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ABSTRACT
The feeding apparatuses of rorqual whales and pelicans exhibit a
number of similarities, including long, kinetic jaws that increase gape
size, and extensible tissue comprising the ﬂoor of the mouth. These specializations enable the engulfment of large volumes of prey-laden water
in both taxa. However, the mechanics of engulfment feeding in rorquals
and pelicans have never been quantitatively compared. Here, we use
‘‘BendCT,’’ a novel analytical program, to investigate the mechanical
design of rorqual and pelican mandibles, to understand whether these
bones show comparable designs for resisting similar hydrodynamical
loads. We also compare the mechanical properties of the extensible tissue
used during engulfment in rorquals and pelicans. We demonstrate that
the evolutionary convergence in the feeding apparatus of rorquals and
pelicans is more pronounced than has been recognized previously; both
taxa exhibit mandibular ﬂexural rigidity distributions suited for resisting
dorsoventral bending stresses encountered while feeding, and possess
similarly extensible tissue on the ﬂoor of their mouths. Anat Rec, 00:000–
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000, 2011. V

Key words: rorqual; pelican; ﬂexural rigidity; convergence

The extraordinary engulfment feeding behaviors of
rorqual whales (Balaenopteridae) and Brown Pelicans
(Pelecanus occidentalis) bear numerous similarities (Brodie, 2001). Both groups exhibit edentulous mandibles
that comprise approximately 25% of total body length,
as well as highly extensible tissue comprising the ﬂoor
of their mouths (Brodie, 2001). This tissue is known as
ventral groove blubber (VGB) in rorquals, and gular sac
tissue in pelicans. When feeding, rorquals depress their
mandibles up to 80 while swimming at speed under
water, and Brown Pelicans plunge into water headﬁrst
from up to 16 m and depress their mandibles soon after
impact (Allen, 1923; Schreiber et al., 1975). VGB and
gular pouch tissue facilitate the engulfment of large volumes of prey-laden water relative to body size in both
groups: Brodie (2001) predicted that the dynamic inﬂation of this extensible tissue during engulfment feeding
may increase a whale’s total body volume by 50%, and
may increase a Brown Pelican’s volume by as much as
C 2011 WILEY-LISS, INC.
V

250%. Although the general similarities between pelican
and rorqual feeding are clear (Fig. 1), a comparison of
feeding mechanics in these taxa has never been performed. This has prevented the assessment of whether
the apparent similarity of the feeding apparatus in these
groups has been driven by similar feeding mechanics,
and has obscured the degree to which these taxa have
converged morphologically. Here, we present the ﬁrst
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Fig. 1. Action shots of engulfment feeding in a Bryde’s whale (A) and a Brown Pelican (B). Morphological
similarities such as elongated rostrums, large gape sizes and extensible tissue comprising the ﬂoors of the
mouths are visible. Bryde’s whale photo courtesy of Doug Perrine (www.seapics.com); pelican photograph
modiﬁed from Schreiber et al. (1975), use courtesy of The Auk and The American Ornithologists’ Union.

quantitative comparison of mandibular architecture in
rorquals and pelicans, to assess mechanical similarity in
their feeding habits.
Field et al. (2010) used quantitative computed tomography to investigate the mechanical properties of humpback whale (Megaptera novaeangliae) mandibles. This
study suggested that rorqual mandibles exhibit a mechanical design (density and shape distribution) that is
ideally suited to resisting strong dorsoventral bending
stresses during a feeding event. When a Brown Pelican
dives into the water from a height of 4 to 16 m and
opens its mouth, the rapid inﬂation of its gular pouch
may also exert substantial dorsoventral bending stresses
on the mandibles. The breakage of a pelican’s lower jaw
during feeding would lead to the bird’s eventual starvation in the wild; therefore, if strong bending stresses are
encountered by Brown Pelican jaws, their mandibles
should exhibit a design that is similar to that observed
in rorquals (McSweeney and Stoskopf, 1989).
Stress in a uniformly loaded cantilever beam is maximal
at the beam’s ﬁxed end, and decreases to zero at its free
end. Therefore, an optimal design for resisting uniform
dorsoventral bending stresses would involve an increase
in ﬂexural rigidity (a measure of bending stiffness) from
the front (rostral) end of the mandible to the back (caudal)
end, up to the point that the jaw is anchored to the skull
(Bock, 1968; Vogel, 2003). We hypothesized that the
mechanics of engulfment feeding in pelicans and rorquals
are both characterized by exposure of the mandibles to
extreme dorsoventral bending stresses; therefore, we predicted that rorqual and Brown Pelican mandibles should
both exhibit increasing trends in mandibular ﬂexural rigidity from their rostral ends to the point that they become
constrained by jaw musculature and the craniomandibular joint (Field et al., 2010). A visual juxtaposition of rorqual and pelican mandibles is provided in Fig. 2.
For comparison, we analyzed mandibular ﬂexural rigidity trends in the American White Pelican (Pelecanus
erythrorhynchos) and the Double-crested Cormorant

(Phalacrocorax auritus), in addition to analyzing the
caudorostral trends in ﬂexural rigidity for rorqual and
Brown Pelican mandibles. Cormorants are seabirds that
may be distantly related to pelicans (Hackett et al.,
2008), and snatch ﬁsh out of the water column with
their beaks (Owre, 1967). American White Pelicans
scoop mouthfuls of prey-laden water from the upper 1.25
m of the water column while ﬂoating on the water’s surface (Anderson, 1991). The feeding method of American
White Pelicans may expose their mandibles to moderate
amounts of bending, and that of the cormorant should
not expose their mandibles to signiﬁcant bending
stresses. Therefore, we predicted similar ﬂexural rigidity
trends in the mandibles of the American White Pelican
and the Brown Pelican, but with lower actual ﬂexural rigidity values in the American White Pelican. We predicted that the ﬂexural rigidity trends in the cormorant
would be unrelated to those in pelicans or rorquals.
Both rorquals and pelicans have mechanisms for
increasing gape size beyond simply depressing their
mandibles. Rorqual mandibles roll laterally and move
outward during a feeding lunge such that their gape
exceeds the width of their rostrum—actions referred to
as alpha and omega rotation, respectively (Lambertsen
et al., 1995). Pelicans, by contrast, exhibit ‘‘streptognathism’’: the ability to actively bow their mandibles outward
by contraction of the pterygoideus musculature (Böker,
1934; Judin, 1961; Burton, 1977; Meyers and Myers,
2005). This bending occurs in the mediolateral plane,
and the mechanics underlying this action have been discussed before (Judin, 1961; Meyers and Myers, 2005). To
our knowledge, however, the pelican mandible’s ability
to resist bending in the dorsoventral plane has never
been investigated. This element of mandibular design
may be critical for resisting jaw fracture during feeding.
Orton and Brodie (1987) discussed the elastic properties of rorqual VGB, but the mechanical properties of
the pelican gular pouch have not been examined. Here,
we present the ﬁrst data on the material properties of
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Brown Pelican gular pouch tissue, as well as the relative
bending resistance of the Brown Pelican mandible in
dorsoventral and mediolateral orientations.

MATERIALS AND METHODS
Dried and degreased mandibles from a subadult humpback whale (Megaptera novaeangliae), adult minke whale
(Balaenoptera acutorostrata), American White Pelican
(Pelecanus erythrorhynchos), Brown Pelican (Pelecanus
occidentalis), and Double-crested Cormorant (Phalacrocorax auritus), obtained from the zoological collections of
the Cowan Vertebrate Museum at the University of British
Columbia, were scanned alongside hydroxyapatite rods of
known density at a high-resolution CT scanning facility.
Posteroanterior chord lengths were obtained for each of the

bones studied, and these measurements are presented in
Table 1. Slice thicknesses of 1 cm were obtained for the
humpback and minke whale mandibles, and all of the bird
mandibles were scanned at a slice thickness of 0.082 mm.
All of the data were saved in stacks of high-resolution
DICOM ﬁles. Every 35th bird jaw image was analyzed,
resulting in a between-slice thickness of 2.86 mm, and every whale mandible slice was analyzed. These resolutions
were sufﬁcient to observe small-scale differences in ﬂexural rigidity from one slice to the next.
The densities of the hydroxyapatite standards used in
this study are based on the amount of calcium hydroxyapatite suspended in water-equivalent resin when the
standards were manufactured (Campbell-Malone, 2007).
We used least squares to determine the relationship
between Hounsﬁeld units (reported by our laboratory
imaging software), and bone density (q), reported in g/cc.
Maximum engulfment capacity of an adult male
Brown Pelican was determined by gradually ﬁlling the
pouch with a large graduated cylinder ﬁlled with dry
rice, and the pelican’s body volume was determined
using Archimedes’ principle. This enabled an estimation
of the extent to which a pelican’s volume may increase
during an engulfment-feeding event.
We used engineering beam theory to analyze the mechanical properties of the mandibles. Flexural rigidity is
the product of an object’s elastic stiffness, quantiﬁed as
the Young’s modulus (E), and its cross-sectional shape,
quantiﬁed as the second moment of area (I):
Z
y2 ðdAÞ

Flexural Rigidity ¼ EðIÞ ¼ E

(1)

A

where y is the distance between the area increment dA
and the bending axis of interest. Although an average
value of E can easily be estimated from CT scan data
(see Field et al., 2010), EI, using average values, does
not yield a particularly useful result, as it does not take
into account the possibility of nonhomogeneity in crosssectional mineral density, which leads to regional variation in E. Therefore, we generated a MATLAB script
(dubbed ‘‘BendCT’’) to compute cross-sectional ﬂexural
rigidity on a pixel-by-pixel basis for each slice, using a
similar algorithm to that proposed by Hong et al. (2003).
This was done by deﬁning dA as the area of a pixel and
taking the summation form of the integral as follows:
Fig. 2. Dorsal (i), Medial (ii), and cross-sectional (iii) views of the left
mandible of a Brown Pelican (A) and a minke whale (B). Percent distance from the posterior end of the mandibles is indicated in the middle of the ﬁgure. In photographs (i) and (ii) posterior is to the left, and
anterior is to the right. In the cross-sections (iii), lateral is left, medial
is right, dorsal is up and ventral is down. Red dots denote the anterior
extent of the posterior jaw constraints. White dots in (B) denote the
coronoid process of the mandible.

n
X

Ei ðy2i ÞdAi

(2)

i¼1

where i identiﬁes an individual pixel, and n is the total
number of pixels in the user deﬁned region of interest.

TABLE 1. Maturity data and posteroanterior chord lengths of the mandibles examined in this study
Species

Chord length of mandible (cm)

Maturity

Humpback whale (Megaptera novaeangliae)
Minke Whale (Balaenoptera acutorostrata)
Brown Pelican (Pelecanus occidentalis)
White Pelican (Pelecanus erythrorhynchos)
Double-crested cormorant (Phalacrocorax auritus)

207.4
143.3
36.2
35.0
10.4

Weaned sub-adult
Adult
Adult
Adult
Adult

Specimens measured according to method presented by Field et al. (2010).
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In this way, BendCT allowed for the calculation of ﬂexural rigidity weighted by the effect of bone density on E,
relative to a user-deﬁned axis of bending.
CT cross-sections for each specimen were imported
into BendCT at the aforementioned slice thicknesses.
The dorsoventral axis of each bone was determined, and
this axis was selected for analysis in each stack of crosssections. The reported value of ﬂexural rigidity for each
slice was determined about this axis, and the program
reported ﬂexural rigidity in units of Nm2.
Using a dataset of human cancellous bone loaded in
compression along its vertical axis, Rice et al. (1988)
derived an equation for estimating Young’s modulus (E,
in MPa), from density (q in g/cc). Campbell-Malone
(2007) veriﬁed that this equation provided an accurate
estimation of E for right whale mandibles. Therefore, we
used this equation to determine E from our QCT-derived
values of apparent density (qapp):

where p is pressure and t is the initial thickness of the
pelican pouch. Stresses were calculated in both the long
and short axis of the bubble, corresponding to the transverse and longitudinal direction of the pouch in vivo,
respectively. Two samples of tissue were tested in this
manner. Strain (e ¼ DL/Lo) in each of the long and short
axes was measured from the top view images.

E ¼ 1000  ½0:07 þ 0:82ðqapp Þ2 

RESULTS

(3)

To determine if rorqual and Brown Pelican mandibles
were optimized for resistance to dorsoventral bending,
we used BendCT to determine the value of EI along
the dorsoventral axis of each CT slice, and to determine
the maximum possible value of EI in any orientation
through each slice. Discrepancies between the dorsoventral EI magnitude and the maximum possible EI
magnitude were interpreted as evidence of a given slice
not exhibiting optimality for dorsoventral bending
resistance.
To establish an informative comparison between the
ﬂexural rigidity trends in whale and Brown Pelican
jaws, adjusted EI values were calculated by scaling the
cross-sectional area (including spaces within the bone) of
Brown Pelican mandible slices to match those of the
humpback whale jaw slices at equivalent positions,
using eq. 4. With the assumption that the Young’s modulus of bone remained constant during scaling, the EI
value of the resultant ‘‘whale-sized‘‘ pelican jaw slices
could be determined by adjusting for an increased I due
to increased cross-sectional area:
EIpelican adjusted ¼ ðAwhale =Apelican Þ2  EIpelican

(4)

where A denotes the cross-sectional area of the jaw at a
given point along its length.
Biaxial stress versus strain curves were created for
Brown Pelican gular pouch tissue according to the methods of Charalambides et al. (2002). As well, the increase
in stiffness of the Brown Pelican mandible in the dorsoventral plane relative to the mediolateral plane was estimated by taking the ratio of mandibular deﬂection in
the dorsoventral plane to deﬂection in the mediolateral
plane, for equivalent masses added to the rostral tip of a
clamped mandible, in both orientations.
A circular sample taken from the central region of the
Brown Pelican gular pouch was mounted between two
circular metal disks, with an aperture of 5 cm, on a
water-pressurized chamber to achieve biaxial bubble
inﬂation (Reuge et al., 2001). Two digital cameras were
set up to capture the top and side views of the pelican
pouch being inﬂated at different pressures. From these
images, the half chord length and height of the bubble

were measured from the top and side images, respectively. The radius of curvature, r, was then determined:
r ¼ ðhalfchordÞ= sinð2  tan1 ðhalfchord=heightÞÞ

(5)

Nominal stress, r, at the pole of the bubble was then
calculated using eq. 6 (Murphy et al., 2005):
r ¼ p  ðr=2tÞ

(6)

The caudorostral ﬂexural rigidity trends for all ﬁve
species examined are depicted in Fig. 3. This ﬁgure illustrates that, throughout most of the jaw, the ﬂexural rigidity of the Brown Pelican mandible is greater than
that of the American White Pelican, and that both pelican species have higher ﬂexural rigidity values than the
cormorant. The ﬂexural rigidity of the whale mandibles
increases steadily from the rostral to the caudal end of
the mandible, before decreasing where the mandible is
constrained by TMJ pads. The same is true for the
trends through the American White Pelican mandible
(increasing posteriorly before decreasing through the
mandibular condyle); however, maximum ﬂexural rigidity occurs anterior to the mandibular condyles in the
Brown Pelican and cormorant mandibles. The two peaks
in ﬂexural rigidity anterior of the TMJ in the subadult
humpback mandible are due to low mineralization
through the coronoid process (high EI immediately anterior and posterior of the process). Field et al. (2010) predicted that adult rorqual mandibles would show no such
decrease through the coronoid process; indeed, the adult
minke whale mandibles show a highly mineralized coronoid, and a correspondingly high value of ﬂexural rigidity in that region.
Figure 4 depicts the results of mathematically scaling
Brown Pelican mandibles up to the dimensions of humpback whale mandibles. These results show that, for their
size, the mandibles of the Brown Pelican are more resistant to bending than the humpback whale mandible.
The difference becomes more pronounced anteriorly,
where the humpback mandible becomes less optimized
for dorsoventral bending resistance.
Figure 5 displays the ratio of ﬂexural rigidity oriented
along a mandible’s dorsoventral axis to the maximum
possible value of EI for a given cross-section. For the
Brown Pelican, the close adherence of this value to 1
indicates that the bone is well designed for dorsoventral
bending resistance along its length; however, for the
humpback whale, the deviation from 1 in the rostral portion of the mandible suggests that mandibular morphology at this point resists loads other than dorsoventral
bending, such as torsion.
Figure 6 depicts load versus deﬂection curves for a
Brown Pelican mandible loaded in the dorsoventral and
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Fig. 3. A: Caudorostral ﬂexural rigidity trends along the dorsoventral axis for mandibles of a humpback whale (dotted line) and a minke
whale (solid line). Asterisks denote the anterior extent of the TMJ
pads. Increasing trends in ﬂexural rigidity from the mandibular symphysis to the anterior extent of the TMJ pads are observed in both
rorquals. B: Caudorostral ﬂexural rigidity trends along the dorsoventral
axis for mandibles of a Brown Pelican (solid line), American White Pelican (dotted line) and Double-crested Cormorant (dashed line). Aster-

isks denote anterior extent of the posterior jaw musculature. In the
white pelican, ﬂexural rigidity increases from the symphysis to the anterior extent of the muscle attachments. Maximal ﬂexural rigidity values are observed at about x ¼ 0.25 in the Brown Pelican, just anterior
of the muscle attachments. In the Double-crested Cormorant, maximal
ﬂexural rigidity is observed at about x ¼ 0.3, well anterior of the anterior extent of the posterior jaw musculature.

mediolateral planes. The slope of the best-ﬁt line for the
dorsoventral orientation is approximately eight times
steeper than that for the mediolateral orientation, meaning that the bone is eight times more resistant to bending dorsoventrally than it is mediolaterally.
Our inﬂation experiments demonstrated that the pelican pouch is highly distensible and elastic; its mechanical behavior is consistent with that of collagen ﬁberreinforced soft tissues such as the dermis of vertebrates
and soft-bodied invertebrates (Shadwick, 1992). Biaxial
inﬂation revealed that the pouch tissue is more distensible transversely than longitudinally, thus the bubble
inﬂated as an oblate spheroid: expansion was approximately three times greater in the transverse axis at each

pressure. This resulted in two distinct nonlinear stress–
strain curves, as seen in Fig. 7. In each axis, the pouch
tissue is easily distended at low pressure (¼ low stress),
and becomes much stiffer (indicated by the increasing
slope) as the collagen ﬁbers straighten and resist the
load at higher pressure. For comparison, a stress–strain
curve from VGB of a ﬁn whale is included in Fig. 7.
Although this extends to higher strains than the pelican
pouch, these data are from a uniaxial test. In this case,
as the tissue is stretched transversely it can contract longitudinally, resulting in a greater strain than in a biaxial
test where the load is also applied in the longitudinal
axis. With this difference in mind, the similarity in mechanical properties of these tissues is apparent.
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Fig. 4. Comparison of mandibular ﬂexural rigidity trends immediately rostral to the posterior jaw constraint (0 on the x-axis), when the
contribution of cross-sectional area to ﬂexural rigidity has been eliminated. Solid line ¼ Brown Pelican, dashed line ¼ humpback whale.

The humpback jaw exhibits maximal dorsoventral rigidity immediately
anterior to the TMJ pads (x ¼ 0), where bending stresses are greatest.
The difference between the two curves increases anterior to this point
as the dorsoventral ﬂexural rigidity of the humpback jaw decreases.

Fig. 5. Ratio between maximum cross-sectional ﬂexural rigidity and
dorsoventral ﬂexural rigidity throughout the mandibles of a humpback
whale (dashed line) and a Brown Pelican (solid line). The close adherence to 1 in the Brown Pelican indicates that the bone is well
designed for bending resistance along its entire length. Values close
to 1 are observed at the posterior end of rorqual’s mandible, as would

be expected since dorsoventral bending stresses are maximal in this
region. The rorqual mandible’s increasing deviation from 1 in the rostral direction is accompanied by an increasing angular deviation away
from the dorsoventral axis. This pattern suggests that other major
stresses may act on the anterior portion of the rorqual mandible.

By ﬁlling a freshly deceased Brown Pelican’s gular
pouch with rice to determine its engulfment capacity,
and using Archimedes’ principle to determine the bird’s
volume, we found that the bird could increase its volume
by approximately 300% during a feeding event. This
value is slightly greater than the 250% suggested by
Brodie (2001); however, the bird’s mass (3.2 kg) and
engulfment capacity (ca. 9.6 L) align closely with the average values for Brown Pelicans reported by Schreiber

et al. (1975), indicating that our results should be fairly
typical of Brown Pelicans in general.

DISCUSSION
Although the more obvious similarities in form and
feeding behavior between rorquals and pelicans have
been addressed anecdotally (Brodie, 2001), no detailed
studies of rorqual–pelican convergence have previously
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Fig. 6. Load versus deﬂection plots for the Brown Pelican mandible
loaded mediolaterally (circles) and dorsoventrally (squares). Mediolateral line of best ﬁt: y ¼ 25.123x – 0.0565; R2 ¼ 0.98926. Dorsoventral
line of best ﬁt: y ¼ 204.23x – 0.2386; R2 ¼ 0.98981. The slope of

these lines represents the object’s spring constant (stiffness), and the
ratio between the slopes indicates that the bone is approximately
eight-times more resistant to bending dorsoventrally than it is
mediolaterally.

Fig. 7. Representative biaxial stress–strain curves for a piece of
pelican pouch, tested by the bubble inﬂation method (see text). For
comparison, a stress–strain curve for the ventral groove blubber of a
ﬁn whale (redrawn from Orton and Brodie, 1987) obtained by uniaxial
extension is also shown. Triangles ¼ ﬁn whale, closed squares and
closed circles ¼ Brown Pelican short axis, open squares and open

circles ¼ Brown Pelican long axis. Stress is the tensile force normalized by the initial cross-sectional area, and strain is the proportional
change in linear dimension in the transverse and longitudinal axes.
The slope of the stress–strain curve at any strain represents stiffness;
this increases non-linearly with inﬂation, with distensibility being about
3 times greater along the transverse axis.

been performed. Unfortunately, prohibitive scanning
costs, combined with the size and rarity of cetacean skeletal material, limited both sample sizes and taxon sampling in this study. However, our results suggest that
convergence between rorquals and pelicans is deeper than
previously recognized: the selective pressures imposed by
similar feeding mechanics have resulted in the convergent evolution of an effective jaw design for resisting
bending, and of similarly extensible buccal tissue ena-

bling the engulfment of large volumes of water. In the
future, detailed comparative studies will shed more light
on the convergent evolution of engulfment feeding, and
the mechanical adaptations associated with it.

Convergent Flexural Rigidity Trends
A cantilever beam that experiences uniform loading
will encounter bending stresses that are maximal at its
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ﬁxed end and decrease toward its free end, varying as (L
 x)2/2L, where L is the beam length and x is the distance along the beam from the ﬁxed end (Vogel, 2003).
The structure experiences no bending stresses where it
is constrained. Rorqual and pelican mandibles can be
thought of as cantilever beams, with their ﬁxed ends
constrained within the craniomandibular joint, and their
free ends comprising the mandibular symphysis. During
an engulfment-feeding event in these taxa, the extensible tissue comprising the ﬂoor of the mouth expands
enormously, generating a highly unstreamlined proﬁle.
An open mouth moving at high speed underwater generates considerable pressure drag, the same phenomenon
that provides resistance to moving an open bag under
water (Goldbogen et al., 2007). Additionally, rorquals
actively accelerate water in their buccal cavities after a
lunge-feeding event, giving rise to ‘‘engulfment drag’’
(Potvin et al., 2009). In both rorquals and pelicans, the
elastic ﬂoor of the mouth is attached to the ventral surface of the mandibles along their length; therefore, the
combined drag forces generated during a feeding event
should exert a dorsoventrally oriented bending force distributed along the mandibles, rostral to the craniomandibular joint (Field et al., 2010).
Field et al. (2010) demonstrated that humpback whale
mandibles exhibit a density distribution that provides
resistance to withstand dorsoventral bending stresses
(bone density increasing from the mandibular symphysis
posteriorly to the mandibular condyle). In an investigation of jaw architecture in the right whale (Eubalaena
glacialis), which does not feed by engulfment, CampbellMalone (2007) discovered the opposite trend in bone density distribution. However, the complexity of determining a nonhomogenous bone’s second moment of area
prevented Field et al. from investigating the actual ﬂexural rigidity trends throughout rorqual mandibles. Density and cross-sectional area alone, while related to
ﬂexural rigidity, may not adequately reﬂect a bone’s resistance to bending. In this study, we found that both
rorquals and pelicans exhibit mandibular ﬂexural rigidity distributions that align with the prediction that their
mandibles function analogously to a cantilever beam
during engulfment feeding. To our knowledge, this investigation represents the ﬁrst attempt to quantify ﬂexural
rigidity distributions throughout vertebrate mandibles
using CT data.
Although the maximum dorsoventral ﬂexural rigidity
values occur slightly anterior to the craniomandibular
joint in Brown Pelicans (x ¼ 0.2 on Fig. 3B), Fig. 4 demonstrates that, for its cross-sectional shape, the caudal
portion of the Brown Pelican mandible is even more resistant to dorsoventral bending stresses than that of the
humpback whale. The Brown Pelican mandible’s highest
ﬂexural rigidity values are due to a pronounced dorsoventral elongation of the bone; this enlargement clearly
would not contribute to the mandible’s resistance to
breakage due to dorsoventral stresses, because bending
stresses would be highest posterior to this region (Vogel,
2003). However, the region corresponding to this area on
the Brown Pelican’s maxilla is very deep dorsoventrally
when compared to that of the American White Pelican.
The dorsoventral expansion seen at this point may,
therefore, be a design to promote a close seal between
the mandible and the maxilla, in order to prevent the
escape of prey items from the buccal cavity.

The general ﬂexural rigidity trends through the American White Pelican mandible align with our prediction
for cantilever-like bending resistance. However, the magnitude of its dorsoventral ﬂexural rigidity values is
markedly lower than those of the similarly sized Brown
Pelican mandible, likely reﬂecting the fact that the
bending stresses encountered during surface feeding by
American White Pelicans are small in comparison to
those encountered by plunge feeding Brown Pelicans.
The ﬂexural rigidity in the dorsoventral axis was also
determined for jaws of the Double-crested Cormorant, a
seabird that is distantly related to pelicans (Hackett
et al., 2008). This analysis revealed a ﬂexural rigidity
distribution that is clearly not optimized for dorsoventral
bending resistance (Fig. 3B): the maximum ﬂexural rigidity values are located well anterior of the craniomandibular joint (see ﬁgure caption), while the bone tapers
posteriorly toward the condyles. This results in a low
dorsoventral proﬁle at the bone’s caudal end that would
be weakly resistant to dorsoventral bending. These
results give us increased conﬁdence that the dorsoventral ﬂexural rigidity proﬁles for Brown and American
White Pelicans correspond to engulfment feeding
behavior.
Interestingly, Fig. 5 suggests that, in addition to the
obvious inﬂuence of dorsoventral bending, other stresses
encountered during feeding may have contributed to the
evolution of rorqual mandibular design. While the mandible appears to be optimally suited for bending resistance immediately anterior to the condyles (where such a
design would be expected), the anterior portion of the
mandible becomes progressively less optimized for dorsoventral bending resistance toward the rostral end, where
bending stresses would be at their weakest. It is, therefore, possible that the mandible’s morphology in this
region reﬂects the inﬂuence of other sources of stress
related to lunge feeding, such as torsion. Future ﬁnite
element modeling may be able to identify alternate
stresses encountered by rorqual mandibles during lunge
feeding, and should shed light on a possible functional
explanation for these observations.
In contrast to the rorqual mandible, Fig. 5 demonstrates that the mandibles of both pelican species show
maximal ﬂexural rigidity values in the dorsoventral
plane along their entire length. Therefore, while dorsoventral bending likely inﬂuences the mandibular design
of both rorqual and pelican mandibles, engulfment feeding in pelicans may not result in the same complex
stresses affecting the anterior end of lunge feeding rorqual mandibles.

Dual Factors Underlying Mandibular
Design in Pelicans
Previous work has examined the mechanical properties of pelican jaws that enable their extraordinary ability to bow outwards in the mediolateral plane (Böker,
1938; Meyers and Myers, 2005). One important specialization enabling this action is the very low mediolateral
second moment of area (I) of pelican mandibles (Meyers
and Myers, 2005). To ensure that mandibular bowing is
controlled and restricted to the mediolateral dimension,
bending resistance in the dorsoventral plane may be important. Therefore, the fact that ﬂexural rigidity is much
higher in the dorsoventral plane than the mediolateral
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plane likely reﬂects the dual necessities of preventing
breakage due to bending stresses while lunge-feeding,
and controlling the orientation of mandibular bowing
(Bock, 1968). To demonstrate the signiﬁcant role orientation plays in determining the ﬂexural rigidity of pelican
mandibles, Fig. 6 shows load versus deﬂection plots for a
Brown Pelican mandible loaded (A) mediolaterally and
(B) dorsoventrally. The difference in slope indicates that
the Brown Pelican mandible is approximately eight
times more resistant to bending in the dorsoventral orientation than it is in the mediolateral orientation.

Convergent Material Properties of Pelican
Gular Pouch Tissue and Rorqual Ventral
Groove Blubber
The striking morphological convergence between rorquals and pelicans extends even more deeply than their
outward appearance and mandibular ﬂexural rigidity
distributions: our inﬂation experiments reveal that the
material properties of the rorqual’s extensible VGB and
the Brown Pelican’s gular pouch are very similar.
Although the pelican’s pouch is much thinner and
smaller than VGB, when the tensile properties are normalized to the sample dimensions (as stress and strain),
comparable material properties are revealed (Fig. 7).
Both are collagen ﬁber-reinforced elastic tissues, with
sharply nonlinear stress–strain behavior that allows a
large volume of water to be captured with a volume limited by high stiffness at high strain. Additionally, these
extensible tissues contain an intermediate muscle layer.
In rorquals, this muscle layer serves to limit the rate of
buccal cavity expansion by accelerating the engulfed
water forwards (Potvin et al., 2009). We speculate that
the muscle layer may play a similar role in pelicans during engulfment feeding.

Signiﬁcance of Digital Flexural Rigidity
Determination
The inability to effectively obtain ﬂexural rigidity data
in a noninvasive manner has hindered studies of functional bone morphology in the past. Determining the
ﬂexural rigidity of a bone either demanded full-scale mechanical testing, or the inference of ﬂexural rigidity values from CT data using proxy parameters such as crosssectional area or bone density (Campbell-Malone, 2007;
Field et al., 2010). Not only can full-scale mechanical
testing result in damage to rare or valuable museum
specimens, but it also cannot distinguish mechanical differences occurring along the bone at different points
(Tsukrov et al., 2010). Previous zoological studies
attempting to determine ﬂexural rigidity from CT data
have been incapable of quantitatively determining I for
nonhomogeneous cross-sections, and reliance on densitometry data alone has resulted in loose approximations
of ﬂexural rigidity. Therefore, the method presented in
this study (BendCT) is signiﬁcant because it has the
potential to nondestructively yield ﬂexural rigidity data,
and enables this data to be obtained along the entire
length of a bone. We feel that this method has implications for both orthopedic research, as well as future zoological studies in functional bone morphology.
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CONCLUSIONS
Our results indicate that the mandibles of rorquals
and pelicans exhibit a convergent mechanical design
that enables the resistance of dorsoventral bending
stresses during engulfment feeding. Further, the similar
mechanical properties of rorqual ventral groove blubber
and pelican gular pouch tissue may reﬂect an optimal
level of tissue extensibility for this dynamic feeding
action. The fact that the Brown Pelican mandible is, for
its size, relatively stiffer than the rorqual mandible
likely indicates that the bending stresses encountered by
the mandibles of diving pelicans are relatively greater
than those encountered by rorqual mandibles. Regardless, the mechanical similarities between rorqual and
pelican engulfment feeding are clear. The morphological
similarities between rorquals and pelicans, which have
been demonstrated to extend beyond their external
appearance, should qualify rorqual/pelican morphology
as a textbook example of convergent evolution between
representatives of two distantly related vertebrate
classes.
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