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Many bees possess a tongue resembling a brush composed of
a central rod (glossa) covered by elongated papillae, which is
dipped periodically into nectar to collect this primary source of
energy. In vivo measurements show that the amount of nectar
collected per lap remains essentially constant for sugar concentra-
tions lower than 50% but drops significantly for a concentration
around 70%. To understand this variation of the ingestion rate
with the sugar content of nectar, we investigate the dynamics
of fluid capture by Bombus terrestris as a model system. Dur-
ing the dipping process, the papillae, which initially adhere to
the glossa, unfold when immersed in the nectar. Combining in
vivo investigations, macroscopic experiments with flexible rods,
and an elastoviscous theoretical model, we show that the cap-
ture mechanism is governed by the relaxation dynamics of the
bent papillae, driven by their elastic recoil slowed down through
viscous dissipation. At low sugar concentrations, the papillae com-
pletely open before the tongue retracts out of nectar and thus,
fully contribute to the fluid capture. In contrast, at larger con-
centrations corresponding to the drop of the ingestion rate, the
viscous dissipation strongly hinders the papillae opening, reduc-
ing considerably the amount of nectar captured. This study shows
the crucial role of flexible papillae, whose aspect ratio determines
the optimal nectar concentration, to understand quantitatively
the capture of nectar by bees and how physics can shed some light
on the degree of adaptation of a specific morphological trait.

bee | nectar capture | fluid-structure interaction | viscous dissipation

he ingestion of liquids to stay hydrated is an essential need

for living organisms. Various natural strategies have emerged
during the course of evolution to transport fluids. Large ani-
mals typically use gravity to drink low-viscosity fluids like water
(human, birds) or use various methods to counteract gravity such
as lapping [feline (1)], ladling [Canidae (2)], or active suction
(Bovidae, Equidae). Small animals use instead viscous and capil-
lary suction (butterflies, hummingbirds, etc.), dipping (bees, ants,
bats, etc.), or contrasted wetting properties of their body (Namib
desert beetle) to capture fluids (3, 4).

Some insects, birds, and small mammals hydrate and feed
simultaneously by ingesting nectar. Capturing such a viscous fluid
at small scales is a challenge that nectarivores have solved by
developing various types of specialized tongues through natu-
ral selection leading to the propagation of favorable traits (5).
The coevolution of bees and flowers is a well-known example
of such mechanisms highlighted by the various shapes of the
tongue observed among bee species in relation to the diversity in
flower morphology (6). One intuitive example is the correlation
between the corolla depth and the tongue length (7-10).

The relation between the nectar sugar concentration and the
bees’ tongue morphology is more subtle. Indeed, since the energy
content of a given volume of nectar is proportional to its sugar
concentration, flowers should a priori produce the sweetest pos-
sible nectar to attract bees interested by maximizing their energy
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intake. However, our in vivo measurements for Bombus show
that very sweet nectar is not the best for bees. Fig. 14 shows
images of a Bombus terrestris feeding on a sugar solution. The
meniscus at the liquid-air interface moves in average at a con-
stant speed, vm, inside the capillary tube as the liquid is ingested
by the Bombus and yields the ingestion rate ¢ =vm Sc where
S is the area of the inner section of the capillary (Fig. 1B and
Materials and Methods). The temporal evolution of the meniscus
position p(t) reveals, however, small periodic variations related
to the periodic motion of the tongue from which the lapping rate
T ' is determined (Fig. 1 B, Inset). Repeating this experiment
at various sugar concentrations, c¢s, shows that the lapping rate
is essentially constant (Fig. 1C) with a lapping time 71 ~0.2 s in
agreement with previous measurements on various bee species
(11-13, 15-18). For each concentration considered, the ingestion
rate is obtained and reported in Fig. 1D together with others
found in the literature for other bee species (11, 14). Those
results show that the ingestion rate of nectar remains essentially
constant for sugar concentrations ¢, < 50% but decreases sig-
nificantly at 70%. As shown below, this implies that the energy
intake rate is maximum around ¢; ~ 50 to 60%. Therefore, there
is no reason for plants visited by bees to produce nectar with
¢ > ¢ . This may explain why the sugar concentration of flower
nectar rarely exceeds 60% (25, 26).

Significance

Flowers provide the energy resources of bees. In a competi-
tive world, we can hypothesize that flowers attract bees by
producing very sweet nectar since it offers the greatest ener-
getic rewards. However, the nectar sugar concentration rarely
exceed 60%, and in vivo measurements show that bees cap-
ture nectar less efficiently beyond that limit. Here, we explain
the physiological origin of this limit based on an elastovis-
cous mechanism. Most of bees collect the nectar with tongues
covered by elongated papillae that open when immersed in a
fluid, the opening dynamics determining the amount of nec-
tar collected per lap. At very large sugar concentrations, we
found that viscous forces impede the full opening of papillae,
reducing the amount of nectar collected.
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Fig. 1. (A) Snapshots of a feeding process with a 60.5% sugar solution (1 = 0.065 Pa s) (Movie S1). (Scale bar: 5 mm.) (B) Evolution of the position p(t)
of the liquid-air interface as a function of time during the feeding process shown in A. (Inset) Evolution of p(t) between t =2 s and t =3 s. (C) Lapping
rate as a function of the sugar concentration ¢; at 20°C (11-13). The shaded area highlights the range Tf1 = (4.95 4 0.40) Hz. (D) Comparison between the
theoretical ingestion rate Q (Eg. 11) and in vivo measurements for different species of Melipona, Apis (14), and Bombus (11, 12) as a function of the sugar
concentration. The viscosity in millipascals second at 20 °C/30°C is also indicated on the top axis. The parameter values used are T, = 2Tz =(0.20 +0.02) s
(11-13, 15-18), dm = Lsin(w /4) (16, 18-20), and E = (1.1 4 0.1) MPa for all species; Rg = (50 £5) um, R=(2.9+0.1) um, and L = (170 £ 5) um (19, 21) for
Melipona and Apis; and Rg = (95 4+ 5) um, R=(2.1 £+ 0.1) um, and L = (135 £ 5) um for Bombus. The value of E is comparable with the Young modulus of
the tip of the adhesive tarsal setae of beetles (22, 23) or of the lepidopteran proboscis (24) (discussion is in S/ Appendix). The small variation of the nectar
density p, with 1 is negligible due to the small exponent in Eq. 10, and p; = (1,175 + 175) kg/m? is used (S/ Appendix). The immersion length, L, of the tongue
is varied proportionally to the tongue length, L1, for each species [L; ~ (0.6 Lt — 1) mm]: L; = 3.2+ 0.1 mm (Melipona fuliginosa, Lt =7.0 mm), L, =2.2 +
0.1 mm (Apis mellifera, Lt =5.4 mm), L; =2.0 £ 0.1 mm (Bombus, Lt =5.0 mm), and L; = 1.2 + 0.1 mm (Melipona marginata, Lt =3.8 mm) (12, 14). The
theoretical curves for Melipona fasciata and Melipona compressipes (Lt =5.9 mm) are close to the one for A. mellifera and are not shown for clarity.
The shaded areas show the regions spanned by the theoretical curves when the parameters are varied within their error bars. (E and F) Distributions
of the volumes per lap associated with the advances and recoils of the meniscus seen in B, Inset for ¢; =37% and 62 laps (E) and ¢; =60.5% and 261 laps

(F). The distributions are fitted by normal distributions, and the orange shaded areas extend over one SD around the mean value.

Two origins can be considered to explain the drop in inges-
tion rate observed for a concentration near 70%. It could be
related either to the difficulty to swallow nectar when its vis-
cosity (¢) increases or to an intrinsic limitation of the capture
mechanisms itself (i.e., the tongue captures less nectar per lap
as ¢ increases). Interestingly, the small periodic oscillations of
the meniscus position p(¢) seen in Fig. 1B allow us to discrimi-
nate between both explanations. As the tongue enters the liquid,
the meniscus recoils due to the added extra volume composed of
the tongue and the remaining noningested fluid ( Vy;). When the
tongue exits the capillary, in contrast, the meniscus advances due
to the lost volume related to the tongue and the captured fluid
(Ve) removed from the capillary. The amount of ingested nectar
is then given by V; = V. — V. The distributions of V, and V;; for
two values of sugar concentration ¢ are shown in Fig. 1 E and F.
Clearly, V,; is insensitive to variations in ¢, whereas V. decreases
as ¢, increases. These results indicate that the drop in the volume
ingested per lap, Vi, is due to a decrease of the amount of nectar
captured by the tongue when ¢, increases.

The loss of efficiency of the bees’ tongues in capturing very
sweet nectar should then be related to its fine structure, which is
ignored in previous models (27). The viscous dipping of smooth
rods does not account for the drop in ingestion rate. Indeed,
since the bees’ lapping period, Ti, is essentially constant, the
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thickness of the liquid layer covering a bare tongue when it
retracts out of nectar should increase monotonically with its vis-
cosity and thus, with its sugar concentration, according to the
Landau-Levich-Derjaguin (LLD) mechanism (28-31).

The tongue of a bee is composed of a glossa of radius Rg ~
(50 — 100) pm decorated by solid elongated papillae of length
L~ (100 —200) pm and radius R~ (2—3) pm (12, 15-21,
32-35) (SI Appendix). There are approximately 2,500 papillae
per square millimeter so that the average distance between
them is about 8R (15, 17, 19, 21, 33, 34). This density is thus
quite small compared with the setae density on the adhesive
pads of some arthropods such as fly (Calliphora erythrocephala,
1.5 x 10°/mm?), bug (Rhodnius, 2 x 10°/mm?), or spider (Cupi-
ennius salei, 2.1 x 10%°/mm?) (36). During the drinking process,
the papillae initially adhere to the glossa due to capillary forces
and open when immersed in the nectar (Movie S1). Fig. 2 4
and B shows indeed that capillary forces are strong enough to
keep the papillae bent in contact with the glossa. This elastocap-
illary effect is also observed when bees feed on dry sugar since
the papillae open well after the protrusion phase and only when
enough saliva is secreted to dissolve the sugar (37).

To determine the role of the papillae in the nectar capture, we
analyze their in vivo dynamics recorded with an optical micro-
scope fitted with a high-speed camera for B. terrestris (Materials

Lechantre et al.
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Fig. 2. (A and B) Optical microscopy photography of a B. terrestris tongue.

The papillae are fully open when the tongue is immersed in water (A),
whereas they adhere to the glossa due to capillary forces after the tongue
is withdrawn from the liquid (B). (Scale bar: 500 um.) (C) Evolution of the
rescaled distances x(t)/L, and d(t)/dm as a function of time for two values
of ¢ for B. terrestris. L; ~ 2 mm is the immersion length of the tongue, and
dm ~ 95 um is the maximum extension of the papillae. d(t) is the average
of measurements performed at four distances from the tip of the tongue
(500, 750, 1,000, and 1,250 um) (S/ Appendix has raw data). The theoretical
curves [10] are shown with p;=1,150 kg/m3, u=1>5, and 200 mPa s (20°C)
together with E, R, L, and dm used in Fig. 1D for Bombus. (D) Schematic of
the papillae relaxation dynamics.

and Methods). The temporal variations of the position of the
tongue tip with respect to the galea, z:(¢), and of the distance d(¢)
between the tip of the papillae and the glossa during the capture
process are shown in Fig. 2C. At low sugar concentration, ¢, the
papillae open to reach a maximum extension dm ~ 95 pm before
the tongue completely retracts out of the liquid and thus, fully
contribute to the nectar capture. In contrast, at a larger ¢, for
which a drop of the ingestion rate is observed, the papillae do not
have the time to completely open during a protraction—-retraction
cycle due to the viscous dissipation impacting both their dynam-
ics and their benefits in collecting nectar. The temporal evolution
of z(t) shows that the protraction of the tongue is impacted by
the nectar viscosity. However, in both cases shown in Fig. 2C,
the total immersion length of the tongue, Ly ~2 mm, and the
retraction time, Tr ~0.1 s, are similar in agreement with the
observation that the lapping frequency is essentially insensitive
to the nectar viscosity (11-13). These observations further con-
firm that bees are able to adjust the retraction force to the nectar
viscosity (12).

To mimic the opening dynamics of a single papilla, we consider
the unbending dynamics of a deflected flexible rod in a viscous
fluid. A rod of length L, radius R, Young modulus E, and den-
sity ps is clamped at one extremity and deflected at its free end
while immersed in a liquid of viscosity 1 and density p; (Fig. 34
and Materials and Methods). By varying systematically these con-
trol parameters, we show the existence of two regimes: under-
and overdamped, separated by a transient stage. Each regime
is characterized by distinct scaling for their relaxation times, 7',
defined as the time at which the rod passes through its rest posi-
tion for the first time (Fig. 3B). For the underdamped regime,
where the rod oscillates around its equilibrium position, T is pro-
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portional to the oscillation period, whereas in the overdamped
regime, there is no oscillation, and 7 is the time needed for the
rod to return to equilibrium.

The theoretical analysis of the rod relaxation dynamics
requires to couple the Navier—Stokes and elasticity equations
and is unfortunately intractable. Therefore, we propose to
decouple the fluid and the rod equations by adding an effective
viscous force to the dynamical beam equation (38), which then
reads

ﬁsla?w(xvt)sza;lw(xvt)7FH7 [1]

where w(z, t) is the transverse displacement of the rod along
the y axis, B =nER"/4 is the bending modulus of a cylindrical
rod, pg = (ps+ m)S = psS is the linear mass density of the rod
supplemented by the linear mass of the displaced fluid (39), and
S =7 R? is the section area of the rod.

The expression of the viscous force per unit length, F,, is a pri-
ori complicated since it depends on the local fluid velocity, which
varies in space and time. Here, we propose to use the viscous
drag experienced by a rigid cylinder moving at a constant speed
perpendicular to its symmetry axis and obtained by solving the
Stokes equations with the Oseen’s correction (40):

. 4 v _ A
F“_Sgcfln(v/vc)7 vc—le, 21

where v=|0;w| is the rod velocity, S, is the sign of d,w so
that the viscous force is always acting against the rod motion,
and ¢ =1/2 — vg where yg ~ 0.577 is the Euler constant. Notice
that the data reported in Figs. 1D, 2C, and 3B are obtained with
Newtonian fluids [at least up to ¢ =85% for sucrose solutions
(41-43)].

Since Egs. 1 and 2 depend on numerous parameters, it is useful
to consider its adimensionalized form. Using w =w /¢, Z =z /L,
and ¢ = ¢/, where 7 and / are defined as

T= p51R2/4,u and (=T, [3]
we obtain the adimensionalized form of Eq. 1:

In _ Epis6

2 7 47
Oiw(z, t)=—ko;w(z,t)— Fy, = 64,200 [4]

where F), = S,0/[c—1In®] and ¥ =v/v. =|0w|. Eq. 4 can be
solved numerically by imposing that the deflected rod is clamped
at z =0, free at £ =1, and released without initial velocity as in
the experiments. The relaxation times, 7'/7, obtained from the
numerical solutions are in good agreement with the experimental
data spanning 12 orders of magnitude for k (Fig. 3B).

The relaxation dynamics of the bee’s papillae occur at low val-
ues of the ratio v /v, vide infra. To gain some analytical insights
into the relaxation dynamics in this regime, we notice that, when
v/ve <1073, the evolution of F, with the velocity is described in
very good approximation by a power law (Fig. 3C):

F,=8,80"° 5=0.288. [5]
The viscous force is thus not proportional to the rod velocity in
agreement with the observed nonexponential relaxation dynam-
ics reported in Fig. 3D. Notice, however, that to describe the
evolution of the ingestion rate as a function of the sugar concen-
tration shown in Fig. 1D, a linear approximation for the viscous
force could also be used. The difference between the two descrip-
tions is smaller than the typical uncertainty on the in vivo data
(SI Appendix).

In the overdamped regime, the rod inertia is negligible, and
since there is no oscillation, the rod velocity is negative such that
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Fig. 3. (A) Snapshots of a deflected stainless steel rod of length L =54 mm oscillating in water at various times as indicated. The horizontal dashed line
indicates the equilibrium position. (B) Evolution of the experimental rescaled relaxation time T/7 as a function of the control parameter k (Eq. 4) for various
types of rods and fluids. The gray shaded area shows the variation of the theoretical curve, obtained by solving numerically Eq. 4, as the rescaled imposed
transverse displacement of the tip of the rod, dm, is varied within its experimental range (0.4 < dm < 10.5). (Insets) Positions of the tip of the rod as a function
of time for some representative cases. (C) Evolution of the rescaled viscous force, F’M =F,/(Arpve) (Eq. 2), as a function of the rescaled velocity, v=v /v,
(solid orange curve) together with a power law approximation for v < 103 (dashed black curve). (D) Evolution of the rescaled position of the tip of the rod,
We /dm, as a function of a rescaled time for the overdamped regime. Data obtained by solving numerically Egs. 4 and 5 are compared with the experimental
data and the asymptotic theoretical curve [8]. An exponential decay arising from a viscous force varying linearly with v is shown for comparison.

|0;w|=—0;w and S, = —1. Therefore, Eq. 4 with the viscous
force [5] becomes

koo, 1) = B-drw(z, D). [6]

Using the separation of variables, w(Z,t) = wg(t)g(Z) where
we(t) describes the temporal evolution of the tip of the rod,
Eq. 6 reduces to two ordinary differential equations:

e =— [ k/B) M B, e(0) = d, [7al
g//// :77911/107 g(O) _ gl(o) _ g”(l) _ g///(l) — 07 [7b]

where 7 is the separation constant, dn = £ dn is the imposed
transverse displacement of the tip of the rod, and dot and prime
indicate time and spatial derivatives, respectively. The boundary
conditions indicate that the rod is clamped at z =0 and free at
z =1 (Fig. 34). The nonlinear eigenvalue Eq. 7b can be solved
numerically with g(1) =1 [i.e., w(1,0) = dn], so that n ~ 12.803.
The temporal evolution of the position of the tip of the rod is
then obtained by integrating Eq. 7a:

w5 (%) 11

dm

(8]

10/11
= {1 —2.86 K 7]

E,,}/llt

Fig. 3D shows that, when time is properly rescaled, the numerical
solutions of Egs. 4 and 5 at small k£ and the experimental data in
overdamped regime collapse on the asymptotic expression [8].
The latter implies that the relaxation time 7' at which the rod
returns to equilibrium (i.e., wg = 0) is given by

T/7=0.35dy/"" k71" ~0.35 1/ [9]

Fig. 3B shows the good agreement between the asymptotic
expression [9] and experimental data.
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By measuring the relaxation time 7 2 0.06 s of the papil-
lae from in vivo measurements (Fig. 2C) (16, 19, 20), for p =5
mPa s and using the radius R and the length L of the papil-
lae reported in Fig. 1D, we find v/ve =~ dm /(v T) S 107% so that
Eq. 5 is valid. Notice that, since v/v ~ p~*, this ratio is even
smaller at larger viscosity. The temporal evolution of the distance
d(t) = dm — we(t) between the tip of the papillae and the glossa
is thus obtained from Eq. 8:

1 10 ; /11

where Eq. 9 has been written in a more convenient form with £ =
ER"/L* an effective rod stiffness. Eq. 10 describes the relaxation
dynamics of the papillae as shown schematically in Fig. 2D. At
t=0, d(0) =0, and the papillac adhere to the glossa; at t =T,
d(T) = dm, and the papillae are fully open. Using the parameter
values reported in Fig. 1D for Bombus, the temporal evolution
of d(t)/dm is found to be in very good quantitative agreement
with in vivo measurements of the papillae relaxation dynamics
(Fig. 2C).

A model for the nectar capture by bees taking into
account the relaxation dynamics of the papillae can now
be developed. Since the distance between the papillae is
large compared with their radius (~8R) and the Reynolds
number is very low (Re~wv/vu <107%), the interference
between drag flows generated by adjacent papillae can be
neglected (44, 45).

As shown in Fig. 1, bees collect nectar by quickly protracting
and retracting their tongue with a constant lapping period, which
is the sum of the protraction time, of the retraction time, and of
the nectar unloading time. The volume of nectar collected when
the tongue retracts out of nectar at ¢t = Tr ~ 71 /2 is the sum of
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Fig. 4. (A) Evolution of the ingestion rate Q as a function of the sugar concentration for A. mellifera as shown in Fig. 1D together with the contribution

Qp of the papillae and of the dragged film, Qup. The ingestion rate for rigid papillae, Eq. 12, is shown for comparison. The evolution with the sugar
concentration ¢; of the normalized distance between the tip of the papillae and the glossa at t = T [i.e., d(Tr)/dm] is shown on the right axis. The values of
this ratio at the optimal value ¢; = ¢ and at ¢; = 65% are highlighted. The values of the ratio T /T at some particular sugar concentrations are shown on the
top axis. The value c™ of the sugar concentration at which Q is minimum is also shown. (B) Evolution of the energy intake rate, £, as a function of the sugar
concentration for several bee species obtained from Egs. 11 and 13 with the same parameter values as those used in Fig. 1D. The shaded areas show the
regions spanned by the theoretical curves when the parameters are varied within their error bars. The vertical dashed lines indicate the concentrations at
which E is maximum for Melipona, Apis, and Bombus species. The symbols represent data obtained by using Eq. 13 together with the in vivo measurements
of Q shown in Fig. 1D. (C-E) Evolution of the concentration c[", at which the ingestion rate Q is minimum, and of the concentration ¢, at which the energy
intake rate £ is maximum, as a function of the glossa radius, Rg (C), of the immersion length L, (D), and of the papillae aspect ratio L/R (E). The value of the
parameters reported in Fig. 1D for A. mellifera are used, and Rg, L, and L/R are varied separately.

the volume trapped by the papillae and the volume dragged by an
LLD mechanism (28-31). The former is delimited by the glossa
of radius Rg and the tip of the papillae located at a distance
d(TRr) from the glossa (Eq. 10). This volume per unit of time, Qp,
reads Qp =mur[R% — RE), where Rg = Rg + d(Tr) and wr =
Li/Tr is the average retraction velocity with L; the immersed
length of the tongue. The total volume of the immersed papillae
is negligible (SI Appendix). The volume dragged per unit of time
by the hairy structure through an LLD mechanism is given by
Quip =mwr[(Re + h)? — R%), where h=1.34 Rg Ca®? is the
thickness of the film of nectar dragged (30, 31), Ca= pvr /7 is
the capillary number, and v~ 0.074 N/m is the surface tension
that does not vary significantly with ¢ (46). The total volume of
nectar collected per unit of time, @ = Qp + QLLp, is thus finally
given by

Q=" |:[RG +d(TR))? [1 +1.34 C32/3T - Ré} ;1]

with d(Tr) given by Eq. 10.

At low ¢, the papillae relaxation time, 7', is smaller than the
retraction time, Tr, so that d(7r)= dm. The ingestion rate is
then essentially constant, Q ~wur[(Rg + dm)? — R3], in agree-
ment with the in vivo measurements reported in Fig. 1D. The
volume captured in this case is thus essentially equal to the vol-
ume trapped by the papillae, @ ~ Qp, since the thickness h of
the dragged film is negligible (Ca < 1). At sufficiently large sugar
concentration, ¢ 2 50%, T becomes significantly larger than Tr.
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The papillae do not have enough time to fully open, d(Tr) < dm,
when the tongue retracts out of nectar, which impacts the inges-
tion rate (Fig. 44). Using the measured physiological parameters
of B. terrestris (Fig. 1D and SI Appendix), Eq. 11 describes well the
in vivo data reported in Fig. 1D. A similar quantitative agreement
is obtained for Apis mellifera when their physiological parame-
ters reported in the literature are used. Fig. 1D reveals also a
correlation between the ingestion rate, @, and the total length of
the tongue, Lt (10). Using the values of Lj reported in Fig. 1D
while keeping all of the other parameters unchanged, Eq. 11 also
describes well the data for Melipona species.

Fig. 44 shows that, for moderate sugar concentrations, the
volume of the film dragged through an LLD mechanism is negli-
gible compared with the volume trapped by the papillae, whereas
it becomes dominant at large ¢. Indeed, the sharp increase in
viscosity observed for ¢; ~70% impacts strongly the relaxation
dynamics of the papillae, which remain in close contact with the
glossa during retraction (i.e., the fine structure of the tongue
can no longer helps in collecting nectar). Notice that for rigid
microstructures mimicking the papillae (12), d(7Tr) = dm for all
¢s so that Eq. 11 becomes

2

Qrig = TR {[Rc+dm}2[1+l-34CaQ/3] Ré]. [12]

Eq. 12 and Fig. 44 show a continuous increase of Qrig With c.
The sharp drop observed for @ at large ¢, which is well described
by Eq. 11, is therefore a clear signature of the papillae flexibility.
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Fig. 5. (A) Evolution of the papillae length L as a function of their radius R for 26 bee species measured on SEM images (S/ Appendix, Table S1). The solid
line highlights a linear relationship where the coefficients are given for L and R measured in micrometers. (B) Evolution of the sugar concentration ", at
which the ingestion rate Q is minimum, and of the sugar concentration ¢/, at which the energy intake rate £ is maximum, as a function of the ratio L/R
for the same bee species. These two concentrations have been computed from Egs. 11 and 13 using the values of Rg, L, and R associated with each species
(A and SI Appendix, Table S1) together with the values of T, Tg, dm, E, and p, used in Fig. 1D for all species. Since the influence of L; on those concentrations
is very limited (Fig. 4D) ¢{" and ¢ are averaged for L, varying between 1 and 4 mm (S/ Appendix, Table S1). c[" is essentially constant, whereas c varies

linearly with L/R in good approximation.

After the ingestion rate is known, the energy intake rate, E,
can be easily computed using

E(e) =0 Qe) pi(es) o, [13]

where o =15.48 kJ/g is the energy content per unit mass of
sugar (11) and @ is given by Eq. 11. The dependence of the
nectar mass density on the sugar concentration is here taken
into account (SI Appendix, Eq. S17) since E varies linearly
with p; in contrast to ), which depends very weakly on this
quantity. Fig. 4B shows that £ is maximum at ¢! ~56% for
Melipona and Apis species and at ¢ ~53% for Bombus in
agreement with values reported previously (11, 14). Fig. 44
shows that the papillae are still open at about 95% of their
full erection at those optimal concentrations when the tongue
is withdrawn from the nectar [i.e., d(7TRr)/dm ~ 0.95]. However,
the ratio d(7r)/dm drops quickly above these optimal concen-
trations. For example, the papillae are only open at 60% when
¢ =65%.

Fig. 4 A and B shows the existence of two characteristic con-
centrations: ¢;" at which the ingestion rate @ is minimum and ¢
at which the energy intake rate is maximum. The variations of
these concentrations with respect to changes in the tongue mor-
phology can be studied by varying the radius of the glossa Rg,
the immersion length L;, and the papillae aspect ratio L/R in
the model. As illustrated in Fig. 4 C-E, the elastoviscous model
shows that the concentration ¢!" is rather insensitive to the values
of Rg, L1, and L/R. However, the aspect ratio L/ R has a signif-
icant impact on the concentration ¢, whereas Rg and L; have
a very limited influence. Therefore, the drop in ingestion rate @
appears to be universal and should occur for most bee species at
a similar value, close to 70% in sugar concentration, whereas the
optimal concentration could vary with the bee species if the ratio
L/R is not constant.

To gain a real insight into the possible variation of ¢;* and ¢
among bees, we have measured Rg, L, and R on scanning elec-
tron microscopy (SEM) images for 24 additional long-tongued
bee species from different genera distributed in Europe, Africa,
and South America (SI Appendix). Fig. 54 shows that L increases
linearly with R for all species except the Eucera species, which
are characterized by more slender papillae. The values of these
parameters are then used with Egs. 10 and 11 to compute ¢
and ¢ as a function of the papillae aspect ratio L/R (Fig. 5B).
As expected, the value of ¢ is essentially constant, whereas
¢ varies linearly with L/R. Such a simple relation can be use-
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ful to estimate the optimal sugar concentration for various bee
species. Nevertheless, since L/R varies between 50 and 70 for
most species, the variation of ¢ is moderate: ¢ = (55+5) %
for 75% of the species analyzed. This physiological limit of the
bees’ tongues may explain why the sugar concentration in nec-
tar offered by flowers rarely exceeds 60% (25, 26). The observed
adequacy of the physiological limit for bees and the maximum
sugar concentration in flowers’ nectar is probably not fortuitous
and could be another example of the coevolution of connected
species.

The present study explains the role of the papillae in the feed-
ing process for bees. At low sugar concentration, the amount
of nectar collected per unit time is essentially constant and
controlled by the size of the tongue (i.e., the immersion length
Ly and the glossa radius Rg) and by the length L of the papil-
lae. As intuitively expected, larger bees collect more nectar
per lap than smaller bees since the proboscis length increases
essentially linearly with the body size (47). However, com-
bined in vivo measurements and theoretical model show that
the physiological limit for the nectar capture for various bee
species is around 70% in sugar concentration. This limit is
directly determined by the flexibility of the papillae and its
associated relaxation time. Unexpectedly, this parameter dis-
carded in most previous studies finally appears to be a crucial
ingredient.

Materials and Methods

B. terrestris from the Biobest firm were used for the in vivo experiments.
The colony was kept at the temperature of 27°C and humidity of 65 to 70%.
They were fed every 2 d with pollen candies, and a sweet solution imitating
the nectar (Biogluc pink) is provided to them ad libitum.

Ingestion Rate. Before beginning the observation of the drinking process,
bumblebees were starved at the room temperature in the dark from 2
to 4 h. A bumblebee was then transferred into a centrifuge tube of 15
mL with a 4-mm hole at the tip. After a habituation phase of 3 min,
the extension of the proboscis was motivated by presenting a drop of a
solution of diluted honey. Finally, a capillary tube with an inner diameter
D.=0.8 mm containing a sweet solution of known sugar concentration
(or equivalently, viscosity) was presented to the bumblebee. The inner
diameter is similar to the nectar tube width of some plants visited by
Bombus (48, 49). The experiments were recorded by a camera Logitech
C920 at 30 frames per second (Movie S1). The position p(t) of the menis-
cus at the liquid-air interface was measured as a function of time, and
the ingestion rate was obtained from Q(t):erf Vm(t)/4, where v (t) =
dp(t)/dt is the velocity of the meniscus. Since p(t)~t, vm and Q are
constant.
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Relaxation Dynamics of Papillae. Bumblebees were starved from 1 to 2
h before beginning the experiment. A bumblebee was then transferred
into a centrifuge tube of 50 mL with a 5-mm hole at the tip where it
underwent a habituation phase of 3 min. A sweet solution of known vis-
cosity was placed between two microscope slides spaced by a distance of
1 mm and was presented to the bumblebee. The capture dynamics were
recorded under a binocular (Leica MZ16) fitted with a Photron Fastcam Mini
AX200 operating at 1,000 frames per second with a 1,024 x 1,024-pixel res-
olution (Movie S1). The distance x(t) between the tip of the tongue and the
galea and the distance d(t) between the tip of the papillae and the glossa
were measured on each recorded image as detailed in S/ Appendix.

Relaxation Dynamics of Rods. Rods made of various materials (steel, poly-
lactide, and polyethylene terephthalate) with length 1.1 cm <L <9.0 cm,
radius 0.15 mm <R < 0.4 mm, Young modulus 5 GPa < E < 165 GPa, and
density 1,400 kg/m? < ps < 8,300 kg/m> were clamped at one extremity and
deflected at their free end while immersed in various liquids (water, glyc-
erol, and silicone oil from FungiLab) with viscosity 1073 Pas < <10 Pas
and density 950 kg/m> < p; < 1,100 kg/m>. The size of the fluid container is
32 x 115 x 60 mm>. The bending and Young moduli have been determined
from the profile of the rods bent by a known force applied at their free end.
The densities of both solids and liquids have been obtained by weighing a
known volume of materials.
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The rod was bent by manually displacing its free end by a distance 0.73
mm < dm <4.9 mm depending on the rod length and radius. The initial
displacement of the tip of the rod was small with respect to its length,
dm/L < 1, but large with respect to its radius, dm /R > 1. After the free end
was released, the motion of the rod was recorded by a Photron Fastcam SA3
high-speed camera operating at 1,000 to 5,000 frames per second until the
rod returned to its horizontal equilibrium position. The relaxation dynamics
always occur in the plane of the bent rod since recording its motion from
different angles did not reveal any lateral deviation of the rod.

Propagation of Uncertainty. The uncertainty, f, on a quantity f(xq,x,...)
obtained from the combination of several other quantities x; with
uncertainty éx;, like Q or T, was computed using the following relation:
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