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The adaptive significance of the large and remarkably
light-weight bill of members of the Neotropical toucan family
(Piciformes: Ramphastidae) has been the subject of much specu-
lation (SHORT & HORNE 2001, TATTERSALL et al. 2009). Although
VAN TYNE (1929: 39) suggested that the toucan’s bill has no
“especial adaptive function”, a number of adaptive hypoth-
eses have been proposed. BÜHLER (1995) proposed that the bill’s
large size and serrated edges originally evolved primarily as an
adaptation for reaching and grasping fruit; later “tooth-like”
markings on the bill may have evolved as adaptations to mini-
mize mobbing by other birds when toucans prey on their nests
(SICK 1993, BÜHLER 1995). SHORT & HORNE (2001) suggested a simi-
lar evolutionary sequence, while emphasizing the likely im-
portance of species-specific bill markings in species recognition
and courtship. Toucan bills are often brightly colored, and a
few species show sexual dimorphism in bill coloration (SHORT

& HORNE 2001). When bill color dimorphism occurs it is usu-
ally not very marked (SHORT & HORNE 2001), but its presence
suggests that sexual selection may be another evolutionary force
acting on toucan bills, at least in some species.

A further contribution to understanding the function of
the toucan’s bill was provided by evidence that the bill of the
Toco Toucan, Ramphastos toco Statius Muller, 1776, serves as a
key surface area for heat dissipation (TATTERSALL et al. 2009),
which the bird can use to regulate body temperature by con-
trolling blood flow. There is evidence that bills of a variety of
avian taxa can function in heat dissipation (HAGAN & HEATH

1980, SCOTT et al. 2008, GREENBERG et al. 2012a, b, GREENBERG &
DANNER 2013), suggesting that heat dissipation may be a

plesiomorphic function of the avian bill. In the Ramphastidae,
it might be hypothesized that the ancestral heat-dissipation
function has become elaborated by the evolution of a highly
modifiable vascular radiator (TATTERSALL et al. 2009). On this
hypothesis, the emergence of this vascular adaptation has been
an additional factor favoring the evolution of large bill size in
toucans, in conjunction with other selective pressures such as
frugivory and signaling. Relatively little is known of toucans’
thermal biology in nature, but the family is entirely Neotropi-
cal in distribution, and most species inhabit tropical lowland
forests (SHORT & HORNE 2001), where high daily maximum tem-
peratures occur year-round (GRUBB & WHITMORE 1996).

Consistent with a role for the toucan bill in heat-dissi-
pation, TATTERSALL et al. (2009) presented evidence that bill
length in juvenile and adult Toco Toucan increases as a func-
tion of body mass at a rate greater than the isometric expecta-
tion; i.e., greater than an exponent of 1/3 expected for a linear
dimension (ALEXANDER 1971). Likewise, SYMONS & TATTERSALL

(2010) provided evidence that across toucan species bill length
increases as a function of body mass at a rate greater than lin-
ear expectation, using published data on 34 species of
Ramphastidae. Such a relationship is expected if the bill plays
a role in dissipating body heat, since metabolic rate increases
with body mass with an exponent between 2/3 and 1.0, de-
pending on activity level (GLAZIER 2008).

Here I analyze the evolution of bill size in relation both
to the size of other major skeletal elements and to body mass
across the family Ramphastidae in order to test the hypothesis
of isometry against an alternative consistent with the bill’s
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proposed role in heat dissipation, using statistical methods that
control for phylogenetic relationships. A phylogenetic ap-
proach makes it possible to test the hypothesis that there has
been a trend toward bill sizes greater than the isometric expec-
tation throughout the evolution of this family. The hornbills
(Bucerotiformes) are considered Old World ecological equiva-
lents of the toucans, filling similar ecological niches in their
respective ecosystems; most members of both families are cav-
ity-nesting frugivores of tropical forests, and the two families
have convergently evolved large slightly downcurved bills (KEMP

1995, KINNAIRD & O’BRIEN 2007). Because of these ecological
parallels, I conduct a similar analysis with hornbills to com-
pare the patterns of bill evolution relative to body size in the
two groups of large-billed tropical birds. By comparing pattern
of bill allometry in these two families, I test for a distinctive
pattern of bill evolution in toucans, which would be consis-
tent with the hypothesis that the toucan’s bill plays an excep-
tionally highly developed role in heat dissipation.

MATERIAL AND METHODS

Measurements were made on complete skeletal specimens
of adult males belonging to 21 species of toucans (Piciformes:
Ramphastidae) and on complete skeletons of adult males of 24
species of hornbills (Bucerotiformes: Bucorvidae and Bucerotidae)
from the U.S. National Museum of Natural History. The same
measurements were also made on adult females of 16 of the
toucan species and 14 of the hornbill species; since the patterns
were similar for males and females, only the results for males
are reported here. As an outgroup to root the phylogenetic tree
of toucans, two species of New World barbets (Piciformes:
Capitonidae) were used, Capito aurovirens (Cuvier, 1829) and
Semnornis ramphastinus (Jardine, 1855) (Fig. 1). As an outgroup
to root the phylogenetic tree of hornbills, the Eurasian Hoopoe,
Upupa epops Linnaeus, 1758, (Upupiformes: Upupidae) was used
(Fig. 2). Species were included based on available specimens but
sampled all major lineages of both toucans and hornbills (Figs 1
and 2).

Because no comprehensive molecular phylogeny of tou-
cans has been published, the phylogeny of toucans (Fig. 1)
was derived from a combination of published DNA sequence-
based phylogenies. The relationships among the ramphastid
genera were based on NAHUM et al. (2003); see also PATANÉ et al.
(2009). Relationships within the genus Ramphastos were based
on PATANÉ et al. (2009); see also WECKSTEIN (2005). Relationships
within Pteroglossus and Baillonius were based on EBERHARD &
BERMINGHAM (2005) and PATEL et al. (2011). Relationships within
Aulacorhynchus were based on BONACCORSO et al. (2011); and
those within Andigena and Selenidera were based on LUTZ et al.
(2013). The phylogeny of hornbills (Fig. 2) was based on the
DNA sequence phylogeny of GONZALEZ et al. (2013). Most
branching patterns indicated in Figs 1 and 2 were strongly sup-
ported in the original phylogenetic analyses by bootstrap prob-

abilities, Bayesian posterior probabilities, or both. Preliminary
analyses using the phylogeny of Ramphastos from HAFFER (1974,
1997) showed essentially identical results to those based on
the phylogeny of PATANÉ et al. (2009); only the latter results are
reported here.

In the case of toucans and barbets, the following nine skel-
etal measurements were made by digital caliper (BAUMEL 1993):
1) maxilla length, measured from the dorsal junction of the max-
illa with the cranium to the tip of the bill (Rostrum maxillare); 2)
maxilla depth, measured at the point of widest dorsal to ventral
depth; 3) maxilla width, measured at the point of greatest lateral
width; 4) cranium length, measured from the dorsal junction of
the maxilla with the cranium to the posterior end (Proeminentia
cerebellaris) of the cranium; 5) cranium width, measured at the
point of greatest lateral width; 6) sternum, measured from Apex

1

Figures 1-2. Phylogenies of species used in analyses: (1) phyloge-
ny of toucans (Ramphastidae), rooted with two species of barbet,
Capito aurovirens and Semnornis ramphastinus; (2) phylogeny of
hornbills (Bucerotiformes), rooted with Upupa epops.
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carinae to Margo caudalis; 7) synsacrum, measured from the ante-
rior edge of Ala preacetabularis to the posterior edge of Ala ischii;
8) femur, measured from the proximal point of Crista trochanteris
to the distal point of Condylus lateralis; and 9) tibiotarsus, mea-
sured from the proximal point of Facies gastrocnemialis to Inci-
sura intercondylaris. In the case of the hornbill sample, Maxilla
depth and cranium length were not included in analyses because
the presence of the casque prevented comparable measurements
in most species. Mean body mass values (in grams) for each spe-
cies were obtained from DUNNING (2008). In most species, values
for males and females were given separately (DUNNING 2008); and
in those cases values for males were used. Data for male and fe-
male toucans are available in Appendix S1*, while male and fe-
male hornbills are available in Appendix S2*.

To test the sensitivity of these measurements to within-
species variation, the same nine measurements were made on
10 adult males of Ramphastos sulfuratus Lesson, 1830 and 11
adult males of R. toco. Analysis of variance applied to log-trans-
formed measurements was used to test for the relative magni-
tude of within-species and between-species components of
variance in each of the nine measurements. In the case of all
measurements, between species variance was significantly
greater than within-species variance (p < 0.001 in every case
except for cranium length, where p = 0.017, F-tests). The less
pronounced between-species difference in cranium length than
in the other measures was consistent with previous reports of
low variance in similar measures (HÖFLING 1991).

Size-corrected transformations (“Mosimann transforma-
tions” – MOSIMANN 1970) were computed for the 9 skeletal mea-
surements on toucans. Where the xi are the individual
measurements, let zi = ln [xi/G(x)], where G(x) is the geometric
mean of the nine measurements within each species (MOSIMANN

1970). Principal components (PCs) were extracted from the
correlation matrix of the zis; the PC scores were used to pro-
vide size-independent indices of body shape for each toucan
species (DARROCH & MOSIMANN 1985, JUNGERS et al. 1995, HUGHES

2013). The values used in these computations are shown in
Appendix S1*. Principal components extracted Mosimann-
transformed variables are preferable to principal components
extracted from raw data, because the former are more effective
in correctly identifying similarities in shape independent of
body size (JUNGERS et al. 1995). Because maxilla depth and cra-
nium length could not be accurately measured in the case of
hornbills, in order to compare the two families, Mosimann
transformations were computed for the remaining seven vari-
ables separately for each family; and principal components were
extracted from these transformed variables.

To test hypotheses regarding isometric relationships
among skeletal measures and between skeletal measures and
body mass, all measurements were first log-transformed. The
isometric expectation for the slope (b) of a log-log regression

(i.e., the allometric exponent) of any linear skeletal measure
on any other linear skeletal measure is 1.0. The isometric ex-
pectation for b in a log-log regression of a linear measure on
body mass (predicted to be proportional to body volume) is 1/
3 (ALEXANDER 1971). Because the toucan’s maxilla is approxi-
mately triangular in cross-section (SHORT & HORNE 2001), the
external surface area of the bill consists largely of the area on
the two lateral bill surfaces. Assuming that each of these sur-
faces has the approximate shape of an elongated triangle, the
surface area of the maxilla can be roughly approximated by
the product maxilla length times maxilla depth. The isometric
expectation for b in a log-log regression of the product of two
linear measures on body mass is 2/3 (ALEXANDER 1971).

Isometric expectations were tested in two ways: 1) tradi-
tional analyses, in which phylogeny was not taken into account
but rather each species was treated an independent unit of analy-
sis; and 2) phylogenetically independent contrasts. In traditional
analyses, the outgroup species were not included in the regres-
sions. On the basis of the phylogenetic trees (Figs 1 and 2), phy-
logenetically independent contrasts were constructed using the
PDAP (GARLAND et al. 1993) contrasts plug-in within Mesquite
version 2.75 (MADDISON & MADDISON 2011). Regressions between
phylogenetically independent contrasts were conducted with-
out fitting an intercept (GARLAND et al. 1992). PCs extracted from
the correlation matrix of the zis were mapped on the toucan
phylogeny by maximum parsimony using the “Map Continu-
ous” function in Mesquite with default settings.

Following the recommendation of SMITH (2009) for test-
ing the null hypothesis of isometry, reduced major axis (RMA)
was used rather than ordinary least squares (OLS) to estimate
regression coefficients (SOKAL & ROHLF 1995). The results with
OLS (not shown) were very similar to those of RMA in the
present case because correlations between variables were high.
For all allometric regressions reported here (N = 58), the linear
correlation coefficient ranged from 0.735 to 0.988 (mean =
0.887 ± 0.008 S.E., median = 0.893). OLS was used to estimate
regression lines (SMITH 2009). All reported significance levels
are corrected for multiple testing by the Bonferroni method
(SOKAL & ROHLF 1995). Statistical analyses were conducted in
Minitab (http://www.minitab.com).

RESULTS

Relative length of skeletal elements
The first principle component (PC1) extracted from the

correlation matrix of size-corrected transformations of nine lin-
ear skeletal measures of toucans accounted for 64.3% of the vari-
ance and represented a contrast between two sets of variables:
1) maxilla length and maxilla depth; and 2) the other variables
except for sternum (Table I). Thus PC1 could be interpreted as a
size-corrected measure of the contrast between bill size and body

*Available as Online Supplementary Material accessed with the online version of the manuscript at http://www.scielo.br/zool
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size. PC2, accounting for 17.7% of the variance, seemed to mainly
consist of a contrast between sternum and maxilla width (Table
I). In order to provide a visual image of how the contrast bet-
ween bill and body size has evolved across the Ramphastidae,
PC1 values were mapped across the phylogeny of toucans. The
highest values (indicating greatest bill size relative to body size)
were seen in Ramphastos (Fig. 3). The phylogeny also supported
the hypothesis of a parallel increase in bill size relative to body
size in the Pteroglossus/Baillonius lineage (Fig. 3).

Because maxilla depth and cranium length could not be
accurately measured in the case of hornbills, principal were
extracted from the correlation matrix of size-corrected trans-
formations of remaining seven linear skeletal measures of in
each family (Table II). Even excluding maxilla depth and cra-
nium length, PC1 (accounting for 60.8% of the variance) in
the toucan data again appeared mainly to represent a contrast
between bill size and body size (Table II). By contrast, in horn-
bills, PC1 accounted for only 30.8% of the variance and ap-
peared to reflect mainly a contrast between body size and the
width of both bill and cranium (Table II). The loading of max-
illa length on PC1 in hornbills (-0.063) differed strikingly from
that in toucans (0.481, Table II). Thus hornbills appeared to
differ from toucans in that bill length relative to body size was
not a major factor in cross-species comparisons of major skel-
etal elements.

Table I. Variable loadings on the first two principal components
(PC1 and PC2) derived from transformed skeletal measurements
of 21 species of Ramphastidae.

Variable PC1 PC2

Maxilla Length  0.407  -0.065

Maxilla Depth  0.391  0.069

Maxilla Width  -0.030  -0.691

Cranium Length  -0.375  -0.106

Cranium Width  -0.379  -0.059

Sternum  0.008  0.663

Synsacrum  -0.368  0.239

Femur  -0.327  0.003

Tibiotarsus  -0.391  0.002

% variance  64.300  17.700

Figure 3. Parsimony-reconstructed PC1 scores across the phylog-
eny of toucans.

Table II. Variable loadings on the principal components (PC1)
derived from transformed skeletal measurements of 21 species of
Ramphastidae and 24 species of Bucerotidae.

Variable Ramphastidae Bucerotidae

Maxilla Length  0.481  -0.063

Maxilla Width  0.481  0.583

Cranium Width  0.039  0.342

Sternum  -0.421  -0.377

Synsacrum  0.001  -0.432

Femur  -0.451  -0.145

Tibiotarsus  -0.394  -0.436

% variance  60.800  38.000

Allometric relationships
In traditional analyses, not accounting for the phyloge-

ny, the 9 log-transformed skeletal measures were regressed
against log body mass (Table III). Likewise, phylogenetically
independent contrasts in the same 9 log-transformed skeletal
measures were regressed against phylogenetically independent
contrasts in log body mass (Table III). The results were broadly
similar in the two types of analysis (Table III). In both cases,
the allometric exponent (b) for maxilla length and maxilla
depth were significantly greater than the isometric expecta-
tion (1/3; Table III). In the case of phylogenetically indepen-
dent contrasts, b for maxilla width was also significantly greater
than the isometric expectation (Table III). In traditional analy-
ses, but not in phylogenetically independent contrasts, b for
femur was significantly greater than the isometric expectation
(Table III). No other linear measure showed b significantly
greater than the linear expectation in either type of analysis,
but in the traditional analyses b for cranium length was sig-
nificantly less than the isometric expectation (Table III). When
the log of the product of maxilla length and maxilla depth,



260 A.L. Hughes

ZOOLOGIA 31 (3): 256–263, June, 2014

was regressed against log body mass, in both types of analyses,
b was significantly greater than the isometric expectation (2/3;
Table III). These results imply that in the Ramphastidae both
bill size and bill surface area increase with body mass at a greater
rate than expected under isometry.

The hypothesis that maxilla length and maxilla depth
show a distinctive pattern of evolution in the Ramphastidae
was further tested by regressing logarithms of these measures
on those of linear measures of non-maxillary structures (Table
IV). In both traditional and phylogenetically based analyses, b
exceeded the isometric expectation (1.0) in every case (Table
IV). In both kinds of analyses, the regressions with maxilla
length as the dependent variable, the b was significantly greater
than the isometric expectation with cranium length, cranium
width, and sternum as dependent variables (Table III). In both
kinds of analyses, in regressions with maxilla depth as the de-
pendent variable, b was significantly greater than the isomet-
ric expectation with cranium length, cranium width, sternum,
synsacrum and tibiotarsus as dependent variables (Table IV).
In the phylogenetically based analysis, maxilla length showed
b greater than the isometric expectation when regressed on
tibiotarsus, and maxilla depth also showed b greater than the
isometric expectation when regressed on femur (Table IV).

When log-transformed skeletal measures of hornbills
were regressed against log body mass, a very different pattern
was seen from that seen in toucans (Table V). In hornbills, b
for maxilla length did not differ significantly from the isomet-
ric expectation (Table V), resulting in distinct patterns in tou-
cans and hornbills (Fig. 4). In traditional analyses, the only
measure for which the slope significantly exceeded the iso-
metric expectation was synsacrum, while the slope for cranium
width was significantly less than the isometric expectation (Fig.
4). Likewise, in phylogenetically based analyses, the slope of
the relationship for contrasts in log maxilla length did not

differ significantly from the isometric expectation, and the only
measure for which the slope exceeded the isometric expecta-
tion was synsacrum (Table V).

The Northern Ground Hornbill Bucorvus abyssinicus
(Boddaert, 1783) (Fig. 2) had a relatively large synsacrum (129.9
mm) in comparison to the 23 other hornbill species of (mean
= 62.6 ± 5.0 mm, range = 30.5 to 105.mm, Appendix S2*). A
relatively large is consistent with the terrestrial habits and rela-
tively large legs of the Northern Ground Hornbill (KEMP 1995).
However, even when the Northern Ground Hornbill was ex-
cluded from the data set, a similar relationship was seen in the
traditional analysis of the relationship between log synsacrum
and log body mass (b = 0.409; test of equality to isometric ex-
pectation, p < 0.001). Likewise, in phylogenetically indepen-
dent contrasts, when both the ancestral node and the node

Table III. Allometric exponents (b) of regression of skeletal measures on body mass of 21 species of Ramphastidae in traditional analyses
and in phylogenetically independent contrasts.

Dependent variable Null hypothesisa
Traditional analyses (non-phylogenetic) Phylogenetically independent contrasts

b t p b b t pb

Maxilla Length 1/3 0.647  3.44 < 0.05 0.884  3.55 < 0.05

Maxilla Depth 1/3 0.607  4.35 < 0.01 0.678  5.50 < 0.001

Maxilla Length x Maxilla Depth 2/3 1.239  3.96 < 0.01 1.527  4.88 < 0.001

Maxilla Width 1/3 0.339  0.28 N.S. 0.469  3.52 < 0.05

Cranium Length 1/3 0.189  -7.35 < 0.001 0.269  -2.51 N.S.

Cranium Width 1/3 0.305  -1.17 N.S. 0.348  0.41 N.S.

Sternum 1/3 0.430  1.58 N.S. 0.438  1.55 N.S.

Synsacrum 1/3 0.378  1.26 N.S. 0.417  1.30 N.S.

Femur 1/3 0.424  3.69 < 0.05 0.433  2.54 N.S.

Tibiotarsus 1/3 0.366  1.51 N.S. 0.371  1.26 N.S.
a The value shown is the isometric expectation of the exponent (b) under the relevant null hypothesis.
b All P-values shown have been corrected by the Bonferroni procedure.

Figure 4. Maxilla length vs. body mass for toucans (solid circles)
and hornbills (open circles) on a log scale, with OLS linear regres-
sion lines: for toucans, Y = 1.460 + 0.551X (solid line; adj. R2 =
71.0%, p < 0.001) and for hornbills: Y = 2.445 + 0.342X (dotted
line; adj. R2 = 84.0%, p < 0.001).
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linking the Northern Ground Hornbill to the other hornbills
(Fig. 2) were excluded, there was a similar relationship between
contrasts in log synsacrum and contrasts in log body mass (b =
0.429, test of equality to isometric expectation, p < 0.01).

DISCUSSION

An examination of the relationship among linear mea-
sures of major skeletal measures and between those measures
and body mass supported an unusual pattern of bill size evolu-
tion in the toucan family. Throughout the toucan family, the
length and depth of the maxilla increased as a function of body
mass at a rate greater than expected under isometry, implying
disproportionately large bills per unit body mass in large-bod-
ied toucan species, consistent with the hypothesis that heat dis-
sipation has been an important factor in the evolution of the
large bills of toucans (TATTERSALL et al. 2009). Since the capacity
for radiation of heat from the bill is a function of surface area, it
is further expected that bill surface area will increase with body
mass at a rate greater than expected under isometry. The present
analyses supported this prediction, since the results showed that
product of toucan bill length and depth increases with body
mass at a rate greater than the isometric expectation.

In spite of the ecological parallels between toucans and
hornbills (KEMP 1995, KINNAIRD & O’BRIEN 2007), the present
analyses provided no evidence of a greater than isometric in-
crease in hornbill maxilla length as a function of body mass.
These results are consistent with the hypothesis that the bill
of hornbills does not play a role in heat dissipation analogous
to that of toucans. This hypothesis will require further testing
through physiological study of hornbills. It is of interest, how-
ever, that hornbills appear to make use of alternative heat-
dissipation mechanisms from those seen in toucans; for
instance, evaporative water loss from the bare skin under the
wings, which is exposed by the hornbills’ unique lack of un-
derwing-coverts (KEMP 1995).

In contrast to the maxilla, in hornbills synsacrum length
increased with body mass at a greater rate than expected un-
der isometry. This pattern was seen even when the terrestrial
Northern Ground Hornbill, in which the synsacrum was un-
usually large, was excluded from the analysis. The increase in
the length of the synsacrum with body mass may reflect an
enhanced need for weight support in the larger hornbills. That
no similar trend is seen in toucans may reflect their substan-
tially smaller body masses, as well as the fact that even arbo-
real hornbills spend more time on the ground than toucans

Table IV. Allometric exponents (b) of regression of maxilla length and maxilla depth on other skeletal measures of 21 species of
Ramphastidae in traditional analyses and phlogenetically independent contrasts.

Independent Variable

Traditional analyses (non-phylogenetic) Phylogenetically Independent Contrasts

Maxilla Length Maxilla Depth Maxilla Length Maxilla Depth

b t p ª b t p ª b t p ª b t p a

Cranium Length 3.424 3.62 < 0.05 3.209 4.24 < 0.01 3.597 3.53 < 0.05 2.782 4.63 < 0.001

Cranium Width 2.123 4.00 < 0.01 1.988 4.44 < 0.01 2.525 3.89 < 0.01 1.963 4.63 < 0.001

Sternum 1.503 3.58 < 0.05 1.408 3.64 < 0.01 2.024 3.79 <0.01 1.576 3.55 < 0.05

Synsacrum 1.709 2.74 N.S. 1.602 3.34 < 0.05 2.145 2.39 N.S. 1.650 2.96 < 0.05

Femur 1.528 2.20 N.S. 1.431 2.59 N.S. 2.012 2.40 N.S. 1.557 2.98 < 0.05

Tibiotarsus 1.769 2.75 N.S. 1.657 3.30 < 0.05 2.355 3.03 < 0.05 1.821 4.09 < 0.01
aAll P-values shown have been corrected by the Bonferroni procedure. The null hypothesis in each case is that b = 1.0

Table V. Allometric exponents (b) of regression of skeletal measures on body mass of 24 species of Bucerotidae in traditional analyses and
phlogenetically independent contrasts.

Dependent variable Null hypothesisa
Traditional analyses (non-phylogenetic) Phylogenetically independent contrasts

b t P b b t Pb

Maxilla Length 1/3 0.372  1.15 N.S. 0.351  0.45 N.S.

Maxilla Width 1/3 0.317  -0.36 N.S. 0.333  -0.02 N.S.

Cranium Width 1/3 0.280  -3.17 < 0.05 0.302  -1.44 N.S.

Sternum 1/3 0.327  -0.43 N.S. 0.324  -0.56 N.S.

Synsacrum 1/3 0.407  5.39 < 0.001 0.392  3.18 < 0.05

Femur 1/3 0.325  -0.42 N.S 0.349  0.67 N.S.

Tibiotarsus 1/3 0.323  -0.44 N.S. 0.366  1.34 N.S.
a The value shown is the isometric expectation of the exponent (b) under the relevant null hypothesis.
b All P-values shown have been corrected by the Bonferroni procedure.
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(KEMP 1995), with a consequent requirement to support the
body weight on the pelvic girdle.

All phylogenies represent hypotheses, which are sub-
ject to revision in the light of additional data (GARLAND et al.
2005). In the present case, the fact that traditional and phy-
logenetic analyses yielded very similar results suggests that
the conclusions are likely to be robust to phylogenetic revi-
sion. In addition, the phylogenetic perspective provided evi-
dence that bill size increased relative to body size independently
in different toucan lineages. In the toucans, 64.3% of vari-
ance in size-adjusted skeletal measures was accounted for by
a composite variable (PC1) that could be interpreted as re-
flecting the contrast between bill and body size. PC1 increased
markedly the genus Ramphastos and the Pteroglossus/Baillonius
lineage (Fig. 3). Thus, the relationship between bill dimen-
sions and body mass was a recurring feature of evolution across
the phylogeny of toucans.

A fuller understanding of the evolution of the bill in tou-
cans and hornbills will require investigation of the thermal
biology of these species in a natural setting. At present little is
known about the temperature regimes encountered by these
birds in nature and the variety of behavioral and physiological
strategies which they employ to cope with temperature ex-
tremes. Additional studies of morphological evolution, com-
bining data on both within-species and between-species
variation, can provide further insights into the selective forces
acting on bill morphology. In particular, comparative study of
the evolution of bill morphology in males and females will
help to elucidate the potential role of sexual selection as a fac-
tor in shaping the evolution of the bill in these families.

Typically biological structures are multi-functional; thus,
support for the heat-dissipation hypothesis precludes neither
the hypothesis that reaching for and grasping fruit played a
key role in the origin of the toucan’s large bill, nor the hy-
pothesis that the bill has secondarily evolved roles in apose-
matic and intraspecific signaling, including a role in sexual
selection (BÜHLER 1995, SHORT & HORNE 2001). The apparent
convergence between the bills of toucans and hornbills lends
plausibility to the hypothesis that the original selective pres-
sure favoring large bills in the toucan lineage arose from
frugivory (BÜHLER 1995). At the same time, some role in heat
dissipation is likely to be a plesiomorphic character of the bills
of birds (HAGAN & HEATH 1980, SCOTT et al. 2008; GREENBERG et al.
al. 2012a, b, GREENBERG & DANNER 2013). Thus, the relatively
elaborate mechanisms of heat-dissipation seen in toucans may
have arisen as an exaptation (GOULD & VRBA 1982); that is, the
co-option of an existing structure for a new function. The
present results, because they reveal that the relationship be-
tween bill dimensions and body mass has persisted across the
toucan phylogeny, suggest that the co-option of the toucan
bill for heat dissipation may represent an ancient feature within
this family, which has acted in concert with other selective
factors favoring large bill size.
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