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Due to their foraging behavior, honey bees interact with the landscape. As a result, honey bees and their brood will be
exposed to pesticides through nectar and pollen entering the hive. Although these pathways seem rather straightforward, there are several steps between the entry of nectar and pollen and its consumption by the colony. One of the
aspects involved here is the time between collection and consumption of pollen in the hive. This is of importance for
the actual exposure of nurse bees and larvae to pesticides in pollen. Although lab and short-term field studies indicated
that bees prefer to consume freshly stored pollen, this has to our knowledge not been verified in a long-term field
study under realistic environmental and apiculturist conditions. To study pollen consumption dynamics, influx and consumption were recorded at 3 or 4 day intervals over a six-week period in two colonies. It was demonstrated that
throughout the experimental period, beebread consumption was high in the first 3 to 5 days after collection, over which
approximately 70% was consumed. The remaining 30% was consumed within a 2 to 3 week period. Pollen consumption
is swift and indicates that only limited time is available for potential degradation processes. As actual data on degradation of pesticides in stored pollen are not available, a justified worse case assumption would be that the actual exposure concentrations consumed by the nurse bees and larvae are the same as the concentrations in collected pollen.
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Introduction
There are two main influxes through which a honey
bee colony can be exposed to pesticides: contaminated
nectar and contaminated pollen. After entering the colony, nectar is transferred from the foraging bees to the
nectar collectors, an age dependent task of 18  23 day
old bees (Seeley, 1995; Brodschneider et al., 2007).
Through trophallaxis, part of the fresh nectar is distributed among all bees in the colony, but the majority is
stored. Foraging bees are, by trophallaxis, directly fueled
with fresh incoming nectar (Brandstetter et al., 1988;
DeGrandi-Hoffman & Hagler, 2000). Some of the stored
nectar in cells is consumed directly by the bees as day
to day food, and part is concentrated into honey for
long term storage and ultimate winter feed (Eyer
et al., 2016).
Pollen enters the colony either as corbicular pollen
loads collected by the pollen foragers or as loose pollen
grains on the bodies of nectar foragers (Westerkamp,
1991; Paalhaar et al., 2008). The loose pollen may be
exchanged to all bees in the colony by direct contact.
This loose pollen, of which the majority comes from
nectar foragers, is responsible for the well-known
cross-pollination by the honey bee (Free & Williams,
1972; DeGrandi-Hoffman et al., 1984; DeGrandiHoffman et al., 1986). The corbicular pollen pellets are

stored by the pollen foragers, usually in cells adjacent
to the open brood. Stored pollen in cells is also
referred to as “beebread”. The amount of pollen stored
is determined by the presence of brood and the availability of pollen in the field (Free, 1967; Dreller et al.,
1999; Dreller & Tarpy, 2000). In a laboratory situation,
Carroll et al. (2017) showed in an eight-day trial that
pollen stores of 2 to 4 days of age had a significantly
greater chance of being consumed than older ones.
Anderson et al. (2014) also recorded over a five-day
monitoring period a preferential consumption of stored
pollen within three days of collection.
As a consequence of these different feed influxes,
storage, and consumption routes, the exposure routes
through contaminated nectar and pollen are different.
Freshly collected nectar is partly divided between all
bees and brood in the colony, posing a potential risk to
all bees and brood (Nixon & Ribbands, 1952; Dadant,
1975; Crane, 1979). On the other hand, as nectar is
constantly renewed in flower nectaries and food sources shift over the course of a day, the concentration of
pesticides in the in-hive flux may decrease rapidly
(Schatz & Wallner, 2009).
Unlike nectar, pollen is unprocessed but is preserved
by added honey bee secretions and low PH (Anderson
et al., 2014). The nurse bee cohort consumes this
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pollen to produce royal jelly for the larvae, queen, and
young adults (Crailsheim et al., 1992; Rortais et al.,
2005). Royal jelly is also fed to foragers as a trigger to
collect more or less pollen (Fewell & Winston, 1992;
Camazine, 1993). Although pollen is a known vehicle
through which pesticides enter the colony, royal jelly
itself contains hardly any residues of pesticides (B€
ohme
et al., 2018). Consequently, the exposure to pesticide
residues is mainly by consumption of pollen, so nurse
bees will be more frequently exposed to pesticides in
pollen than the rest of the bees. Johnson et al. (2010),
Mullin et al. (2010), and Chauzat et al. (2011) showed
that stored pollen does contain pesticides, and therefore may pose a risk to the honey bee colony.
Unfortunately, no data about the degradation of pesticides in beebread are available. Degradation of a pesticide depends on temperature, humidity, and microbial
activity (Aislabie & Lloyd-Jones, 1995; Castillo &
Torstensson, 2007) and it can be assumed that the longer a pesticide is within a bee hive, the greater the degradation that will occur. The consumption dynamics of
beebread, therefore, determine the actual exposure
to bees.
In this study, we focus on in-hive beebread consumption dynamics over a relatively long period of approximately 6 weeks. This is because of knowledge gaps in
understanding the actual exposure of the colony
through beebread, particularly about the residence time
of pollen in the hive. Therefore, we recorded the presence of beebread cells in a replicated six-week study in
two colonies under field conditions and measured both
beebread consumption and the time between influx and
consumption.
Materials and methods
Test set-up
Two queen-right honey bee colonies were used for the
experiment. The test colonies from the apiary of the
Environmental Risk Assessment team of Wageningen
Environmental Research were situated at the experimental facility ‘De Sinderhoeve’, Renkum, The
Netherlands. This 11 ha test facility is situated in an
area with extensive agriculture and the colonies had not
previously been used in pesticide research. The colonies
comprised approximately 5,600 bees, in a ten-frame
hive and had been treated for Varroa destructor according to normal practice. Beebread monitoring was performed from 7 June to 28 July 2018 in colony A and
from 21 June to 2 August 2018 in colony B.
Recording of beebread consumption
We modified the method used by Anderson and coworkers (2014) for recording the total beebread
consumption in the field. Beebread initial storage and
consumption were followed per individual cell. Per hive,
all frames were checked every Monday and Thursday.

To assess the beebread development, a transparent
overlay sheet was placed in a fixed position on the
frame, after which the beebread cells were marked
using a permanent marker. Upon return to the lab,
sheets of consecutive recordings were positioned on
top of each other and the continuation, disappearance,
and initiation of beebread cells over time were
recorded. Emptied cells were not recorded, but were
deduced from their presence on previous sheets. The
content of these cells was therefore presumed to have
been consumed in the period between recordings. In
this paper, recorded data and deduced data are indicated as such.
Timeline of observations
Observations were made on Mondays and Thursdays,
resulting in intermediate observation periods of 3 or
4 days. Therefore a newly recorded cell containing beebread will have been filled in the three or four day
period prior to the recording. As the exact age of the
beebread cannot be known, recordings are presented
as nominal 4, 8, 11, 15, 18, 22, and 25 day periods post
beebread initial storage.
Statistics
For each frame side, the mean residence time of beebread
(the period between first recording to empty cell) was
calculated. Data were processed using MS Excel (Office
365). Applying the logarithmic model y ¼ aln(x)þb on the
recorded data, provided the best fit. Using the resulting
formulae presented in Figure 1, the 75% and 95% residence times of the beebread were calculated.
Number of bees and number of capped brood cells
The numbers of bees and capped brood cells were
recorded according to Delaplane et al. (2013). The
frames with bees and without bees were photographed.
The photos were analyzed with the Image J program on
bee- and capped brood coverage. A square dm2 covered by bees in one layer was assumed to contain 125
bees and a square dm2 of capped brood was assumed
to contain 400 cells. Open brood was not recorded, as
the number of capped brood cells is a practical tool for
assessment of the brood onset.
Results
In the experimental period 2 July to 23 July for colony
A and 11 June to 9 July for colony B, the colonies had
on average 5,425 (n recordings: 6, sd: 1,069) and 6,036
(n recordings: 6, sd: 1,110) bees, respectively. In addition, Colonies A and B had on average 6,444 (n recordings: 6, sd: 2,634) and 7,810 (n recordings: 6, sd: 1,143)
capped brood cells (Figure 2).
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Figure 1. Cumulative beebread consumption in frames with capped and non-capped brood.

Figure 2. Overview of the number of bees and capped brood cells per colony over time.

Of every 100 initially recorded cells containing beebread, in the first 4 day period after initiation, approximately 30 still contained beebread (Figure 3). Over the
8 day period, the number of cells containing beebread
had further diminished to about 18, and from the
15 day period, the remainder was 9 cells. This shows a
steep increase of consumption of about 70% of the
newly filled beebread cells over the 4 day period, while
consumption comprises approximately 90% after

15 days. Note that there is considerable variation within
the recorded consumption rates as is shown by the
standard deviations in Figure 3.
In order to quantify the cumulative beebread consumption over time, we distinguished between frames with and
without capped brood (Figure 1). The presence of brood
in the frames affected the consumption rate by a factor of
approximately 1.5 to 2. For instance, 75% consumption of
beebread cells was reached within 4.5 days on frames
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Figure 3. Overview of the average percentage remaining beebread cells over time. Error bars denote the calculated standard deviation. The total number of recorded initial cells in colony A was 2,916 in the period 7 June until 12 July 2018, while in colony B this
comprised 4,753 cells in the period 21 June until 2 August 2018.

Table 1. Pollen consumption as a function of worker bees and capped brood in the colony.

Worker bees in
the colony (#)
1000
5000
10000
20000
30000
40000

Nurse bee
cohort (#)
250
1250
2500
5000
7500
10000

Pollen
consumption
(mg)
1625
8125
16250
32500
48750
65000

Capped brood
cells (#)
1000
5000
10000
20000
30000
40000

Larvae in the
colony (#)
500
2500
5000
10000
15000
20000

Pollen
consumption
(mg)
450
2250
4500
9000
13500
18000

Total daily
pollen
consumption nurse
bees þ larvae
(mg)
2075
10375
20750
41500
62250
83000

After Rortais et al. (2005).

with brood present and 6.5 days without brood present in
colony A, while this was reached within 3.8 days with
brood present and 7.1 days without brood present in colony B. The consumption of 95% beebread cells was
reached within 11.4 days on frames with brood present
and 14.2 days without brood present in colony A, while
this was reached within 13.5 days with brood present and
16.9 days without brood present in colony B.

Discussion
The colonies used in this experiment were either still
increasing or stabilizing their total number of bees. This
is in accordance with the active brood rearing period of
the honey bee colony in the Netherlands which is from
March-April until October. The number of capped
brood cells varied and was always higher than the number of recorded bees, which is in line with findings of
Van der Steen et al. (2014) and Khoury et al. (2013)
who reported the number of capped brood cells per
adult bee to vary during the season. In spring this ratio
is > 2, in summer about 1 and autumn <1. These findings are also corroborated by colony development
reported in, for example, the ECOBEE project (Odoux
et al., 2014).

The endpoint ‘average consumption of beebread
cells’ showed a considerable variation, which is in line
with previous observations. For instance, in the review
publications of Keller et al. (2005a, 2005b), it is stated
that it takes 125 mg pollen to raise a bee and that this
bee will consume an additional 39 mg in its adult life,
resulting in total estimated consumption of 164 mg pollen. In contrast, Rortais et al. (2005) report that a nurse
bee during her 10 d nursing period consumes on average 65 mg pollen, and a worker larva in its six-day larval
period consumes 5.4 mg pollen, while Crailsheim et al.
(1992) recorded a pollen consumption of 3.4 to 4.3 mg
pollen per day per worker.
As nurse bees and larvae are the main pollen consumers in the colony, we will here focus on pollen
consumption on these two cohorts. In our study, colonies A and B comprised on average 5,425 and 6,036
bees and 6,444 and 7,810 capped brood cells over the
study period, respectively. In summer, the nurse bee
cohort of the colony is about 25% of the total bees
present (van der Steen et al., 2012). The capped
brood period is 12 days and the larval period 6 days.
Consequently, the number of larvae is half the number
of capped brood cells in the case of colony homeostasis. With these data and the daily pollen consumption
presented by Rortais et al. (2005) the daily pollen
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consumption can be calculated: (n bees)0.25)6.5 mg
pollen for the nurse bees and (n capped brood cells
0.5)0.9 mg pollen for the larvae when no larval mortality occurs (see Table 1). In addition, the total pollen
consumption per day is given for different numbers of
worker bees per colony (Table 1).
Although in the current study the contents of the
beebread cells were not weighed, Donkersley et al.
(2014) reported pollen weights of 165.9 ± 73.4 mg per
cell. Unpublished measurements from previous studies
of the authors varied from 125 to 150 mg per full cell.
Observations of the over 7,500 cells in this study
revealed that most cells were not filled completely, corresponding to an estimated 75 to 100 mg pollen per
cell. On a daily basis, colony A consumed 100–120 cells
while colony B consumed 97-129 cells. This results in
an approximate consumption of the contents of 111
beebread cells per day, which corresponds to 111  75
to 100 mg ¼ between 8,325 and 11,100 mg. This corresponds well with the calculated values in Table 1 where
a colony of 5,000 individuals and corresponding capped
brood cells consumed 8,125 þ 2,250 ¼ 10,375 mg pollen.
These data thus correspond with the calculated consumption data presented by Rortais et al. (2005).
Although the pollen consumption of Keller et al.
(2005a, 2005b) and Crailsheim et al. (1992) is higher, it
must be noted that the protein concentration in pollen
can vary between 9.2% and 37.4% (Somerville & Nicol,
2006; Herbert & Shimanuki, 1978; Andrada & Tellerıa,
2005) and that larval mortality also might affect actual
consumption rates.
In conclusion, our study has shown that almost 75%
of the collected pollen is consumed within approximately one week. Almost all pollen (95%) is consumed
within two weeks and only a small remainder is stored
for a prolonged period.
A honey bee colony primarily consumes pollen via its
nurse bees and larvae, which results in daily consumption of (n beesx0.25)6.5 mg þ (n capped brood
cells0.5 till 1)0.9 mg pollen. The result is just an indication, as colonies grow in spring and decrease in the
fall with corresponding changes in the ratio between
brood and bees.
As pollen consumption per bee is independent of
colony size, and the majority of pollen is consumed
within a week of collection, there is not much time
available for pesticides to be degraded. As actual data
on degradation of pesticides in stored pollen are not
available, a justified worse case assumption is thus that
the actual exposure concentrations consumed by the
nurse bees and larvae equal the concentrations in collected pollen. Note however that although the potential exposure of a honey bee colony following a single
application event of a plant protection product via
contaminated pollen is short, its overall exposure
depends on the dynamics of agricultural practices
over time.
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