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The hummingbird’s tongue: a self-

assembling capillary syphon
Wonjung Kim!, Francois Peaudecerf?, Maude W. Baldwin’
and John W. M. Bush?*

' Department of Mechanical Engineering, and *Department of Mathemarics, Massachusetts Institute of
Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, USA
3Department of Organismic and Evolutionary Biology and the Museum of Comparative Zoology,
Harvard University, 26 Oxford Street, Cambridge, MA 02138, USA

We present the results of a combined experimental and theoretical investigation of the dynamics of drink-
ing in ruby-throated hummingbirds. In vivo observations reveal elastocapillary deformation of the
hummingbird’s tongue and capillary suction along its length. By developing a theoretical model for
the hummingbird’s drinking process, we investigate how the elastocapillarity affects the energy intake
rate of the bird and how its open tongue geometry reduces resistance to nectar uptake. We note that
the tongue flexibility is beneficial for accessing, transporting and unloading the nectar. We demonstrate
that the hummingbird can attain the fastest nectar uptake when its tongue is roughly semicircular. Finally,
we assess the relative importance of capillary suction and a recently proposed fluid trapping mechanism,
and conclude that the former is important in many natural settings.

Keywords: biocapillarity; capillary origami; drinking strategies

1. INTRODUCTION

Capillary action was one of several mechanisms proposed
to account for hummingbird nectar uptake in the
nineteenth century [1,2]. The question received renewed
attention in the 1930s, and despite disagreements
regarding the relative importance of capillarity [3,4] and
a mechanism relying on the combined action of the bill
and the tongue [5,6], a consensus emerged that capillarity
plays at least a partial role [7]. According to this hypoth-
esis, once the tongue tip touches a nectar reservoir,
surface tension drives the nectar flow through the ton-
gue’s grooves, loading the tongue before its subsequent
withdrawal and unloading.

The distal portion of the hummingbird’s tongue forms
two parallel C-shaped grooves that split in a bifurcated
end [8] (figure 1a). These grooves consist of keratinized
membranes on the order of 25 pm in thickness, which
curl around a relatively rigid, keratinized rod [9]. The
free edge of the groove ends in fine fringes or lamellae
that are generally attributed to wear [10,11]. Because
vascular and nervous tissues recede at the tip of the
tongue [9,8], no active change of shape of these grooves
is possible: tongue groove deformation can only be
driven by hydrodynamic forces arising from interaction
with the nectar.

Flexible solids in the presence of liquids can be deformed
by interfacial forces [12]. Py et al. [13] presented the first
example of capillary origami, demonstrating that thin
sheets with bending stiffness B can be folded up by the sur-
face tension o of a water droplet placed on them, provided
that the largest sheet dimension exceeds the elastocapillary

* Author for correspondence (bush@math.mit.edu).
Electronic supplementary material is available at http:/dx.doi.org/
10.1098/rspb.2012.1837 or via http:/rspb.royalsocietypublishing.org.

Received 7 August 2012
Accepted 25 September 2012

length /g = (B/O')I/Z. Recently, Rico-Guevara & Rubega
[11] demonstrated that a hummingbird tongue closes
around nectar, thus representing a natural example of capil-
lary origami [14]. Their high-speed videography indicates
that when the tongue is withdrawn from the nectar, the
formerly immersed portion of the tongue changes shape,
so that the thin membrane curls inwards and traps liquid
inside its grooves. They thus described the drinking
mechanism as a fluid trap: surface tension causes the trap
to close, after which the fluid is transported mouthward by
tongue retraction.

An open question remains concerning how the nectar
fills the entire tubular grooves, each of which is on the
order of 1 cm in length and 150 pm in radius [8]. Specifi-
cally, what is the relative importance of fluid trapping and
capillary suction in the loading of the tongue? We note
that the former does not preclude the latter, and so
expect both to be significant. Because the nectar reser-
voirs of many of the hummingbirds’ target flowers are
shorter than the tongue groove length, the entire groove
cannot always be immersed in the reservoir [15]; in
such cases, fluid trapping without capillary suction
would not optimally load the tongue.

Kingsolver & Daniel [16] proposed the first dyna-
mic model for capillary suction in a solid tube (see also
Daniel er al. [17]). By demonstrating that this model
successfully predicts the dependence of nectar intake
rate on nectar concentration, Kim ez al. [18] recently pro-
vided a rationale for the optimal concentrations [19]
for the fastest energy uptake—33 per cent for suction
feeders, as measured in a laboratory setting. Here, we
present in vivo observations of capillary suction in a hum-
mingbird tongue using high-speed videography [20,21].
We also report direct observations of elastocapillary
behaviour [12,13,22,23], as the tongue is deformed by
capillary forces during nectar uptake. We then develop a

This journal is © 2012 The Royal Society
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Figure 1. A hummingbird (Archilochus colubris) drinking from a transparent feeder. (a) A photograph of the drinking bird. Insets:
schematic of the hummingbird’s tongue (left) and feeder (right). The feeder is made of glass plates, and wrapped with red paper in
order to attract the bird. (b) High-speed images of the hummingbird drinking from a feeder. Owing to the transparency of the
tongue, the meniscus of the rising nectar (arrows) is observable. As the tongue tip touches the surface, interfacial forces drive
the liquid along the tongue at speeds of approximately 20 cms™ ' (see electronic supplementary material, movie S1).

theoretical model for the hummingbird’s drinking pro-
cess, thereby elucidating how the elastic deformation of
the tongue affects the nectar dynamics.

2. RESULTS

(a) In vivo observations

We filmed captive ruby-throated hummingbirds (Archilo-
chus colubris) drinking a sucrose solution (10% by mass)
from a feeder (see figure 1 and electronic supplementary
material, movie S1). A 1.6 mm diameter hole on the top
of the feeder allows the bird to insert only the distal por-
tion of its beak into the feeder. We adjusted the level of
the sucrose solution so that the bird had to extend its
tongue tip approximately 13 mm out of its bill to reach
the reservoir. Figure 154 indicates that as soon as the
tongue tip touches the free surface of the reservoir, the
liquid begins to rise along the tongue groove, thus clearly
demonstrating capillary suction of the sucrose solution
along the hummingbird’s tongue. The rise continues

Proc. R. Soc. B

until the tongue is extracted from the liquid, and the
tongue is retracted into the beak.

For quantitative analysis of the capillary suction and
tongue deformation, the tongue is observed at a higher
magnification (see figure 2 and electronic supplementary
material, movie S2). Before entering the liquid, the
tongue tips adhere to each other owing to surface tension,
indicating that the tongue is prewetted with either nectar
or saliva. Upon contact with the fluid, the immersed tips
separate, and the sucrose solution starts to climb up
along the tongue, as indicated by the rising menisci in
figure 2a. The menisci advance at a speed u ~ 20 cms
in response to capillary action, and the tongue is moving
at a speed of less than 7 cms ' while the tongue tip is
immersed in the nectar. After being loaded by capillary suc-
tion, the tongue retracts with peak speeds of 33 cms .
The tongue protrusion and retraction are repeated at a
frequency of approximately 6 Hz.

Examining dorsal views of the tongue during capillary
suction indicates the deformation of the tongue because
the tongue’s lateral extent becomes smaller after its
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Figure 2. Capillary suction through the hummingbird’s tongue. (a) A dorsal view of the tongue of a hummingbird drinking
sucrose solution of 20% concentration by mass. The arrows indicate the two menisci of the rising nectar. The tongue width
becomes smaller after the inner surface is wetted by the nectar. (b) The position of the tongue tip (open circles) and meniscus
(filled circles) during two consecutive licks. The measurement is interrupted when the meniscus moves beyond the field of view.
The nectar rise speed is approximately 20 cms™ ' (see electronic supplementary material, movie S2). The capillary rise of the

nectar clearly precedes the tongue retraction.

inner surface is wetted by the nectar (figure 2a). Our
measurements reveal that the outer tongue diameter
decreases by approximately 10 per cent near the advan-
cing meniscus, but we observe that surface tension does
not cause the complete closure of the groove. A schematic
illustration of the deformation of one of the two tongue
tubes is presented in figure 3.

(b) Tongue deformation

Drinking in hummingbirds involves a sequence of nectar
loading and unloading events. It has been demonstrated
that hummingbirds unload nectar by squeezing their ton-
gues between their upper and lower bills [24]. The tongue
must be flexible for this unloading process. In addition,
when only small quantities of nectar are available in the
target flowers, a flexible tongue may make it easier for
the tongue lamellae to sweep the corolla tube [11,25].
Hummingbirds feed from plants with a variety of floral
morphologies; jewelweed (Impatiens capensis) even has
forward-pointing nectar spurs that require the tongue
to bend at a 180° angle [26]. We thus infer that the
tongue’s flexibility is advantageous in both accessing
and unloading the nectar.

We proceed by examining its role in nectar transport. We
model the tongue as an open circular groove without longi-
tudinal variation (see figure 3), with radius a ~ 150 pum,
thickness e ~ 25 pm, length /~ 1 cm and opening angle
2a ranging from 0 to 7 [8,9]. The ratio of hydrostatic
to capillary pressures is prescribed by the Bond number
Bo = pgallo, where p is the density of the nectar, g the
gravitational acceleration and o the surface tension.
Owing to the weak dependence of o and p on sucrose
concentration [16], we treat o~ 0.07 Nm ! and
p~ 1000 kg m > as constants with respect to sucrose con-
centration. Because Bo attains a maximum value of 0.2
for the worst-case scenario of a vertical tongue, we infer
that tongue deformation is caused principally by surface
tension applied along its lateral edges rather than by
hydrostatic suction along its length.

To estimate the tongue deformation, we consider a lat-
eral segment of the groove of length Ba, as shown in
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Figure 3. A schematic of nectar rise along the flexible tongue
of the hummingbird, which closes in response to the surface
tension. For the sake of clarity, only one of the tongue’s two
grooves is illustrated.

figure 3, where the angle ( is measured clockwise from
the edge. Balancing moments about the point C yields the
bending moment M(B) per unit length at the cross section,
af away from the edge: M(B) = oal[cosa — cos(a + B)],
where a clockwise moment is defined as positive. Then,
applying Castigliano’s theorem [27] yields the maximum
tongue displacement & at the edge:

S:JM MoM (2.1)

oa’
., Booct¥=pFh
where B ~ ¢’Y is the bending stiffness per unit length, Y
the tongue’s Young’s modulus and Q= (})[2(7— )
(2 + cos2a) + 3sin2a|. The dimensionless deformation
thus scales as 8/a ~ I', where I'= a%0/B represents the con-
trol parameter of the system. By measuring Y ~ 300 kPa
(see §5), we estimate I'~ 0.3 and thus consider the
regime of weak deformation, which is consistent with our
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direct observations of the tongue diameter contracting by
approximately 10 per cent near the advancing meniscus.

(¢) Elastocapillary suction
We define the Weber number W& = pau®/o, the ratio of
inertial to curvature pressures, and the reduced Reynolds
number Re= puaz/ul, the ratio of inertial to viscous
forces. We use the empirical dependence of nectar viscosity
on sucrose concentration [28], noting that 0.001 < u<<0.1
for sucrose concentrations between 0 and 65 per cent. For
typical rise speeds u ~ 0.1 ms~ ! (figure 2b), we thus esti-
mate Wz~ 0.02 and 0.002 <Re<0.2. Therefore,
inertial effects are negligible, and the nectar flow through
the hummingbird’s tongue is described by Stokes’s
equation: —0P/dz + uV2u = 0, where P is the pressure.
The pressure gradient may thus be expressed by
0P/0z = (OE/Oh)/V, where V is the nectar volume
inside the tongue, and E the total system energy contained
inside the tongue of height % (see figure 3)—specifically,
the free surface energy E; plus the bending energy Ej.

For nectar rise by an infinitesimal height A%z from % to
h + Ah, the free surface energy associated with the inner sur-
face of the tongue increases by 2(7 — a)(ysr — Ysp)alh,
where vys; and gy are the interfacial energy per unit area
between solid and liquid, and between solid and gas, respect-
ively. Also, owing to the interfacial area between liquid and
gas at the gap of both edges, the free surface energy increases
by 2d'sind/ oAk, where @’ and o are, respectively, the radius of
the groove and the half-opening angle after deformation
(see figure 3). Using Young’s equation, ysy — Ysz = 0 COS
0., the increase in free surface energy AE, can thus be
expressed by AE,=2[— (7 — a)acosl. + d'sind]oAh,
where 6. is the contact angle. The bending energy is
principally associated with the change of the cross-sectional
tongue shape. Because the strain energy per unit longi-
tudinal length is 206 = 2c0al(} the increase in the
strain energy for deformation over a length A% is given by
AE, = 2a ol QAh.

Substituting into Stokes’s equation yields

10

2—__

M—MVah(ES—FEb)
20 ! i )

= ——— (7T — a)acosb. — asma — a s .
i {7~ aacose roy, (2.2

where A= (7 — & + cosd/sina/)a’? denotes the cross-

sectional area of the rising nectar. The no-shear and
no-slip boundary conditions are applied at, respectively,
the meniscus between the edges and the inner wall
of the tongue (see figure 3).

The solution of Stokes’s equation gives the velocity dis-
tribution of u over the cross-sectional area A. From the
computation of the velocity field via the finite element
method (FEM), we estimate the average flow speed and
the nectar rise 4(z) (see §5). For a licking frequency f,
the energy per volume of nectar ¢ and the time of contact
with the nectar 7 for each lick, the energy intake rate
¢ predicted by our model is &€ = feAh(T).

We restrict our attention to a given f and 7, nectar proper-
ties (u, 0, ¢), and lateral perimeter of the tongue. While the
driving capillary pressure decreases with increasing «, the
cross-sectional area through which nectar flows increases
with «, and the resistance to flow decreases. One thus antici-
pates an optimal opening angle for which the hummingbird

Proc. R. Soc. B
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Figure 4. The dependence of the energy intake rates on the
opening angle 2a for different I'= ga?/B, where a is the
undeformed radius and B is the bending stiffness per unit
length. Here, the energy intake rate is scaled by that for the
tongue of « =0, I'=0 and a = 150 wum. The closed circles
represent «c, a limit below which the two lateral edges
come into contact after bending. The tongue perimeter is
the same for all cases. The optimal opening angles 2« that

maximize energy intake rates are indicated by the dashed
line and lie between 140° and 170°.

attains the fastest energy intake. In figure 4, we plot the
energy intake rates for tongues that have the same perimeter
but different I. The energy intake rates are normalized by
that obtained for « = 0, I'= 0 and a = 150 pm, and o, rep-
resents a limit below which the two lateral edges come into
contact after bending. Although the optimal opening angle
depends on I, the normalized energy intake rate is maxi-
mized at opening angles between 140° and 170°. For
parameters relevant for the hummingbird, we conclude that
opening angles 140° < 2« < 170° optimize energy uptake.
Because the results presented in figure 4 are independent of
the frequency, we expect them to be valid even at higher lick-
ing frequencies, which can be as large as 17 Hz when the
distance between the beak tip and the nectar is smaller [24].

3. CAPILLARY SUCTION VERSUS FLUID TRAPPING
Recently, the role of capillary action in hummingbird
feeding has been questioned: a new model proposes that
instead of being taken up via capillary suction, fluid is
captured through entrainment by the tongue following
submergence, a mechanism called ‘fluid trapping’ [11].
Arguments against the role of capillary action include
the observation that nectar intake rates are only weakly
dependent on flower orientations (pendulous or erect).
However, as previously noted, the value of Bo ~ 0.2 indi-
cates that gravitational effects are negligible in nectar
uptake. Another potential inconsistency of the capillary
model is that it predicts optimal nectar concentrations
(30-40%)—specifically those that maximize energy
uptake rate—that are different from preferred concen-
trations (45-60%), as deduced from the statistics of
visit frequency to feeders with different nectar concentra-
tion [29,30]. However, a bird’s preferred concentration
may depend on factors such as gustatory preferences [31]
or physiological state [32], and thus may not correspond
to the optimal concentrations.
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We note that fluid trapping does not inherently preclude
capillary suction; so hummingbirds can use both mechan-
isms. In our experimental set-up, we can assess the
importance of each mechanism. To permit visualization
of the tongue outside the bill and in a vertical orientation
(figure 2), we positioned the level of the sucrose solu-
tion (20% by mass) in the feeder sufficiently far from
the opening of the feeder that the tongue must extend
approximately 15 mm from the bill to be immersed by an
amount 4; ~ 2mm in the sucrose solution. We measured
a~150 pm, 7~50 ms, w~2 mPa-s; so the length
loaded via capillary suction in a time 7 is given by
he ~ (O’(IT/(Z/J,))I/Z ~1lcm (see §5). We thus deduce
h/h; ~ 5, and so assess that capillary suction is the dominant
nectar-loading mechanism in this experimental setting.

Our experimental set-up probably resulted in a longer
tongue extension and slower licking frequency than may
occur in natural feeding bouts. The relative importance
of capillary suction and fluid trapping in the wild will in
general depend on the depth of the nectar reservoir of
the visited flower as well as on the licking frequency
of the hummingbird. Very few data exist for heights of
nectar, and estimating this is challenging: nectar volume
can vary temporally, as well as within and among popu-
lations [33-37], and data on corolla diameter are
scarce [38]. Moreover, the diameter at the base of the cor-
olla tube may be different from the distal corolla diameter.

We list corolla measurements of six species of flowers
visited by ruby-throated hummingbirds (see electronic sup-
plementary material, table S1). Using images obtained from
the digital herbaria of New York Botanical Garden and
Missouri Botanical Garden, as well as specimens from the
Gray Herbarium (Harvard University Herbaria), we
obtained a rough measurement of proximal corolla width,
which we used to estimate a possible upper-bound value
for nectar height (see electronic supplementary material,
table S2 and figures S1-S5). Owing to the uncertainties
associated with estimates of nectar volume, as well as
internal corolla shape, these calculations are approxi-
mations; yet it appears that some plants may have a small
nectar height H compared with the tongue groove length
of I~ 1cm in the ruby-throated hummingbird [8]. In
addition, during a natural drinking bout, the volume of
nectar in a flower will decrease progressively. Thus, partial
immersion of the tongue (%#; ~ H ~ 1 mm) may commonly
arise in the wild.

The capillary loading length %. depends critically on
n and 7. The loading time 7 may be bounded by the licking
frequency £, which ranges from 6 Hz (our observations) to
17 Hz [24], and has been shown to depend on the tongue’s
extrusion length and corolla shape [39]. In our observations
(figure 2), 7 ~ 50 ms is approximately % of the period of the
full licking cycle T = 1/f ~ 150 ms. If we were to assume
similar tongue kinematics of 7/T N% for different licking
frequencies, we would expect that 20 <7< 50 ms for
6 <f<17Hz. By using the empirical dependence of
M on sucrose concentration ¢ [28], we deduce the depen-
dence of %, on ¢ for different 7 (see figure 5). As the
concentration of the hummingbird flowers is typically
20 to 25 per cent [40], the model results presented in
figure 5 indicate that when a hummingbird drinks nectar
from a flower with a shallow nectar reservoir of H; =1
mm, the majority of its nectar is loaded via capillary suction
for biologically relevant values of 7. Fluid trapping becomes
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Figure 5. The dependence of the tongue length loaded by
capillary suction, 4., on sucrose concentrations ¢ for a
range of biologically relevant loading times 7. We represent
three different nectar reservoir depths of H; =1 mm,
H,=5 mm and H3 =10 mm by dashed lines. Provided
that the tongue immersion depth #&;~ H, curved and
dashed lines allow for a comparison between nectar volumes
loaded via capillary suction and fluid trapping.

appreciable when the hummingbird drinks from deeper
nectar reservoirs (i.e. H3 = 10 mm) or with high licking
frequencies. While the relative importance of capillary
suction and fluid trapping will thus in general depend on
feeding rates, tongue morphology and plant morphology,
available estimates indicate that hummingbirds may benefit
from capillary suction in many natural settings.

Previous laboratory experiments on hummingbird
drinking [8,15,29,41,42] lend support to the capillary
suction model [16]. These indicate that the observed
dependence of nectar intake rates on nectar concentrations
are satisfactorily rationalized by the capillary suction
model [18]. Moreover, the fact that the average volumetric
uptake rate decreases with nectar concentrations [15] is
consistent with the capillary suction model, but inconsist-
ent with the fluid trap model, which suggests that nectar
uptake rates are independent of nectar concentration.

4. DISCUSSION

We have presented i vivo observations of hummingbird
drinking that indicate both the elastocapillary defor-
mation of the hummingbird’s tongue and capillary
suction along its length. The hummingbird’s tongue
may thus be best described as a self-assembling capillary
syphon. Our observations clearly indicate that fluid trap-
ping and capillary suction are complementary rather than
mutually exclusive mechanisms. While both are viable
mechanisms for nectar uptake, we conclude that capillary
suction is important in many natural settings. Nectar
reservoirs are often shallow, relative to the tongue’s
groove length, thus precluding tongue submergence, in
which case capillary suction is predominantly used.
Moreover, the dependence of nectar uptake rates on
nectar concentrations reported in the biological litera-
ture [8,15,29,41,42] for the hummingbird are well
rationalized by the capillary suction model [18].
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Guided by our observations, we have developed a theor-
etical model for the elastocapillary suction of nectar. The
model suggests that the hummingbird can maximize the
energy uptake rate when the opening angle of its tongue
is roughly 150°. Our model thus provides new rationale
for the shape of the tongue: specifically, the fact that each
of the two grooves of a hummingbird’s tongue is nearly
semicircular (figure 1la). The results of our model
(figure 4) suggest that, for a given opening angle, a rigid
tongue (I'= 0) enables the hummingbird to maximize the
energy uptake. Nevertheless, tongue flexibility I~ 0.3 pre-
sumably evolved because it is advantageous for both
accessing and unloading nectar.

Floral nectar is the primary energy source of humming-
birds, and their inter-flower movement serves to pollinate
flowers. This mutual reliance can result in coevolution of
bill shape and floral morphologies [38,43,44]. Thus, the
detailed shape of the hummingbird’s tongue may also be
affected by the corolla morphology and nectar attributes of
its target flowers. Nevertheless, flexible tongues with semi-
circular cross-sectional shapes are characteristic of many
hummingbirds, as well as sunbirds and honeyeaters [25],
which may rely on similar nectar uptake styles.

5. METHODS

(a) In vivo high-speed imaging

The movies were taken at the Concord Field Station, in Con-
cord, MA. We filmed four individuals (of the species
Archilochus  colubris), feeding during flight in a cage
(figure 1) or while held in the hand (figure 2). The birds
fed spontaneously. The feeders contain a sucrose solution
of concentration 10 per cent (figure 1) or 20 per cent
(figure 2) by mass, which is sufficiently far from the opening
of the feeder for the birds to have to extend their tongues out
of their bill in order to reach the liquid. We filmed the
dynamics of the tongue and nectar with high-speed cameras
(Phantom V5.2 running at frame rates of 1000 fps for
figure 1 and Photron Fastcam 1024 PCI running at frame
rates of 2000 fps for figure 2).

(b) Tension stress experiment

We prepared a rectangular sample (1.0 x 0.2 mm) from the
tongue tip of a deceased hummingbird (Archilochus colubris).
We stuck the extremities of the samples on a plastic holder.
By using a high-precision dynamometer, we recorded the
force exerted on the sample while extending it. By measuring
a deformation rate in the elastic regime, we calculated the
Young’s modulus. Although the thickness of the tongue is
not uniform, we assumed a thickness of 25 pm in order to
calculate a value of Y ~ 300 kPa.

(¢) Finite element method
The linearity of Stokes’s equation enables us to find the
solution via numerical solution of
Vu, = -1, (5.1)
with the boundary conditions

u,(r,0)=0 on r=1 and & <0<27m—d
1 ou, 1 Ou,
cosf Or rsinf 06

cosa’

0 on and —d' <60<c.

"= cosf
(5.2)

By using the FREEFEM ++ software (see http:/www.freefem.
org), the velocity distribution of u, is found. The
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dimensionless volumetric flow rate Q, through A,, the
cross-sectional area bounded by conditions (5.2), depends
only on «. The volumetric flow rate Q for the tongue dimen-
sions is then given by Q = —(dP/dz) d'* Q,(/)/u. Because Q
is the product of the cross-sectional area 4 and the rise speed
dh/de, one readily obtains the differential equation

da - 10P 4

=————a

a /.LaZ Qn(a)7

(5.3)
which we solve with the initial condition /#(0) = 0. For the
prewetted tongue (6. = 0), the solution of equation (5.3)
yields the dependence of rise height on time:

. . (5.4)

12 /

h(e) =22~ \/"Q(“) la(m— ) — d'sind’ — al Q).
The lateral perimeter of the tongue groove does not
change through bending: (7 — @)a= (7 — d)d and
8=al'Q~ aa — dd. Solving these equations for @’ and o
yield d =(1 —I'Yma and « =[1 — (7 — &)/(7m— T )] 7
in equation (5.4). For a rigid, circular tube (I'=0, o« =
a=0,a=4d), 0,00)= 7/8 and h(t) = (act/(2w))">.

Animals used in these experiments were captured under state
and federal collection permits, and were maintained and
filmed following protocols approved by Institutional Animal
Care and Use Committee at Harvard University, Faculty of
Arts and Science, to M.W.B. and A. Biewener.

The authors thank the STX Scholarship Foundation, Ecole
Polytechnique ParisTech and the NSF for financial
support, M. Prakash for assistance with the tension stress
experiment, and A. Biewener, P. Ramirez and I. Ros at the
Concord Field Station and the Department of Organismic
and Evolutionary Biology for assistance with capture and
maintenance of the animals, use of filming equipment and
discussion of experimental design. We thank the New York
Botanical Garden and Missouri Botanical Garden for use
of online images, and the Gray Herbarium (Harvard
University Herbaria) for assistance and use of specimens.

REFERENCES

1 Martin, W. C. L. 1852 A general history of humming-birds
or the Trochilidae. LLondon, UK: H.G. Bohn.

2 Gadow, H. 1883 On the suctorial apparatus of the
Tenuirostres. Proc. Zool. Soc. London pp. 62—69.

3 Scharnke, H. 1931 Die Nektaraufnahme mit der
Kolibrizunge. Ornithol. Monatsber. 39, 22—23.

4 Scharnke, H. 1931 Beitrdge zur Morphologie und
Entwicklungsgeschichte der Zunge der Trochilidae,
Meliphagidae, und Picidae. ¥ Ornithol. 79, 425-491.
(doi:10.1007/BF01955537)

5 Moller, W. 1930 Uber die Schnabel- und Zungenmechanik
blitenbesuchender Vogel. 1. Biol. Generalis 6, 651-727.

6 Moller, W. 1932 Die Zungen der Kkostarizensischen
Zuckervogel. Z. Mikr.-anat. Forsch. 28, 363—-417.

7 Moller, W. 1931 Bemerkungen zu Scharnke’s Mitteilung
‘Die Nektaraufnahme mit der Kolibrizunge’. Ornithol.
Monatsber. 39, 135-138.

8 Hainsworth, F. R. 1973 On the tongue of a humming-
bird: its role in the rate and energetics of feeding.
Comp. Biochem. Physiol. 46A, 65-78. (doi:10.1016/
0300-9629(73)90559-8)

9 Weymouth, R. D., Lasiewski, R. C. & Berger, A. J. 1964
The tongue apparatus in hummingbirds. Acta Anar. 58,
252-270. (d0i:10.1159/000142586)

10 Lucas, F. A. 1891 On the structure of the tongue in hum-
mingbirds. Proc. U. S. Nat. Mus. 14, 167—-172.


http://www.freefem.org
http://www.freefem.org
http://www.freefem.org
http://dx.doi.org/10.1007/BF01955537
http://dx.doi.org/doi:10.1016/0300-9629(73)90559-8
http://dx.doi.org/doi:10.1016/0300-9629(73)90559-8
http://dx.doi.org/doi:10.1159/000142586
http://rspb.royalsocietypublishing.org/

Downloaded from rspb.royalsocietypublishing.org on October 17, 2012

The hummingbird’s tongue W. Kim er al. 7

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Rico-Guevara, A. & Rubega, M. A. 2011 The hummingbird
tongue is a fluid trap, not a capillary tube. Proc. Natl Acad.
Sci. 108, 9356-9360. (doi:10.1073/pnas.1016944108)
Roman, B. & Bico, J. 2010 Elasto-capillarity: deforming an
elastic structure with a liquid droplet. ¥ Phys. Condens.
Matter22,493101. (doi:10.1088/0953-8984/22/49/493101)
Py, C., Reverdy, P., Doppler, L., Bico, J., Roman, B. &
Baroud, C. N. 2007 Capillary origami: spontaneous
wrapping of a droplet with an elastic sheet. Phys. Rev.
Lerr. 98, 156103. (doi:10.1103/PhysRevLett.98.156103)
Reis, P. M., Hure, J., Jung, S., Bush, J. W. M. & Clanet,
C. 2010 Grabbing water. Soft Matter 6, 5705-5708.
(d0i:10.1039/c0sm00895h)

Kohler, A., Leseigneur, C. D. C., Verburgt, L. & Nicolson,
S. W. 2010 Dilute bird nectars: viscosity constrains food
intake by licking in a sunbird. Am. F Physiol. Regul.
Integr. Comp. Physiol. 299, R1068—R1074. (doi:10.1152/
ajpregu.00208.2010)

Kingsolver, J. G. & Daniel, T. L. 1983 Mechanical deter-
minants of nectar feeding strategy in hummingbirds:
energetics, tongue morphology, and licking behavior.
Oecologia 60, 214—226. (doi:10.1007/BF00379523)
Daniel, T. L., Kingsolver, J. G. & Meyhofer, E. 1989
Mechanical determinants of nectar-feeding energetics in
butterflies: muscle mechanics, feeding geometry, and
functional equivalence. Oecologia 79, 66—75. (doi:10.
1007/BF00378241)

Kim, W., Gilet, T. & Bush, J. 2011 Optimal con-
centrations in nectar feeding. Proc. Natl Acad. Sci. 108,
16 618—-16 621. (doi:10.1073/pnas.1108642108)
Heyneman, A. J. 1983 Optimal sugar concentrations of
floral nectars—dependence on sugar intake efficiency
and foraging costs. Oecologia 60, 198—213. (doi:10.
1007/BF00379522)

Rico-Guevara, A. & Rubega, M. A. 2012 Hummingbird
feeding mechanics: comments on the capillary model.
Proc. Nairl Acad. Sci. 109, E867. (doi:10.1073/pnas.
1119750109)

Kim, W., Gilet, T. & Bush, J. W. M. 2012 Reply to Rico-
Guevara and Rubega: nectar loading in hummingbirds.
Proc. Natrl Acad. Sci. 109, E868. (doi:10.1073/pnas.
1120728109)

Kim, H.-Y. & Mahadevan, L. 2006 Capillary rise
between elastic sheets. ¥ Fluid Mech. 548, 141-150.
(doi:10.1017/S0022112005007718)

Bico, J., Roman, B., Moulin, L. & Boudaoud, A. 2004
Adhesion: elastocapillary coalescence in wet hair.
Nature 432, 690. (do0i:10.1038/432690a)

Ewald, P. W. & Williams, W. A. 1982 Function of the bill
and tongue in nectar uptake by hummingbirds. The Auk
99, 573-576.

Paton, D. C. & Collins, B. G. 1989 Bills and tongues of
nectar-feeding birds: a review of morphology, function
and performance, with intercontinental comparisons.
Austral. §  Ecol. 14, 473-506. (doi:10.1111/j.1442-
9993.1989.tb01457.x)

Hurlbert, A. H., Hosoi, S. A., Temeles, E. J. & Ewald,
P. W. 1996 Mobility of Impatiens capensis flowers: effect
on pollen deposition and hummingbird foraging.
Oecologia 105, 243-246.

Timoshenko, S. P. & Goodier, J. N. 1970 Theory of
elasticity. New York, NY: McGraw-Hill.

Proc. R. Soc. B

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Weast, R. C. 1974 Handbook of chemisiry and physics.
Cleveland, OH: CRC Press.

Tamm, S. & Gass, C. L. 1986 Energy intake rates and
nectar concentration preferences by hummingbirds.
Oecologia 70, 20—-23. (doi:10.1007/BF00377107)
Roberts, M. W. 1996 Hummingbirds’ nectar concen-
tration preferences at low volume: the importance of
time scale. Anim. Behav. 52, 361-370. (do0i:10.1006/
anbe.1996.0180)

Medina-Tapia, N., Ayala-Berdon, J., Morales-Pérez, L.,
Melo, L. M. & Schondube, J. E. 2012 Do hummingbirds
have a sweet-tooth? Gustatory sugar thresholds and sugar
selection in the broad-billed hummingbird Cynanthus
latirostris. Comp. Biochem. Physiol. A Mol. Integr. Physiol.
161, 307-314. (d0i:10.1016/j.cbpa.2011.11.012)
Calder, W. A. 1979 On the temperature-dependency of
optimal nectar concentrations for birds. § Theor. Biol.
78, 185-196. (doi:10.1016/0022-5193(79)90263-7)
Bertin, R. I. 1982 Floral biology, hummingbird pollina-
tion and fruit production of trumpet creeper (Campsis
radicans, Bignoniaceae). Am. F Bor. 69, 122-134.
(d0i:10.2307/2442837)

Kessler, D., Diezel, C. & Baldwin, I. T. 2010 Changing
pollinators as a means of escaping herbivores. Curr.
Biol. 20, 237-242. (doi:10.1016/j.cub.2009.11.071)
Lanza, J., Smith, G. C., Sack, S. & Cash, A. 1995
Variation in nectar volume and composition of Impatiens
capensis at the individual, plant, and population levels.
Oecologia 102, 113-119. (doi:10.1007/BF00333318)
Griffin, S. R., Mavraganis, K. & Eckert, C. G. 2000 Exper-
imental analysis of protogyny in Agquilegia canadensis
(Ranunculaceae). Am. ¥ Bot. 87, 1246—1256. (doi:10.
2307/2656717)

Benjamin, R. B. & Hainsworth, F. R. 1986 Sex change with
inbreeding: experiments on separate versus combined
sexes. Evolution 40, 843—-855. (doi:10.2307/2408469)
Temeles, E. ]J., Linhart, Y. B., Masonjones, M. &
Masonjones, H. D. 2002 The role of flower width in
hummingbird bill length—flower length relationships.
Biotropica 34, 68-80. (do0i:10.1111/j.1744-7429.2002.
tb00243.x)

Temeles, E. J. 1996 A new dimension to hummingbird—
flower relationships. Oecologia 105, 517-523. (doi:10.
1007/BF00330015)

Pyke, G. H. & Waser, N. M. 1981 The production of
dilute nectars by hummingbird and honeyeater flowers.
Biotropica 13, 260—270. (doi:10.2307/2387804)
Mitchell, R. J. & Paton, D. C. 1990 Effects of nectar
volume and concentration on sugar intake rates of
Australian honeyeaters (Meliphagidae). Oecologia 83,
238-246. (doi:10.1007/BF00317758)

Roberts, W. M. 1995 Hummingbird licking behavior and
the energetics of nectar feeding. The Auk 112, 456—463.
(d0i:10.2307/4088733)

Temeles, E. J. & Kress, W. J. 2003 Adaptation in a plant—
hummingbird association. Science 300, 630-633.
(d0i:10.1126/science.1080003)

Rengifo, C., Cornejo, L. & Akirov, I. 2006 One size fits
all: corolla compression in Aphelandra runcinara
(Acanthaceae), an adaptation to short-billed humming-
birds. ¥ Trop. Ecol. 22, 613-619. (doi:10.1017/
S0266467406003476)


http://dx.doi.org/doi:10.1073/pnas.1016944108
http://dx.doi.org/doi:10.1088/0953-8984/22/49/493101
http://dx.doi.org/doi:10.1103/PhysRevLett.98.156103
http://dx.doi.org/doi:10.1039/c0sm00895h
http://dx.doi.org/doi:10.1152/ajpregu.00208.2010
http://dx.doi.org/doi:10.1152/ajpregu.00208.2010
http://dx.doi.org/doi:10.1007/BF00379523
http://dx.doi.org/doi:10.1007/BF00378241
http://dx.doi.org/doi:10.1007/BF00378241
http://dx.doi.org/doi:10.1073/pnas.1108642108
http://dx.doi.org/doi:10.1007/BF00379522
http://dx.doi.org/doi:10.1007/BF00379522
http://dx.doi.org/doi:10.1073/pnas.1119750109
http://dx.doi.org/doi:10.1073/pnas.1119750109
http://dx.doi.org/doi:10.1073/pnas.1120728109
http://dx.doi.org/doi:10.1073/pnas.1120728109
http://dx.doi.org/doi:10.1017/S0022112005007718
http://dx.doi.org/doi:10.1038/432690a
http://dx.doi.org/doi:10.1111/j.1442-9993.1989.tb01457.x
http://dx.doi.org/doi:10.1111/j.1442-9993.1989.tb01457.x
http://dx.doi.org/doi:10.1007/BF00377107
http://dx.doi.org/doi:10.1006/anbe.1996.0180
http://dx.doi.org/doi:10.1006/anbe.1996.0180
http://dx.doi.org/doi:10.1016/j.cbpa.2011.11.012
http://dx.doi.org/doi:10.1016/0022-5193(79)90263-7
http://dx.doi.org/doi:10.2307/2442837
http://dx.doi.org/doi:10.1016/j.cub.2009.11.071
http://dx.doi.org/doi:10.1007/BF00333318
http://dx.doi.org/doi:10.2307/2656717
http://dx.doi.org/doi:10.2307/2656717
http://dx.doi.org/doi:10.2307/2408469
http://dx.doi.org/doi:10.1111/j.1744-7429.2002.tb00243.x
http://dx.doi.org/doi:10.1111/j.1744-7429.2002.tb00243.x
http://dx.doi.org/doi:10.1007/BF00330015
http://dx.doi.org/doi:10.1007/BF00330015
http://dx.doi.org/doi:10.2307/2387804
http://dx.doi.org/doi:10.1007/BF00317758
http://dx.doi.org/doi:10.2307/4088733
http://dx.doi.org/doi:10.1126/science.1080003
http://dx.doi.org/doi:10.1017/S0266467406003476
http://dx.doi.org/doi:10.1017/S0266467406003476
http://rspb.royalsocietypublishing.org/

	The hummingbird’s tongue: a self-assembling capillary syphon
	Introduction
	Results
	In vivo observations
	Tongue deformation
	Elastocapillary suction

	Capillary suction versus Fluid trapping
	Discussion
	Methods
	In vivo high-speed imaging
	Tension stress experiment
	Finite element method

	Animals used in these experiments were captured under state and federal collection permits, and were maintained and filmed following protocols approved by Institutional Animal Care and Use Committee at Harvard University, Faculty of Arts and Science, to M.W.B. and A. Biewener.The authors thank the STX Scholarship Foundation, Ecole Polytechnique ParisTech and the NSF for financial support, M. Prakash for assistance with the tension stress experiment, and A. Biewener, P. Ramirez and I. Ros at the Concord Field Station and the Department of Organismic and Evolutionary Biology for assistance with capture and maintenance of the animals, use of filming equipment and discussion of experimental design. We thank the New York Botanical Garden and Missouri Botanical Garden for use of online images, and the Gray Herbarium (Harvard University Herbaria) for assistance and use of specimens.
	References


