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I REPORTS

Heat Exchange from the Toucan
Bill Reveals a Controllable
Vascular Thermal Radiator

Glenn ]. Tattersall,™> Denis V. Andrade,?® Augusto S. Abe*>

The toco toucan (Ramphastos toco), the largest member of the toucan family, possesses the
largest beak relative to body size of all birds. This exaggerated feature has received various
interpretations, from serving as a sexual ornament to being a refined adaptation for feeding.
However, it is also a significant surface area for heat exchange. Here we show the remarkable
capacity of the toco toucan to regulate heat distribution by modifying blood flow, using the
bill as a transient thermal radiator. Our results indicate that the toucan's bill is, relative to its
size, one of the largest thermal windows in the animal kingdom, rivaling elephants’ ears in its

ability to radiate body heat.

enlarged bill is the avian example of ex-

aggeration, being a source of debate since
Buffon labeled it a “grossly monstrous” ap-
pendage (7). Even Darwin was intrigued, stat-
ing that “toucans may owe the enormous size
of their beaks to sexual selection, for the sake
of displaying the diversified and vivid stripes
of colour with which these organs are orna-
mented” (2). More recent explanations for the
oversized bill include fruit peeling (3), nest
predation (4-6), social selection in the context
of territorial defense (7), and, finally, serving
as a visual warning (6). Although the selective

In the hall of animal oddities, the toucan’s
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Fig. 1. (A) Side view of
an adult toco toucan bill
with visible blood ves-
sels. (B) A sagittal section
of a museum specimen
demonstrating the light-
weight bone (¢, cranium;
n, nares; t, turbinates; u,
upper bill; |, lower bill, r,
ramphotheca). Horizontal
scale bar = 1 cm. (C) Bill
length in toco toucans
scales with positive allom-
etry. Values are derived B
from digital photographs
and measurements of tou-
cans of known mass and
age (numbers adjacent
to data points indicate
age in weeks). Equations
describe the scaling rela-
tionship for the first 5

A

forces that led to the large bills of present-day
toucans remain elusive, the current use, costs,
and proximal consequences can be examined.
We investigated the role of the toucan bill in
thermoregulation. As must any endothermic or-
ganism, toucans regulate their body temperature
primarily by balancing metabolic heat produc-
tion with heat exchange with the environment.
Therefore, a large and uninsulated appendage,
such as the bill, may be an important avenue for
heat exchange (8-11).

We focused on the toco toucan (Ramphastos
toco Muller, 1776), which has the largest bill of
all the toucans (/2). The bill has a network of
superficial blood vessels supporting the horny
ramphotheca (73, /4) (Fig. 1). Therefore, the
toucan’s bill combines all the important features
of a candidate thermal radiator: It is enlarged,
uninsulated, and well vascularized (8, 9, 11, 15).
It is, however, crucial that blood flow be ad-

justable in order to control heat exchange from
the bill. We examined whether the toucan’s bill
can operate as a thermal window for heat loss,
capable of being “opened” within and above the
thermal neutral zone and “closed” to conserve
metabolic heat at lower temperatures. We used
infrared thermography (/5) to examine the ef-
fects of changing ambient temperature (7,) on
the heat exchange profile of different regions of
the bird’s body (/6).

The bill of the toucan attains its remarkable
size through a steep ontogenetic growth (Fig. 1),
leading to a bill surface area 25 to 40 times
larger than that predicted from scaling relation-
ships (/7). Changes in bill length follow a mod-
erate trajectory during the first 4 to 5 weeks of
life, scaling with positive allometry, relative to body
mass (bill length = 0.33 body mass®>®). There-
after, when the juvenile attains nearly 80% of
its adult mass, the bill exhibits more rapid al-
lometric growth, with the scaling exponent (b)
increasing to 0.845, nearly three times pre-
dictions from isometry. This positive allome-
try in bill growth led us to examine whether
juvenile toucans (n = 2, mass = 503 g, bill
length = 10.7 cm) with actively growing bills
would have the same ability to modify heat
exchange as adults (n =4, mass = 676 + 42 g, bill
length = 18.7 + 0.4 cm; table S1).

As T, changed, significant alterations were
detected in the superficial temperature of the
birds’ backs (a feather-covered area with no prac-
tical ability to adjust heat exchange, F»; 105 =
556, P=1 x 10, the eye/peripalpebral re-
gion (Fay 105 = 78.5, P= 1.7 x 10 %), and the
proximal (Fa369 = 2.12, P = 0.0087; adults
only) and distal (Fp3e0 = 12.1, P = 4x107';
adults only) regions of the bill (Fig. 2 and fig.
S1). As expected, the temperature of the feather-

(]

20 0.845 @

BL=0.074M"%*° $%e

E10
S 5
<
= 7 0.598
5 7| BL=0.33M
S 6
- s
@,

3

0
2 T T T T T T T T
20 30 50 70 100 200 300 500 700 1000

Body Mass (g)

weeks [b = 0.598 + 0.055; 95% confidence interval (Cl), correlation coefficient (r) = 0.993] separately from that for toucans older than 5 weeks (b =
0.845 + 0.503; 95% Cl, r = 0.634). Both exponents were significantly greater than isometry [t4.; (t;) = 9.1, P = 2 x 107>, and t;; = 1.8, P = 0.045,

respectively].
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covered areas was only slightly above ambient
temperature and varied significantly only at the
lowest temperatures (Fig. 2). Temperature in
the eye region was kept nearly constant [30°
to 36°C; compare to toucan body temperature
of ~38° to 39°C (/8)] at all T, indicating con-
tinuous blood flow to the naked skin around the
eye regardless of T7,. Proximal and distal bill
regions were more variable, but the prevailing
trend was for larger gradients to occur between
20° and 25°C in the proximal region (in adults),
with the distal region not exhibiting sustained
dilation until 7, was above 25°C (Figs. 2 and 3).
Thus, the proximal region of the bill was used
mainly to dump heat at lower 7, (>16° to 25°C),
and as temperature rose, the distal region began
to receive increased blood flow, becoming warmer,
helping the bird cope with the extra heat load.
The greatest variance in bill surface tempera-
tures occurs within the toucan’s thermal neu-
tral zone (~18° to 30°C) (/8), according to the
expectations of a thermal window. These results
show that vasomotory adjustments to the bill’s
surface in toco toucans serve a thermoregulatory
function. Furthermore, breathing frequency and
expired air temperatures changed suddenly at air
temperatures below ~21°C, paralleling the thresh-
olds for bill vasodilation (fig. S2).

Heat loss from the bill is highly variable,
and, depending on air speed and 7,, could ac-
count for as little as 25% (minimum) to as much

Fig. 2. Bill surface temper- A

atures (T, (mean + SE) 141
obtained from toco tou- 12
cans exposed to a range 10 |

of T, (10° to 35°Q), ex-
pressed as differential val-
ues (Tous — To). (A) Tyt Of
the external back feathers
(n = 6 toucans). (B) T,
of the eye (n = 6). (C)

o N A O

as 400% (maximum) of resting heat production
in adults (Fig. 4), the largest reported for an
animal. It is, therefore, remarkable that the tou-
can bill, which represents ~30 to 50% of body
surface area (table S1), is capable of playing
such a critical role in heat transfer, whereas other
species’ thermal windows, such as the duck’s bill
and the elephant’s ear, have been estimated to
account for 9 to 91% of resting heat production
(19, 20). This capacity for heat loss might be-
come a liability at low temperatures. However,
toucans and toucanets are well known for tucking
their bills beneath their wings and orienting their
tail feathers rostrally during sleep (/2) (movie
S1); this posture increases insulation of the bill
and mitigates heat loss incurred during sleep.

The remarkable heat exchange capacity of
the bill may also be instrumental when meta-
bolic heat production is increased, as would
occur during flight [when heat production is 10
to 12 times that at rest (27)]. For one bird (fig.
S3), bill temperatures (7)) started at ~30° to
31°C and began to rise within 4 min of flight,
until eventually reaching a maximum of 37°C
by the 10th minute, after which the bird volun-
tarily terminated its flight. Thus, the heat loss
from the bill could prove essential for maintain-
ing adequate thermal balance when heat pro-
duction increases.

As a proportion of total heat loss, the bill
routinely accounted for 30 to 60% of heat loss

and (D) The differential
values for the proximal
and distal bill regions of
adult toucans (n = 4). (E)
and (F) Bill surface tem-
perature differentials from
juveniles (n = 2, no sta-
tistics reported). Solid hori-
zontal lines in (C) and (D)
denote the range of statis-
tically significant differ-
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in adults and juveniles. However, adults could
adjust heat loss from the bill to account for as
little as 5% (Tyin — Ta ~ 0), and, for short pe-
riods, up to 100% of total body heat loss (Fig. 4).
In contrast, juvenile toucans were unable to ad-
just circulation to the bill to any great extent
(Fig. 4), even at very low T, (<15°C), when such
a response would confer considerable heat con-
servation. Therefore, even 2-month-old toucans
exhibit high obligatory heat loss from the bill,
which cannot be down-regulated in the cold. As
young, toucans remain blind and naked for the
first 3 weeks, begin plumage growth at 4 weeks,
and fledge only after 6 weeks of age (3, 22), at
which point the bill is less than half the adult
size. During this period, the young are not brooded
by the adults during the day (5) and shiver at
temperatures as high as 26° to 27°C (5). Thus,
even in subtropical climates, young toucans would
incur thermoregulatory costs, made more challeng-
ing by their poor ability to control bill heat ex-
change. The need for substrate delivery to the
rapidly growing bill must demand high and steady
blood flow, conflicting with the vasoconstriction
required for heat conservation. Furthermore, the
complexities of the vasculature and controlling
mechanisms needed to adjust the blood flow to
the bill may not be completely developed until
adulthood.

Temporal changes in the adult bill’s surface
temperatures are rapid and reversible, occur-
ring within minutes (fig. S1), which was most
evident when we observed the birds while they
were sleeping. As the birds begin to sleep, a
transient bill vasodilation occurs (movie S1).
Because birds, like most endotherms, reduce body
temperature during their nocturnal sleep, our re-
sults show that toucans have the ability to use
their bill to rapidly dump body heat as the ther-
mal set-point declines (23). Furthermore, we found
that sleeping birds show transient changes in bill
surface temperature without evidence of awak-
ening, indicative of sleep-state transitions asso-
ciated with changes in thermoregulatory state
(24) (movie S2).

Ultimately, the changes in heat loss from
the bill derive from the underlying vasculature.
Little is known about the vascular anatomy of
the toucan bill; however, a fine network of ves-
sels ramifies within the dermis between the horny
and bony parts of the bill (Fig. 1) (/4, 19). Be-
cause surface temperatures in the distal and
proximal regions often follow distinct and unique
patterns, separate vessels must supply the distal
and proximal regions; indeed, arteriovenous anas-
tomoses (AVAs) are found in abundance in the
tip of the duck’s bill (74, 15). Nevertheless, be-
cause of the steepness of the temperature gradient
profile along the bill and the fact that distal re-
gions approach 7, in the cold (Fig. 3), counter-
current mechanisms of heat conservation might
be at play at low temperatures. At high 7, how-
ever, the distal region of the bill can exhibit sur-
face temperatures equal to or in excess of the
proximal region (fig. S1F), indicating that counter-
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Fig. 3. Temperature pro-
files of surface temper-
ature differentials of the
toucan bill at four differ-
ent T, (15°, 20°, 20°, and
35°C). The lefthand plots
depict the average Tg,; —
T, differences for adults
(n = 4, black circles) and
juveniles (n = 2, gray
circles), expressed against
the relative distance along
the bill (white line in top
middle panel; 0 = proximal
end; 100 = distal tip).
The middle column depicts
thermographic images from
adult @ and juvenile (j)
toucans at the respec-
tive T,. The ratio of the
juvenile:adult values for
the T, — T, differences is
shown in the righthand
panels. The horizontal
dotted line indicates the
line of equality, where the
ratio = 1.

Tsun‘ - Ta (OC)

Fig. 4. Estimated rates of heat loss
from toco toucans (average values
are depicted as symbols and mini-
mum and maximum values as gray
shading). (A and B) Estimated bill
heat loss for adults (circles) and
juvenile (triangles) toucans at an air
speed of 5 m s The horizontal
dotted line indicates resting heat
production (RHP) (18). (C and D)
Bill heat loss expressed as a per-
centage of total heat body loss from
all sources. (E and F) The summa-
rized influence of air speed at T, =
21°C on heat loss from the bill in
adult and juvenile toucans.
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current arrangements can be bypassed through
AVAs when needed.

Our results demonstrate that the constraints
of heat exchange and the bill’s potential use as a
thermoregulatory organ should be considered in
understanding the distribution, ecology, and be-
havior of toucans. Furthermore, given the rapid
radiation of bill structures and diversity of beak
morphologies of birds (3, 25), thermal constraints
from bill heat loss may prove to be a common
feature among many avian fauna.
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