
inator for these individuals is zero. The experiment was
terminated when at least 100 foragers of each genotype
from each colony were collected (ending on 22 May 2004).
At the termination of the experiment, all colonies were
frozen, and remaining focal bees were counted to determine
the number of non-foraging individuals.

Statistics

Kolmogorov—Smirnov tests of normality were performed to
confirm normal distributions for foraging load measure-
ments and pollen proportions (»p<0.0001 for each). Two-
way ANOVA was used to test the effects of genotype and
treatment on pollen load weights, nectar load weights,
pollen proportions, and nectar load concentrations (pooled
across replicates). Fisher’s protected least significant dif-
ference tests were used to test the significance of post hoc
effects. Foraging age was approximated by the age on the
day the individual was collected. The collected remaining
focal bees that had not foraged by the termination of the
experiment were assigned to the “censused” group for
statistical analyses. Nonparametric survival analyses with
Kaplan—Meier estimations and Mantel-Cox tests were used
to analyze foraging age by genotype and treatment.
Analyses were performed with StatView software.

Results

Genotype groups (pooled across treatments) differed signif-
icantly for pollen load weights, the proportion of their total
load weight that was pollen, nectar load weights, and nectar
load concentrations (Fig. la—d; pollen weight F} j4p5=
29423, p<00001, I’lhigh:488, nlow:395> nwﬂd_type:548;
pollen proportion £ 19390=39.076, p<0.0001, npi,=385,
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Fig. 1 a Bees from colonies with brood collected heavier pollen loads
than bees from broodless colonies. Pollen load weights differed by
genotype as well (high>WT>low). High-strain bees are more
responsive to the brood treatment than the other genotypes. b The
pollen proportions of the entire foraging load [pollen load weight/
(pollen load weight+nectar load weight)] for high-strain, low-strain,
and wild-type foragers from colonies with and without brood. There

Now=293, Nyilg-type=417; nectar weight [ 1450=13.871,
p<0.0001, nuign=487, niow=394, nyid-type=45; nectar
concentration F5 79;=3.205, p=0.0411, np;pn=225, 16, =256,
Nwild-ype=316). Post hoc analyses revealed that high-strain
bees collected heavier pollen loads, had higher proportions
of pollen, lighter nectar loads, and nectar of higher
concentration than low-strain bees (Fig. 1a—d; pollen weight
p<0.0001; pollen proportion p<0.0001; nectar weight
p<0.0001; nectar concentration p=0.0014). The concentra-
tion of nectar from returning foragers decreased over the
3 weeks data were collected (R*=0.015, F795=13.155,
p=0.0003, n=797). Genotype differences in pollen weights
and pollen proportions existed within both treatments
(Fig. 1a, b; brood: pollen weight F 90,=31.806, p<0.0001,
n=905, pollen proportion F5 710=37.501, p<0.0001, n=713;
broodless: pollen weight F; 5,3=8.264, p=0.0003, n=526,
pollen proportion F,379=11.721, p<0.0001, n=382). Sur-
vival analyses showed that low-strain bees initiated foraging
later in life than high-strain bees and wild-type bees
(x*=34.572, df=2, p<0.0001).

Treatment effects were seen for pollen load weights
and pollen proportions. Bees from the colonies with
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are significant differences between the treatments and between
genotypes. ¢ Low-strain bees collected heavier nectar loads than
high-strain bees. Brood treatment did not affect nectar load weights. d
High-strain bees collected nectar loads of higher sugar concentration
than low-strain bees. The brood treatment did not affect the nectar
load concentration

brood collected heavier pollen loads and higher propor-
tions of pollen than bees from broodless colonies
(Fig. la, b; pollen weight F 1425=19.514, p<0.0001,
Mbrood =905, Mproodless=526; pollen proportion Fj 1980=
6.604, p=0.0103, Mpr00a=713, Mproodiess=382). Nectar load
weights and nectar concentrations were not different
between the brood and broodless treatments. Genotype x
treatment interaction effects on pollen load weights reveal
that the high- and low-strain bees responded differently to
the presence or absence of brood (Fig. 1a; F5 1425=3.637,
p=0.0266, n=1431). Multiple comparisons showed that
the treatment effect was strong in bees from the high-strain
and was not significant in low-strain and wild-type bees
(high strain, F456=19.129, p<0.0001, n=488). There
was no significant interaction for pollen proportion.
Mantel-Cox survival analyses showed that bees in the
brood treatment initiated foraging earlier than bees in the
broodless treatment (x>=156.342, df=1, p<0.0001).
Brood treatment affected foraging age in all genotypes
(Fig. 2; high strain, x*=31.376, df=1, p<0.0001; low
strain, x>=99.626, df=1, p<0.0001; wild type: y>=
41.009, df=1, p<0.0001).
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Fig. 2 The effects of genotype and treatment on the age at the
initiation of foraging. Cumulative hazard represents the proportion of
focal bees that had initiated foraging and increases as bees are
destructively sampled

Discussion

High-strain bees are more responsive to brood stimuli than
low-strain bees, answering our third hypothesis and
explaining, in part, differences in pollen foraging behavior
between the high and low strains. High-strain bees and
wild-type pollen foragers are more responsive and sensitive
to other stimuli than low-strain bees and nectar foragers,
respectively, when tested under laboratory and field con-
ditions (Scheiner et al. 1999, 2001a,b, 2004; Pankiw and
Page 1999, 2000, 2001a; Pankiw et al. 2001, 2002, 2004b;
Pankiw 2003; Page et al. 1998; Erber et al. 2006; Tsuruda
et al. 2008) suggesting that selection for increased pollen
foraging acts on the sensory response system of workers.
As hypothesized, high-strain bees respond to brood
stimulus by collecting heavier loads of pollen; however,
brood stimulus had no measurable effect on nectar loads.
Previous studies have shown effects of brood stimuli on the
number of pollen foragers but not the number of nectar
foragers, suggesting that brood affects the nectar and pollen
loading decisions by placing a higher relative value on
pollen for any given concentration of nectar (Dreller et al.
1999; Pankiw et al. 1998, Pankiw and Page 2001a,b;
Pankiw 2004a,b; Amdam et al. 2008). The decreasing
concentration of available nectar during the length of the
study provides a plausible explanation why high-strain bees
collected nectar of higher concentration than low-strain
bees; high-strain bees initiated foraging earlier in life when
the more concentrated nectar was available.

The presence of young larvae affected the foraging ages
of all genotypes (Fig. 2). Workers in colonies with brood
foraged earlier in life than those in broodless colonies,
addressing our first hypothesis (Fig. 2). The lack of a
differential response between genotypes to the brood
treatment suggests that the earlier onset of foraging seen
in high-strain bees was not in response to brood stimuli but
more likely in response to reduced titers of vitellogenin, a
yolk precursor protein associated with reproductive regula-
tory networks (Page and Amdam 2007). Vitellogenin, as a
pacer of behavioral development, inhibits the onset of
foraging (Nelson et al. 2007; Page and Amdam 2007
Amdam et al. 2008). Vitellogenin levels are highest in
nursed-aged bees, which transfer the protein to colony
members, including larvae (Amdam et al. 2003). As the
vitellogenin levels decrease (and juvenile hormone levels
increase), the transition from in-hive tasks to foraging
occurs (Amdam et al. 2003; Fluri et al. 1982). In our
colonies where brood is present, nurse bees are able to lose
vitellogenin more rapidly (due to feeding larvae) and,
therefore, transition to foraging earlier in life than bees in
broodless colonies. Le Conte et al. (2001) also showed an
earlier onset of foraging in colonies with brood versus
colonies without brood as well as dose-dependent effects of
brood pheromone on foraging age. Bees in broodless
colonies treated with a high dose of brood pheromone
foraged later in life than bees from broodless colonies
without pheromone treatment. This suggests that brood
pheromone and feeding brood have opposing effects on the
onset of foraging.
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Fig. 3 In broodless colonies, there was still an effect of genotype on
age at foraging onset. Cumulative hazard represents the proportion of
focal bees that had initiated foraging and increases as bees were
destructively sampled

@ Springer



166

Behav Ecol Sociobiol (2009) 64:161-167

Brood stimuli are not essential for the initiation of
foraging or pollen foraging behavior. High, low, and wild-
type bees initiated foraging and continued to forage for
pollen in the absence of brood. However, in opposition to
our last hypothesis, genotype still had an effect on both
variables. Under broodless conditions, high-strain bees
were more likely to forage earlier in life and collect more
pollen than low-strain bees (Figs. 1a and 3). Wild-type bees
displayed intermediate phenotypes. We conclude that brood
stimuli alone, as opposed to the combined brood and pollen
treatments of Pankiw and Page 2001a, affect the pollen
foraging behavior of high and low pollen-hoarding strains;
however, observed baseline differences in foraging onset
and pollen foraging behavior may also be due to intrinsic
foraging biases that are modulated by other, as yet
undetermined, stimuli.
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