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Introduction

Animals usually store energy reserves, such as fat and 
glycogen, for use when energy requirement exceeds the 
energy supply from food (Schmidt-Nielsen 1997). Bees, 
by contrast, store limited reserves in the body and rely 
largely on food in the crop for energy supply during flight 
(Panzenböck and Crailsheim 1997). When leaving the nest, 
honeybees (Apis mellifera) receive food (as nectar) from 
nest mates through trophallaxis (Beutler 1950; von Frisch 
1967), and use it as fuel (but see Núñez 1970). The nec-
tar is held in the crop and sent gradually to the midgut, 
where sugars are absorbed to generate energy for flight 
(Crailsheim 1988; Blatt and Roces 2001). It is estimated 
that the sugar available outside the crop is between 1 and 
2 mg (Visscher et al. 1996).

Previous studies showed that the amount of nectar that 
foragers carry from the nest is adjusted by several factors, 
including target food type (nectar or pollen), food-source 
distance, and reward variability (Beutler 1950, 1951; 
Harano et al. 2013, 2014; Harano and Sasaki 2015; Tan 
et al. 2015). The frequency of begging trophallactic con-
tacts with nest mates (putative reception of nectar) is also 
reported to change, depending on food-source profitability 
and variability (Núñez 1970; Farina 1996; De Marco and 
Farina 2001, 2003). By contrast, information on the concen-
tration of the crop load upon departing the nest is limited. 
Nectar in the nest is available at various concentrations. 
Individual workers collect nectar at concentrations ranging 
mainly from 20 to 60 % (Seeley 1986), because a colony 
allocates workers to various food sources to respond to 
changes in profitability of those food sources (Seeley 1995). 
The collected nectar is stored after concentrating up to 80 % 
by in-nest bees (Park 1946). Recently, Tan et al. (2015) 
reported that Asian honeybee A. cerana foragers carry both 
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more, and more- concentrated nectar as fuel when collecting 
from variable food sources than from a constant source. The 
results suggest that foragers can alter the concentration of 
nectar carried from the nest to adjust the total sugar content 
in the crop. However, this type of fuel adjustment has not 
been confirmed in the other contexts.

Honeybee foragers tend to specialize in either nectar 
or pollen collection (Free 1960; Page 2013; Harano and 
Sasaki 2015). Pollen foragers not only use the nectar car-
ried from the nest as fuel but also use it as “glue” to build 
pollen loads (Parker 1926; Hodges 1952). They regurgitate 
part of the crop content during a foraging trip and mix it 
with collected pollen to give cohesiveness, which appears 
to be essential to build pollen loads on corbiculae. Pollen 
foragers carry more nectar from the nest than nectar for-
agers because of the need for “glue” (Beutler 1950, 1951; 
Harano et al. 2013, 2014; Harano and Sasaki 2015). Pollen 
loads are composed of pollen grains and an almost equal 
amount of sugar (Roulston et al. 2000). This also indicates 
the deposition of a large amount of sugar by pollen foragers 
in the process of load building.

This work examined whether A. mellifera foragers use 
nectar at different concentrations depending on the neces-
sity for sugar during nectar and pollen collection. First, we 
investigated the effect of forager subtypes, nectar, or pollen 
foragers. In addition to need of nectar for glue, pollen for-
agers may need to carry more fuel from the nest than nec-
tar foragers, because they may not collect nectar that can be 
used as fuel for the return trip (Harano and Sasaki 2015). 
Because of their larger sugar requirement, pollen foragers 
might use more-concentrated nectar than nectar foragers. 
Second, we investigated the effect of food-source distance on 
the concentration of nectar carried by foragers from the nest. 
Foragers increase the amount of nectar carried from the nest 
(Beutler 1950; Harano et al. 2013, 2014; Harano and Sasaki 
2015) with distance to the food source. They might also 
carry more-concentrated nectar to increase the sugar content 
of the crop load for visiting distant food sources.

Another reason to expect use of concentrated nectar in 
bees with a large need for sugar arises from the cost of car-
rying nectar load. It is known that a large nectar load can 
become a burden for flight, and increases energy expendi-
ture depending on its mass (Wolf et al. 1989). The amount 
of dissolved sugar in the crop can be increased by increas-
ing either crop load volume or concentration. When the 
requirement for sugar increased, if foragers only increase 
volume of crop load to meet the requirement, the mass 
of crop load would become so large to cause a consider-
able cost for flight. Thus, we expect foragers use concen-
trated nectar to reduce the mass-dependent “carriage cost” 
when needing to carry a large amount of sugar. Reduction 
of carriage costs by concentrating collected nectar has 
been suggested elsewhere for honeybees and other insects 

(Wittmann and Scholz 1989; Hendrichs et al. 1992; Nicol-
son and Human 2008).

To determine the mechanism of selective use of nectar 
at a particular concentration, we also investigated the effect 
of the location where bees receive food in the nest on the 
concentration of the crop load at departure. The concentra-
tion of nectar available to foragers may differ, depending 
on the area in the nest. Freshly collected, probably less-
concentrated, nectar is unloaded by foragers at the “deliv-
ery area” close to the nest entrance (Seeley 1989), whereas 
concentrated nectar or honey is transferred to and stored in 
the top part of the nest (Seeley and Morse 1976). Although 
collected nectar is distributed rapidly through the colony 
(Seeley 1989; Goyret and Farina 2005), foragers might 
take advantage of the potentially biased distribution of 
fresh or concentrated nectar to access nectar at a particular 
concentration.

Materials and methods

Experiments were carried out for 13 days between 1 July 
and 24 August 2014. (The average temperature for the 
13 days was 26.9 °C and within the range of average tem-
peratures between 22.7 and 30.4 °C, measured at the Fuchu 
observation site of the Japan Meteorological Agency, 
approx. 12 km from our study site; Japan Meteorological 
Agency 2016).

Bees and hives

We used a colony of crossbred race of A. mellifera (Api-
dae, Apini) which was basically derived from A. mellifera 
ligustica. The colony consisted of 3000–4000 workers, 
a single queen, and several tens or hundreds of males. It 
was housed in a two-frame observation hive (OBS; dimen-
sions, 55 × 55 × 4 cm) in an air-conditioned room at about 
26 °C. The hive had an entrance at the bottom connected to 
the outside via a transparent corridor (9.5 × 33.0 × 3.0 cm) 
made of polyvinyl chloride except for the wooden floor. 
Bees were allowed to forage outside freely. The OBS had 
a wedge-shaped wooden block at the entrance to lead 
returning foragers to one side of the comb to facilitate the 
observation of waggle dancers. An area adjacent to the 
entrance (dance floor) on the side of the comb was covered 
with nylon mesh (18 × 20 cm) for marking dancing bees 
(Harano et al. 2013).

Effects of forager type, food‑source distance, and nectar 
reception comb area

The volume and concentration of crop content at nest 
departure were determined for nectar and pollen foragers. 
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Bees meeting the following two criteria were regarded as 
nectar foragers: (1) bees returning to the hive without pol-
len loads; and (2) bees making an offering contact (trans-
ferring crop contents through trophallaxis) with nest mates 
for more than 3 s after returning to the hive. Pollen forag-
ers were identified from pollen loads on their corbiculae at 
return to the hive. For simplification, only pollen foragers 
with relatively large pollen loads (larger than pollen bas-
ket) were sampled, because such foragers are expected to 
be more specialized for pollen collection than bees with 
small pollen loads (Page 2013; Harano and Sasaki 2015). 
If a pollen forager showed an offering trophallactic contact 
with nest mates, it was not used for analysis.

We focused primarily on waggle dancers to examine the 
effect of food-source distance. Nectar and pollen foragers 
were marked with chalk powder through the nylon screen 
after performing waggle dances (Harano et al. 2013). The 
waggle duration indicates the distance to a food source 
being exploited by dancers (von Frisch 1967). We recorded 
durations of 3–6 waggle runs for each forager using a digi-
tal video camera (GZ-HM450, JVC KENWOOD, Yoko-
hama, Japan) or IC-voice recorder (ICR-PS401RM, Sanyo, 
Tokyo, Japan; Harano et al. 2013) and averaged times to 
obtain a representative value. We also sampled non-danc-
ers. Data from non-dancers were used only in the analysis 
of effects of forager type and loading area.

To determine any relationship between loading area 
and the concentration of crop load at departure, all beg-
ging trophallactic contacts (putative food reception) after 
unloading of collected food were recorded for each forager 
using a digital video camera or IC-voice recorder. The sur-
face of the lower comb was divided into four areas (Fig. 1), 
and the area where a forager performed the longest beg-
ging contact was recorded as the loading area. Each beg-
ging contact was also classified based on its duration into 
three categories, namely momentary (<1 s), short (1–3 s), 
and long (>3 s); and the number of begging contacts was 
counted for each category.

Quantification of volume and concentration of crop 
contents

Forty-six nectar and 66 pollen foragers were captured in 
the corridor upon their departure from the hive to deter-
mine the volume and concentration of their crop content. 
They were killed by a cold spray (134a-QREI, Sunhayato 
Corp., Tokyo, Japan) immediately after capture and kept in 
a refrigerator at −20 °C until dissection. The crop was dis-
sected out on a dissection dish, and the volume of its con-
tents was measured to the nearest 0.1 µl using a 5- or 50-µl 
microsyringe (Hamilton, Reno, NE). There may be a small 
volume underestimate due to possible content remaining 
in crop tissue. To estimate sugar concentration (w/w), Brix 

of the crop content was measured to the nearest 0.5 % by 
a refractometer (low-volume refractometer Nectar 50 and 
40–85, Eclipe, Bellingham & Stanley, Hampshire, UK). 
The Brix value was regarded to show approximated con-
centration of total sugar, because it represents the concen-
tration of sugar based on reflective index by assuming pure 
sucrose solution, but nectar in the crop may also contain 
other sugars, such as glucose and fructose, as well as non-
sugar substances. The Brix value is commonly used to esti-
mate the concentration of sugars in nectar and the crop con-
tents of insects (Corbet and Willmer 1980; Leonhardt et al. 
2007; Pokorny et al. 2014; Tan et al. 2015).

Statistical analysis

We examined the effects of forager subtype (nectar/pollen 
forager), waggle duration, and loading area, on the volume 
and crop content concentration at departure using general-
ized linear models (GLMs) fitted by R (R Core Team 2015). 
A normal distribution was assumed as the distribution of 
the response variable. The significance of each effect was 
tested by likelihood ratio tests at the 5 % significance level.

GLMs were also used to examine the difference in the 
number of begging contacts between nectar and pollen 
foragers. Models were constructed by assuming a Poisson 
distribution.

The amount of sugar in the crop load was calculated 
from data on crop volume and concentration. The crop 
volume was first transformed to weight by multiplying by 
the density of the liquid, and was then multiplied by the 
sugar concentration (w/w) of the crop content. Coefficients 
of determination (R2) were calculated for waggle duration 
vs. volume, vs. concentration, and vs. amount of sugar to 
assess the degree of adjustment for distance (waggle dura-
tion) in each variable.

The relationships between crop volume and concentra-
tion at departure were examined using Spearman’s rank 
correlation coefficient, because they did not show a linear 

Fig. 1  Segmentation of comb in observation hive for determination 
of nectar loading area
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relationship. The data were first analyzed separately for nec-
tar and pollen foragers, and then pooled to examine the entire 
relationship across the two forager subtypes. The relationship 
between the total amount of dissolved sugar and crop load 
concentration was similarly analyzed by the same method.

To test whether foragers tend to receive nectar at a par-
ticular area on the comb, the proportions of bees for each 
loading area were compared with proportions expected by 
chance using a goodness-of-fit test. Whether nectar and 
pollen foragers tend to receive nectar at different areas was 
tested by a Chi-squared test of independence. The effect of 
loading area on the concentration of crop load at departure 
was tested by GLMs.

Results

Effects of forager subtype and food‑source distance

Both the estimated concentration and volume of crop 
load at departure were significantly larger in pollen forag-
ers than in nectar foragers (Fig. 2a, b; GLM: concentra-
tion, N = 36, 66; deviance = 7537.1, P < 0.001; volume, 
N = 46, 66, deviance = 3829.3, P < 0.001). We could not 
measure the concentration of crop content in ten nectar 
foragers because of the small volume (range 0.1–1.3 µl, 
median = 0.1 µl). The estimated sugar concentration and 
volume of crop content were positively correlated in nec-
tar foragers (N = 36, rs = 0.41, P < 0.05), but not in pol-
len foragers (N = 66, rs = 0.04, P = 0.74). A correlation 
was found when data were pooled (N = 102, rs = 0.67, 
P < 0.001; Fig. 2c). The estimated sugar concentration also 
showed a positive correlation with the amount of sugar 
dissolved in crop contents, whether data were analyzed 
separately for nectar (N = 36, rs = 0.57, P < 0.001) and 
pollen foragers (N = 66, rs = 0.43, P < 0.001), or pooled 
(N = 102, rs = 0.80, P < 0.001; Fig. 2d).

The data in Fig. 2 were analyzed in relation to waggle 
duration. The volume of crop load at departure was sig-
nificantly increased with waggle duration both in nectar 
foragers (N = 30, deviance = 46.2, P < 0.001) and pollen 
foragers (N = 55, deviance = 394.6, P < 0.05) (Fig. 3a). 
The effect of waggle duration and that of forager subtype 
on crop volume were significantly interacted (GLM with 
two explanatory variables “forager subtype” and “waggle 
duration”, N = 85, deviance = 109.0, P < 0.001), indicat-
ing that the slopes of the regression lines were significantly 
different in nectar and pollen foragers (Fig. 3a).

The estimated concentration of crop load at departure 
also increased significantly with waggle durations in the 
two forager subtypes (Fig. 3b; GLM with two explanatory 
variables “forager subtype” and “waggle duration”; effect 
of waggle duration, N = 85, deviance = 973.1, P < 0.001). 

The models showed significantly higher concentration 
in pollen foragers than in nectar foragers even when the 
effect of waggle duration was considered (effect of forager 

(a) (b) 

(c) 

******

(d) 

Fig. 2  Effect of forager subtype on concentration (a) and volume 
(b) of crop load carried from hive in Apis mellifera. The relation-
ship between concentration and volume of crop load (c) and between 
concentration of crop load and amount of dissolved sugar (d). 
***P < 0.001 by GLM. rs Spearman’s rank correlation coefficient. 
Numbers in bars indicate sample sizes. Error bars represent standard 
errors
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subtype, deviance = 7083.7, P < 0.001). There was no sig-
nificant interaction between the effect of forager subtype 
and that of waggle duration on the estimated concentration 
of crop load at departure (deviance = 85.4, P = 0.14), indi-
cating that there was no significant difference between the 
slopes of their regression lines (Fig. 3b).

Positive correlations of volume and concentration with 
waggle duration resulted in a significant increase in the 
amount of sugar in the crop with waggle durations in both 
forager subtypes (Fig. 3c; GLM with two explanatory vari-
ables “forager subtype” and “waggle duration”; effect of 
waggle duration, N = 85, deviance = 412.6, P < 0.001). The 
slope of the regression line was significantly larger in pollen 
foragers than in nectar foragers (Fig. 3c; interaction between 

(b) 

(a) 

y = 6.57 + 2.91 x

y = 0.03 + 0.87 x

y = 55.09 + 3.02 x

y = 35.91 + 3.02 x

(c) 

y = 4.14 + 2.90 x

y = -0.27 + 0.60 x

y =  0.62 x

Fig. 3  Effect of food-source distance on volume (a), concentration 
(b), and amount of sugar (c) in crop load carried from hive in Apis 
mellifera foragers. Gray line represents estimated sugar consumption 
for a round trip in (c) (see text for detail). Waggle duration was used 
as an indicator of food-source distance

Table 1  Coefficients of determination (R2) for waggle duration vs. 
volume, concentration, and total sugar content of crop load in nectar 
and pollen foragers

N = 30 and 55 for nectar and pollen foragers, respectively

Waggle duration

Nectar foragers Pollen foragers

Volume 0.44 0.42

Concentration 0.38 0.10

Amount of sugar 0.55 0.52

(a)

(b)

***

(26) (8) (9) (22) (12) (10) (4)(1) (1)

Effect of loading area, P = 0.90, N.S.

Fig. 4  a Proportion of foragers with respect to area with longest beg-
ging contact. ***P < 0.001. b Effect of loading area on concentration 
of crop load in nectar and pollen foragers departing hive. Numbers in 
the parentheses indicate sample sizes. Error bars represent standard 
errors. See Fig. 1 for segmentation of comb
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“forager subtype” and “waggle duration”, deviance = 138.5, 
P < 0.001). The R2 values showed that waggle duration 
explains the variation in the amount of sugar better than in 
the crop volume or in the estimated concentration (Table 1).

Effect of loading area

During the observation of behavior, the observer lost sight 
temporarily of seven pollen foragers; therefore, they were 
excluded from the analysis. All remaining 46 nectar and 59 
pollen foragers showed more than one begging contact with 
nest mates before leaving the hive, but except for two pollen 
foragers, none showed signs of taking honey from cells. The 
two exceptional pollen foragers inserted their heads into 
honey cells and remained in this position for 3.2 and 39.6 s, 
respectively. These bees were also excluded from the analy-
sis, because this type of nectar loading seemed exceptional.

Both nectar and pollen foragers showed a tendency to 
receive nectar at specific (goodness-of-fit test: nectar forager, 
d.f. = 3, χ2 = 63.39, P < 0.001; pollen foragers, d.f. = 3, 
χ2 = 8.06, P < 0.05; Fig. 4a) but different areas (Chi-squared 
test for independence: d.f. = 4, χ2 = 39.85, P < 0.001; 
Fig. 4a). The longest begging contacts were most frequent 
at area 1 in nectar foragers, but at area 2 in pollen foragers 
(Figs. 1, 4a). However, the estimated concentration of crop 
load at departure did not depend on the loading area (GLM 
with two explanatory variables “loading area” and “forager 
subtype”: effect of loading area, deviance = 63.0, P = 0.90, 
N.S.; effect of forager subtype, deviance = 4172.6, P < 0.001; 
interaction, deviance = 22.8, P = 0.95, N.S.; and Fig. 4b).

Pollen foragers tended to show longer begging contacts 
than nectar foragers, reflecting their larger crop load at depar-
ture (Table 2). The total number of begging contacts was 
slightly, but significantly larger in pollen foragers than in 
nectar foragers. Both forager subtypes showed 2.2 times of 
momentary contact (<1 s) on average before leaving the hive.

Discussion

Our results show that departing foragers carry nectar at 
specific concentrations, depending on their foraging role 

(forager subtype) and food-source distance. These find-
ings support the argument that foragers alter the concen-
tration of nectar carried from the nest to adjust the sugar 
content in the crop (Tan et al. 2015). Given that more sugar 
is required by pollen foragers than nectar foragers, and by 
bees foraging further away than nearby, the present study 
suggests that bees use more-concentrated nectar when the 
need for sugar is high. The positive correlation between 
concentration and amount of sugar (Fig. 3d) also supports 
this conclusion.

Requirement of fuel and carriage cost

When foragers travel to further food source, larger amount 
of sugar is required as fuel. Because, the mass of crop load 
increases the energetic expenditure for flight (carriage 
cost) (Wolf et al. 1989), foragers should meet the increased 
requirement for fuel not only by increasing volume but also 
by increasing concentration of nectar. Our results showed 
that foragers adjust the amount of sugar by altering both 
crop volume and concentration. They appear to reduce 
the mass of the crop load, and hence, the mass-dependent 
carriage cost using concentrated nectar when they have to 
carry a large amount of sugar.

The present study also suggests that foragers adjust 
the amount of sugar for distance more precisely by alter-
ing both the volume and concentration of nectar, because 
the both variables showed a lower R2 value with waggle 
duration than the amount of sugar. Foragers might adjust 
the amount of nectar according to concentration to obtain 
a certain amount of sugar (taking more nectar if the con-
centration is low, but taking less if it is high). In accordance 
with this argument, it is reported that bees can sense the 
quantity of sugar in consumed nectar based on volume and 
concentration (Varjú and Núñez 1991; Núñez and Giurfa 
1996; Wainselboim and Farina 2000).

Adjustments in nectar foragers

In nectar foragers, the crop is used to carry collected 
nectar to the nest as well as for carrying fuel from the 
nest for flight. Any nectar for flight remaining in the crop 

Table 2  Number of begging 
contacts before departing hive 
in nectar and pollen foragers

Mean ± SD/stay/bee. N = 46 and 57 for nectar and pollen foragers, respectively. Statistical difference 
tested by likelihood ratio test with GLM

* P < 0.05, ** P < 0.01, *** P < 0.001

Nectar foragers Pollen foragers Significance

Number of momentary contacts (<1 s) 2.2 ± 2.4 2.2 ± 2.3 N.S. (P = 0.98)

Number of short contacts (1–3 s) 2.0 ± 1.6 1.4 ± 1.5 **

Number of long contacts (>3 s) 0.4 ± 0.7 2.1 ± 1.2 ***

Total number of contacts 4.5 ± 3.3 5.6 ± 3.6 *
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when arriving at the nectar source reduces the capacity 
of the crop to carry collected nectar back to the nest. A 
similar situation is described in water collection (Viss-
cher et al. 1996). However, if no nectar is collected from 
the nectar source, sufficient fuel must remain to return to 
the nest.

To examine whether bees can fly back to the nest with-
out refueling (nectar collection), the sugar consumption 
for a round trip to/from a food source indicated by a wag-
gle dance was estimated using the metabolic rate of flying 
workers as 100 mg/g/h (Gmeinbauer and Crailsheim 1993), 
body weight as 87.1 mg (mean, N = 13, Harano unpub-
lished data), flight speed as 29 km/h (von Frisch and Lin-
dauer 1955), and the relationship between the waggle-run 
duration and distance in the Japanese race of A. mellifera 
as Y = 1087X − 380, where Y is the distance from the nest 
to food source (m) and X is the waggle duration (s) (Sasaki 
1994). As a result, the amount of sugar in the crop of nectar 
foragers departing the nest closely matches the estimated 
round-trip sugar consumption (Fig. 3c, gray line). The 
result suggests that nectar foragers adjust the amount of 
sugar in the crop to match the round-trip fuel need on leav-
ing the nest. Some deviations from estimated round-trip 
sugar consumption could be explained by their responses 
to the reward variability of food source, because foragers 
increase fuel for variable food sources, but decrease for 
constant ones (De Marco and Farina 2003; Tan et al. 2015). 
Although some bees seemed to have insufficient sugars for 
a round trip in the crop, they can probably return to the nest 
using sugars in the midgut and hemolymph. Visscher et al. 
(1996) estimated that the sugar available outside the crop is 
between 1 and 2 mg.

Despite the reduced cost of carrying concentrated nec-
tar, it is unclear why nectar foragers use relatively low-
concentration nectar as fuel. Perhaps, the colony-level cost 
of concentrating nectar outweighs the benefit of using very 
concentrated nectar. Since in-nest bees concentrate nectar 
using time and energy investments (Park 1925), foragers 
not only consume sugars in nectar but also the colony’s 
time and energy investments when using concentrated nec-
tar as fuel, increasing foraging cost at the colony level. It is 
also possible that they become less selective concerning the 
concentration of fuel, so that they return to the food source 
rapidly.

There is another possible explanation; perhaps, dur-
ing begging contacts, nectar foragers receive both fuel 
as nectar and information about other food sources being 
exploited by other foragers. They may learn the charac-
teristics of alternate food sources, such as taste, scent, 
and nectar concentration, as well as the profitability, and 
may use it in subsequent decision-making (Núñez 1970; 
Núñez and Giurfa 1996; Farina 1996; De Marco and 

Farina 2001, 2003). The nectar information is lost gradu-
ally with time after unloading to food receivers, because 
nectar is mixed with other nectar during concentration. 
To obtain meaningful information, nectar foragers must 
receive fresh nectar near the nest entrance. Thus, using 
freshly collected nectar as an information source might 
explain the relatively low sugar concentration of crop 
content in departing nectar foragers. Both energy and 
information seem important in determining fuel loading 
behavior.

Adjustments in pollen foragers

Pollen foragers carry nectar as pollen load glue upon 
leaving the nest. Given that an equal amount of sugar 
(on a dry-weight basis) is mixed with pollen to build 
pollen loads (Roulston et al. 2000), the amount of sugar 
required for building pollen loads is estimated as approx. 
7 mg based on dry weights of pollen load as previously 
reported (14.6 mg, a mean dry weight for a pair of “M” 
and “L” pollen loads, N = 61, Harano and Sasaki 2015). 
This amount would partially explain the difference in the 
amount of sugar carried from the hive between pollen and 
nectar foragers.

As well as nectar for pollen load glue, they need to 
carry fuel for flight. Pollen foragers increased the total 
amount of sugars in the crop with food-source distance 
as did nectar foragers, but their increase rate of sugar to 
distance (slop of regression line; Fig. 3c) was more than 
four times larger than that of nectar foragers. The larger 
increase rate indicates increased requirement for sugar 
per unit distance, which may be at least partially due to 
the large nectar load for pollen glue, because the mass of 
the crop load increases energy expenditure per unit dis-
tance (Wolf et al. 1989). In addition, pollen foragers have 
higher metabolic rate than nectar foragers even when they 
are unloaded (Feuerbacher et al. 2003). Another possible 
factor increasing the need for fuel carried from the nest 
is the absence of nectar refueling at the food source by 
pollen foragers. Because of these factors, pollen foragers 
might need to carry more fuel per unit distance than nectar 
foragers.

Effects of foraging experience and food‑source 
variability

The present study did not investigate the effect of foraging 
experience, but it may be an important factor in determin-
ing crop load at nest departure. Previous studies show that 
less-experienced foragers carried more fuel (Brandstetter 
et al. 1988; Harano et al. 2013) when leaving the nest. For-
agers also respond to food-source variability or profitability 
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by changing the frequency and duration of begging contact 
(Núñez 1970; Farina 1996; De Marco and Farina 2001, 
2003). Future studies should investigate how and why these 
factors affect the crop content at nest departure.

Mechanism for selective use of nectar

What mechanism is used to load nectar at different concen-
trations by nectar and pollen foragers? We hypothesized 
that the available nectar concentration depends on comb 
area, and foragers receive nectar at different sugar con-
centrations at different areas. However, no effect of comb 
loading area on sugar concentration of crop content was 
detected. Similarly, although nectar and pollen foragers 
have different sucrose response thresholds (Pankiw et al. 
2001), this does not explain the difference in concentration 
at departure, because pollen foragers are more responsive 
to dilute sugar solution than nectar foragers.

How foragers load nectar at specific concentrations 
remains unknown. One possible mechanism is selec-
tive nectar reception—foragers may reject nectar at low 
sugar concentrations when the need for sugar is high. We 
observed that departing foragers showed several momen-
tary (<1 s) begging contacts before leaving the nest, as 
reported elsewhere (Farina and Wainselboim 2005). Dur-
ing these short contacts, bees were unlikely to receive nec-
tar, but can probably sense the nectar concentration (Farina 
and Wainselboim 2005). Foragers might refuse offered 
nectar at these contacts because of inappropriate concen-
tration, although such short contacts may play a role in 
gathering information about alternate food sources (Farina 
1996; Núñez and Giurfa 1996; De Marco and Farina 
2001).

In our observations, workers did not leave the nest with 
nectar at a very low sugar concentration (<20 %). It is logi-
cal to avoid using a very low-concentration nectar as fuel. 
However, Tan et al. (2015) reported considerably lower 
concentrations (approx. 4–6 %) in departing A. cerana for-
agers. Whether this is due to species difference or other 
reasons should be investigated.

In summary, departing A. mellifera foragers alter the 
concentration of crop load as well as volume to adjust the 
amount of sugar carried from the nest. Quantitative adjust-
ment of crop content might be accomplished by monitoring 
the degree of crop expansion using stretch receptors on the 
crop wall (Brosch and Schneider 1985). However, selecting 
nectar at a specific concentration requires a different mech-
anism. This study suggests a complex mechanism involved 
in the adjustment of crop content in honeybees leaving the 
nest.
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