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Drinking made easier: honey bee tongues dip faster into warmer
and/or less viscous artificial nectar
Lianhui Shi1,2, Susan W. Nicolson3, Yunqiang Yang2, Jianing Wu1,*, Shaoze Yan4 and Zhigang Wu1

ABSTRACT
Optimal concentrations for nectar drinking are limited by the steep
increase in the viscosity of sugar solutions with concentration.
However, nectar viscosity is inversely related to temperature, which
suggests there are advantages to foraging from flowers that are
warmer than the surrounding air. The honey bee (Apis mellifera L.)
dips nectar using a hairy tongue. However, the microscopic
dynamics of the tongue while the bee ingests nectar of varying
concentration, viscosity and temperature are unknown. In this study,
we found that honey bees respond to the variation of nectar
properties by regulating dipping frequency. Through high-speed
imaging, we discovered that the honey bee traps warmer sucrose
solutions with a quicker tongue. The honey bee dips the warmest
and most dilute solution (40°C and 25% w/w sucrose) 1.57 times as
fast as the coldest and thickest solution (20°C and 45% w/w
sucrose). When the viscosity of different sucrose concentrations
was kept constant by adding the inert polysaccharide Tylose, honey
bees dipped nectar at constant frequency. We propose a fluid
mechanism model to elucidate potential effects on sucrose intake
and show that higher dipping frequency can increase the volumetric
and energetic intake rates by 125% and 15%, respectively. Our
findings broaden insights into how honey bees adapt to foraging
constraints from the perspective of tongue dynamics, and
demonstrate that elevated intrafloral temperatures and lower
nectar viscosity can improve the volumetric and energetic intake
rates of pollinators.
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Dipping frequency

INTRODUCTION
The optimal nectar concentrations for pollinators of different
functional groups have been a source of much interest to pollination
biologists, with one of the best known examples being the contrast
between the dilute nectars of bird-pollinated flowers and the more
concentrated nectars of bee-pollinated flowers (Pyke and Waser,
1981). Studies on the fluid mechanics of drinking show that optimal
concentrations depend on the drinking mechanism used (Heyneman,
1983; Kim et al., 2011; Kim and Bush, 2012); this may be active

suction in butterflies, capillary suction in nectar-feeding birds, or
viscous dipping in most bees and in bats (Kim et al., 2011). Because
viscosity increases sharply with sugar concentration, animals
employing these different techniques have different optimal nectar
concentrations.

The honey bee is arguably the most important pollinator
worldwide, and its mouthparts and drinking strategies have been
studied extensively (Goodman, 2003; Krenn et al., 2005; Wu et al.,
2019). The mouthparts include paired galeae and labial palps which
enclose a segmented glossa covered by long, distally pointing hairs,
also known as microtrichia (Fig. S1). When the glossa is extended
into nectar, the hairs snap outward, remaining erect as the bee
withdraws its tongue, so that they play an important role in trapping
nectar. At the end of each dipping cycle, the hairs flatten as nectar is
taken into the food canal (Zhu et al., 2016; Yang et al., 2017).
Combined experimental observation and mathematical modelling
demonstrate that this specialized viscous-dipping technique can
meet the contradicting demands of both high sugar intake and
low energy consumption (Wu et al., 2015, 2018). Our previous
work revealed that the dipping frequency can be employed to
characterize functional adaptation in honey bees, such as the
compensation in nectar intake rate induced by structure
deterioration: older honey bees with shorter glossal hairs dip
nectar faster (Wu et al., 2019).

While the energy content of nectar increases linearly with sugar
concentration, its viscosity increases exponentially; in addition,
the viscosity of a sucrose solution decreases, although less steeply,
with increased temperature (Pieter, 1953; Heyneman, 1983;
Nicolson and Thornburg, 2007; Telis et al., 2007). Nicolson
et al. (2013) offered artificial nectar of different temperatures and
viscosities to honey bees in a natural setting, finding that both
parameters affected the crop loads of individual bees and the
consumption of sucrose solutions by colonies. These preferences
of honey bees for warmer and less viscous nectar may facilitate
reduced thermoregulatory costs and faster ingestion times
(Nicolson et al., 2013). Extensive studies have reported effects
of nectar viscosity on volumetric intake rate among a variety of
insect species (Kingsolver and Daniel, 1983; May, 1985; Josens
and Farina, 2001; Borrell, 2006; Kim et al., 2011; Yang et al.,
2014); however, intrinsic connections among nectar temperature,
nectar viscosity and dipping frequency remain unexplored. In this
paper, we quantified the dipping frequency using high-speed
imaging techniques while feeding honey bees artificial nectars of
varying temperatures and concentrations, or with viscosity
adjusted using the inert polysaccharide Tylose. Then, we built a
mathematical model to analyse the key parameters that determine
the nectar intake rate and energy reward. We predicted that
temperature and viscosity effects on dipping frequency can
enhance both volumetric and energetic intake rates, which may
be one reason why bees are attracted to warm flowers (Dyer et al.,
2006; Kovac and Stabentheiner, 2011).Received 26 May 2020; Accepted 24 July 2020
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MATERIALS AND METHODS
Honey bees
Honey bees (Apis mellifera L.) were obtained from an outdoor
beehive on the east campus of Sun Yat-Sen University, Guangzhou,
China (23.09°N, 113.30°E). Workers used for the experiments were
captured at the colony entrance from 10:00 h to 12:00 h as they
returned from foraging (Free, 1967). In total, we captured 100 honey
bees individually in centrifuge tubes (10 ml), 20 for each
experimental temperature, and we collected a further 20 bees for
the viscosity experiment. For each temperature, 20 bees were caged
in two glass beakers (500 ml) covered by a piece of cotton gauze for
ventilation, 10 in each beaker. The specimens were kept in the dark
in an incubator with a temperature of 25°C and starved for 24 h
before observation of their dipping cycles (Li et al., 2016). Each bee
was used for one video recording only. The laboratory temperature
and humidity were 20°C and 65%, respectively. We recorded the
feeding behaviour of bees at each temperature on one day and spent
one day observing feeding behaviour of the 20 bees for the viscosity
experiment.

Dipping nectar at different temperatures
Dipping cycles were visualized using a setup mainly composed of a
high-speed camera (Phantom, Miro LC310) and a microscope
(Olympus, CX33; Fig. S2a,b). Before the experiments, honey bees
were placed in a refrigerator (KONKA, BCD-180GY2S) until they
ceased moving and could be individually harnessed on the
positioner (Mota et al., 2011). A cuboid feeder fabricated from
two glass slides (75×50×3 mm; 1 mm apart) was placed under the
microscope connected to the high-speed camera (Li et al., 2016)
(Fig. S2a). Taking the 40°C temperature experiment as an example,
we first prepared 25%, 30%, 35%, 40% and 45% w/w sucrose
solutions and injected them into the five feeders. After being
marked, the feeders were put in the refrigerator to attain an initial
temperature of 5°C. Next, we placed one glass feeder on the heating
pad (Smart-M) set at a temperature of 40°C (Fig. S2a). We wore
latex gloves to prevent contamination from the fingers. To ensure
the honey bees remained fixed in place and to encourage them to
ingest solutions continuously, the magnetic base was used as the
positioner (Fig. S2a). We glued the thorax of the bee to the
positioner and moved it to approach the glass feeder for capturing
dipping cycles using the high-speed camera (Wu et al., 2019).

Dipping nectar with a constant viscosity
To determine the effect of viscosity on dipping frequency,
independent of concentration, we used small amounts of the inert
polysaccharide Tylose (carboxymethyl cellulose) to increase the
viscosity of the sucrose solutions without adding nutritional value
(Josens and Farina, 2001; Nicolson et al., 2013). Honey bees were
fed 25%, 30%, 35%, 40% and 45% w/w sucrose solutions, at a
constant temperature of 25°C. Various amounts of Tylose HS 30000
YP2 (Shin-Etsu Chemical Co., Ltd) were added to maintain the
viscosity at 7.2 mPa s−1, the same as that of 45%w/w sucrose at 25°C.
The amount of Tylose added to each sucrose concentration is shown
in Table 1. The viscosity of the solutions was measured with a
digital viscometer (NDJ-5S, MINCEE). Observations on dipping
cycles were made using the method above.

Statistical analysis
We recorded 90 videos of the dipping cycles of individual honey
bees (75 and 15 videos, respectively, for the temperature and
viscosity experiments; data for dipping frequencies are in Tables S1
and S2). During drinking, the glossa first protracts, then retracts

through the feeding tube formed by the galeae and labial palpi. A
feeding cycle lasts for time t (ms), and the dipping frequency can be
calculated as f=1000/t (Hz). The nectar solution has a viscosity
μ (mPa s−1), a sucrose mass concentration s (%) and a temperature
T (°C). Linear regression analysis was used to determine the
relationship between the dipping frequency, mass concentration of
sucrose solution and temperature. Origin software (Origin2018,
OriginLab) was used for data analyses and correlations. We
introduced a mathematical model which we had built previously to
determine the relationship between dipping frequency, volumetric
flux and energetic intake rate, using the Matlab software (R2016a,
MathWorks) (Shi et al., 2020).

RESULTS
Dipping frequency at different nectar temperatures
We obtained the dipping frequency of honey bees for sucrose
solutions at a variety of concentrations and temperatures by
analysing high-speed videos (Table S1). The feeding cycle is
illustrated in Fig. 1; the frames in the two rows show the dipping
frequency of two honey bees fed with 35% w/w sucrose solution at
20 or 40°C. The drinking process remained the same, consisting of
the glossa extension phase (Fig. 1A–C and G–I), the glossal hair
erection phase (Fig. 1C–D and I–J) and the glossa retraction phase
(Fig. 1D–F and J–L). However, the durations differed. The dipping
cycle lasted 208 ms for a honey bee drinking 35% sucrose at 20°C
(Fig. 1A–F), with a dipping frequency of only 4.81 Hz. For a honey
bee drinking 35% sucrose solution at 40°C, the feeding cycle
shortened to 153 ms (Fig. 1G–L) with an increased dipping
frequency of 6.54 Hz.

A histogram of mean dipping frequency for a range of
concentrations with respect to nectar temperature is plotted in
Fig. 2. The dipping frequency of the glossawas positively correlated
with the temperature of the sucrose solution (R=0.934, P<0.0001).
The average dipping frequency was 5.02±0.18 Hz for honey bees
drinking 25% sucrose at 20°C. When this solution was warmed to
40°C, the average dipping frequency was 7.06±0.46 Hz, an increase
of 40.8%. We also found that the dipping frequency was negatively
correlated with sucrose concentration (R=−0.309, P<0.0001). At
each temperature, honey bees dipped dilute nectar at higher
frequency than more concentrated nectar (Movies 1 and 2). For
instance, at 25°C, the mean dipping frequency was 5.29±0.53 Hz
for the 25% sucrose solution, decreasing to 4.73±0.28 Hz for the
highest concentration of 45%.

Dipping frequency at different food viscosities
We measured the dipping frequency of honey bees fed different
concentrations of sucrose with the viscosity maintained at
7.2 mPa s−1 (Table S2). Fig. 3 shows the dipping frequencies for
25–40% sucrose solutions with added Tylose and 45% sucrosewith no
added Tylose. The polynomial fitted equation f(s)=7.14×10−5s+4.73
(R2=0.712; Fig. 3) is consistent with the dipping frequency of 4.73±
0.28 Hz obtained when honey bees drank 45% sucrose solution at

Table 1. Amount of Tylose added to sucrose solutions

Sucrose
concentration (%)

Initial dynamic
viscosity
(mPa s)

Tylose
added
(% w/w)

Dynamic viscosity
with Tylose
(mPa s)

25 1.9 0.094 7.2
30 2.7 0.085 7.2
35 3.8 0.056 7.2
40 5.3 0.031 7.2
45 7.2 0 7.2
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25°C. The dipping frequency remained stable at 4.73 Hz when the
viscosity of the sucrose solutions was maintained at 7.2 mPa s−1,
independent of changes in sucrose concentration.

Fluid transport model
In accordance with viscosities of sucrose solutions from the
literature (Pieter, 1953), we selected information for sucrose
concentrations from 25% to 45% w/w and temperatures from 20
to 40°C (as used in the experiments). The equation for viscosity μ
against concentration s and temperature Twas fitted byMatlab using
robust methods and is shown in Fig. S3:

mðs; TÞ ¼ 10ðs
Aþð1:56ðsþBÞ=ðTþCÞÞÞ � 1:48; ð1Þ

where A−C are constant coefficients (A=−26, B=−0.497, C=48)
and the coefficient of determination is R2=0.9998.

To calculate the volumetric intake rate of honey bees at different
glossal dipping frequencies, we fitted the relationship between
dipping frequency, mass concentration and temperature using the
experimental data in Table S1 to give:

f ¼ 3:257þ 0:09372s� 0:031T ; ð2Þ
where the coefficient of determination was R2=0.9688. To verify the
veracity of Eqn 2, we analysed the relative error Er between
calculated values and experimental values for the honey bees’
dipping frequencies. We found that the maximum |Er| was less than
3.67%. The results of the fitted Eqn 2 were roughly consistent with
the real dipping frequencies of honey bees.

0 ms 208 ms

A B C D E F

G H I J K L

0.5 mm

18 ms 30 ms 78 ms 153 ms

0 ms 153 ms16 ms 27 ms 81 ms 123 ms

Glossal
extension

Microtrichia
erection

Glossal
retraction

Fig. 1. Honey bee tongues dipping
cooler and warmer sucrose
solutions. Typical dipping cycle of a
honey bee drinking 35% w/w sucrose
solution at 20°C (A–F) or 40°C (G–L).
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Fig. 2. Effect of temperature and sucrose concentration on dipping rate.
Honey bees ingested 25%, 30%, 35%, 40% and 45% w/w sucrose solutions
maintained at a temperature T of 20, 25, 30, 35 and 40°C. Mean dipping
frequency f (n=10 drinking cycles from 3 bees) is shown for each combination
of concentration and temperature, and error bars are presented as 95%
confidence intervals (see Table S1).
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Fig. 3. Effect of viscosity on dipping rate. Dipping frequency f remains
constant when bees are fed different sucrose concentrations s at 25°C with a
constant viscosity of 7.2 mPa s−1 as a result of added Tylose. Red squares
represent mean values (n=10 drinking cycles from 3 bees) for dipping
frequency, cyan boxes indicate the interquartile range and whiskers indicate
minimum and maximum values. The blue line represents the best fit to the
experimental data (see Table S2).
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In the viscous dipping model of honey bees, we obtained the
intake volume of a dipping cycle as follows (Shi et al., 2020):

_Qðs;TÞ ¼ ph sin uð2aþ h sin uÞvT1 � 2

3
p2nad2hvT1

� �
� f ; ð3Þ

where _Q is the average volumetric flux, f is the dipping frequency, T1
is the duration of glossal protraction, v is the protraction speed of the
glossa and a is the average radius of the glossa. Here, the glossal
hairs have length h, erection angle θ, distribution density n and
diameter at the base d.
Then, we introduced the assumption that the power rate applied in

viscous dipping of honey bees remains constant with respect to
concentration. This assumption leads to v≈kμ−1/2, where μ is the
viscosity and the coefficient k indicates the relative value of work
power. We also used the assumption that the honey bees maintain
erection angle θ constant in solutions of different viscosity in our
experiments. The energetic intake rate _E is then derived from the
product of the energy content per unit mass of sugar c and density ρ
(Kingsolver and Daniel, 1979):

_Eðs;TÞ ¼ rsc _Q=100: ð4Þ

DISCUSSION
According to our experiments, the dipping frequency of the honey
bee glossa is proportional to the temperature, inversely proportional
to the sucrose concentration and independent of concentration if

viscosity is kept constant with Tylose. This is the first investigation
of the effects of temperature and viscosity of sucrose solutions on
the kinematics of drinking in honey bees; both are critical factors in
the drinking process.

To elucidate the effect of changes in dipping frequency on nectar
consumption, we combined Eqn 1 and the mathematical model to
evaluate the volumetric flux and energetic intake rate for nectar of
different temperatures and viscosities (Fig. 4A,B). Fig. 4A shows
the theoretical volumetric flux of the honey bee in terms of the
temperature and viscosity of nectar. The volumetric flux reaches a
maximum value of _Qmax=1.64 μl s

−1 when the bee dips nectar at a
high temperature and low viscosity (red region in Fig. 4A).
Conversely, at lower temperature and higher viscosity, the
volumetric intake decreases (blue region). The theoretically
optimal volumetric flux of honey bees calculated by this model
occurs at a high nectar temperature (40°C) and low viscosity
(μ=1.24 mPa s−1, equivalent to s=25% w/w), which matches well
with the experimental results reported by Nicolson et al. (2013).

The results of the mathematical model show the energetic intake
rate of honey bees, which is plotted against the nectar temperature
and viscosity in Fig. 4B. We found that the energetic intake rate
reaches a maximum value (red area in Fig. 4B; _E=7.00 J s−1) under
conditions of higher temperature and lower viscosity. In contrast,
when the nectar temperature is lower with higher solution viscosity,
the energetic intake rate approaches minimum levels (blue area in
Fig. 4B; _E=3.22 J s−1). The theoretically optimal energetic intake rate
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of honey bees calculated by this model occurs at a high temperature
(40°C) with low viscosity (μ=1.24 mPa s−1, s=25% w/w).
Next, we examined the typical example in which the honey bee

dips the optimal concentration of 35% sucrose solution (Yang et al.,
2014; Shi et al., 2020) at different temperatures. The relative error
between theoretical and experimental dipping frequency |Er| was
less than 3.07% in this case, which validates the model. The
volumetric flux _Q (Fig. 4C) increased with dipping frequency
(which rose from 4.67 to 6.54 Hz as the temperature increased from
20 to 40°C). The volumetric flux at the highest dipping frequency
(6.54 Hz) was up to 1.08 μl s−1, which is 1.89 times that derived
from dipping at 4.67 Hz, i.e. 0.57 μl s−1 (Fig. 4C). The viscous
dipping model shows theoretical values for the energetic intake rate
in Fig. 4B. As shown in Fig. 4D, when a honey bee forages on 35%
w/w nectar, the energetic intake rate also increases with higher
solution temperatures and faster dipping frequencies.
The influence of nectar viscosity on drinking rate is also seen in

bird pollinators, which utilize a licking mechanism for drinking
(Rico-Guevara et al., 2015). In a study of the whitebellied sunbird
(Cinnyris talatala), Köhler et al. (2010) found that lick frequency,
tongue load and volumetric intake rate were inversely proportional
to nectar viscosity. However, these parameters remained constant
when Tylose was used to maintain constant viscosity in sucrose
concentrations ranging from 0.25 to 1.5 mol l−1 (8–42% w/w). In
both honey bees and sunbirds, as well as other insect nectarivores
such as hawk moths and orchid bees (Josens and Farina, 2001;
Borrell, 2006), viscosity modification with Tylose has clearly
shown that consumption of sugar solutions is constrained by their
viscosity. Our fluid transport model confirms that ingesting dilute
nectar facilitates both higher volumetric flux and greater energetic
intake rate, revealing the specific kinematic regulation for increasing
energy intake rate (Fig. 4A,B).
What are the rewards for nectarivores from drinking warmer and

less viscous nectar? Faster drinking of low viscosity nectar helps to
explain the relatively dilute nectars of bird-pollinated plants (Köhler
et al., 2010). Moreover, for avian nectarivores, which must ingest
high nectar volumes to maintain energy balance, there are thermal
benefits to drinking warmer nectar, because it is more easily
warmed to body temperature (Lotz et al., 2003). In honey bees,
lower nectar viscosity also enables faster drinking. This work with
immobilized bees in the laboratory is in good agreement with
previous work on colonies in a natural setting (Nicolson et al.,
2013). In that study, it was necessary to use dilute nectar (10–20%
w/w) to prevent overcrowding at feeders during winter food
scarcity, and it is significant that the temperature effect on viscosity
will be substantially more pronounced at the higher nectar
concentrations on which honey bees usually forage (Fig. S3).
Warm nectar also offers thermoregulatory benefits for honey bees,
which must maintain high thoracic temperatures during foraging
(Waddington, 1990; Roberts and Harrison, 1999; Kovac and
Stabentheiner, 2011). The preference of stingless bees (Trigona
carbonaria) for warm nectar increases at low ambient temperatures
(Norgate et al., 2010). Associated with faster drinking, crop loads
are higher in honey bees feeding on warm and less viscous nectars,
which may maximize energetic efficiency (Afik and Shafir, 2007;
Nicolson et al., 2013). In demonstrating that older honey bee
workers with worn glossal hairs compensate by dipping nectar at a
higher frequency,Wu et al. (2019) found that thewear rate increased
in more viscous nectar. There are apparently multiple and
interacting benefits to drinking warm and less viscous nectar.
While it is often assumed that nectar is at air temperature,

intrafloral temperature may be several degrees higher than air

temperature (Corbet, 1990; Herrera, 1995; Kovac and
Stabentheiner, 2011). Flower colour, size, shape, orientation and
movement are among the factors that influence the microclimate in
flowers, often leading to heat gain from solar radiation (reviewed by
Van der Kooi et al., 2019). Floral warming provides
thermoregulatory benefits to pollinators (Herrera, 1995; Kovac
and Stabentheiner, 2011) and increases nectar volume and sugar
production (Nicolson, 1995; Petanidou and Smets, 1996). Bees can
distinguish differences in temperature between and within flowers
(Whitney et al., 2008; Harrap et al., 2017). Tests of the foraging
preferences of bumblebees (Bombus terrestris) show that they
perceive floral warmth as a reward (Dyer et al., 2006; Whitney et al.,
2008). Floral warmth may act as a cue for pollinators, signalling
improved nectar rewards as well as a direct metabolic reward (Rands
and Whitney, 2008). Honey bees associate temperature differences
with food, especially warm temperature differences, as shown by
proboscis extension when a warm surface is touched to the antenna
(Hammer et al., 2009).

In conclusion, we provide a mechanistic explanation, from the
point of view of tongue dynamics, for the preference of bees for
warm nectar. By selecting flowers with warm and therefore less
viscous nectars, honey bees increase the dipping frequency of their
tongues and imbibe the nectar faster. Other bees, with similar
mouthparts (Krenn et al., 2005), will have similar opportunities to
enhance their energy gains when drinking warm nectar.
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