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Seahorses and pipefishes are extremely fast suction feeders, and the fast strikes probably result in large and rapid
pressure drops in the buccal cavity. These rapid drops in pressure imply heavy mechanical loading on the cranium;
hence, the feeding apparatus is thought to experience high levels of stress. We used finite element analysis (FEA)
to investigate where stress accumulates under strong suction pressure, and whether there is a difference in
craniofacial stress distribution between long- and short-snouted species. The expectation was that high stress
levels would occur at the articulations and in the cartilaginous regions of the cranium, and that, given the same
pressure, the skulls of long-snouted species would exhibit lower stress levels than the skulls of short-snouted
species, as an evolutionary increase in snout length might have made these species structurally better adapted to
deal with high suction pressures. The results partially support the first hypothesis: except for Dunckerocampus
dactyliophorus, all models show peak stress concentrations at the articulations and cartilaginous regions. However,
no simple relationship between snout length and the magnitudes of stress predicted by the FEA was found. In an
attempt to explain this lack of a relationship, the methodology was evaluated by assessing the effect of hyoid
position and model construction on the stress distribution. © 2011 The Linnean Society of London, Biological
Journal of the Linnean Society, 2011, 104, 680–691.
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INTRODUCTION

Among teleosts, the most widespread method of
prey capture is suction feeding (Lauder, 1980, 1983,
1985; Muller & Osse, 1984; Carroll et al., 2004).
Suction feeding involves a powerful expansion of the
oral cavity that generates a negative pressure within
the head relative to ambient pressure. This pressure
gradient draws water with prey into the mouth to
fill the additional space and thereby equalize the
pressure (e.g. Alexander, 1969; Lauder, 1985; Sanford
& Wainwright, 2002). Buccal expansion can be accom-

plished by maxillary protrusion, depression of the
lower jaw, lateral abduction of the suspensoria, neu-
rocranial elevation, and depression of the hyoid
(Alexander, 1969; Lauder, 1983).

With prey capture times of less than 6 ms, pipe-
fishes and seahorses (Syngnathidae) are the fast-
est recorded suction feeders (Muller & Osse, 1984;
Bergert & Wainwright, 1997; de Lussanet & Muller,
2007; Roos et al., 2009a). Explosive cranial kine-
matics, such as extremely rapid accelerations of
skeletal elements and high suction forces, are gener-
ated during the powerful suction feeding of these
fishes. A syngnathid feeding strike is characterized by
a very fast depression of the hyoid and an almost*Corresponding author. E-mail: heleen.leysen@ugent.be
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simultaneous neurocranial elevation. Mouth opening
starts only after the hyoid has rotated by 80°. Both
the left and right lower jaw halves and the left and
right hyoid bars push the suspensoria outwards while
being depressed, thereby producing the main buccal
volume increase in syngnathids (Roos et al., 2009a, b).

Svanbäck, Wainwright & Ferry-Graham (2002)
demonstrated that an increase in the velocity of
buccal expansion results in an increasing magnitude
of suction pressure in largemouth bass. The fast
strikes with rapid buccal expansion in syngnathids
probably also produce large and fast drops in pres-
sure. These large pressure gradients are likely to
result in heavy mechanical loading of the cranium
during suction feeding. Suction pressure has not yet
been measured in syngnathids, but Muller & Osse
(1984) demonstrated that pipefishes like Entelurus
aequoreus (Linnaeus, 1758) (snake pipefish) perform
suction feeding with closed opercular valves (the gill
slits are very small): therefore, high pressure is built
up inside their buccal cavity. Osse & Muller (1980)
argued that a number of syngnathid characters, such
as the domed opercular bone, the lobed gills, the
small gill slits, and reduced number of branchiostegal
rays, are related to the high negative pressure expe-
rienced during suction feeding. It is thought that
because of this pressure, a great mechanical force is
brought to bear on the bones of the skull, especially
on bones comprising the snout: these are actively
abducted and thus create the suction pressure. This
force can be assumed to result in high levels of stress
in the feeding apparatus.

One of the goals of this study was to determine
where stress accumulates on skeletal elements under
the assumed strong pressure generated during
suction feeding in seahorses and pipefishes. As carti-
laginous tissue has a high fluid content, it is capable
of resisting high compressive pressure (e.g. Herring,
1993; Lieberman, Devlin & Pearson, 2001; Hall,
2005). Applying force to a non-fixed element will
cause it to move instead of being stressed. The articu-
lating bones in the skull of syngnathids will probably
first translate force into motion when exposed to
suction pressure, and hence will experience less
mechanical stress. We modelled the cranium as a
single, immobile element and assigned it the material
properties of bone, including the cartilaginous zones.
Precisely because our models do not contain cartilage
to dissipate stress and do not allow for the movement
of articulating elements, we predicted stress to be
concentrated in the regions of the cranial models
where stress would be reduced in real skulls (i.e.
articulations, symphyses, and cartilaginous zones). A
finite element analysis (FEA) on 3D models based on
the cranium of several syngnathid species was per-
formed to put this hypothesis to the test.

We also investigated a hypothesis based on Poi-
seuille’s law,
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which states that the volumetric flow of water (Q)
through a tube is proportional to the radius (r) of the
tube to the fourth power, multiplied by the pressure
difference (DP) between the two ends of the tube, but
inversely proportional to the length (L) of the tube
multiplied by the dynamic fluid viscosity (m). In other
words, to obtain the same water flow rate through a
short, broad tube as that through a long, narrow one,
a larger pressure difference is needed in the latter.
Translating this to syngnathid snouts, we expect that
species with a long and/or narrow snout will have
to generate a larger pressure difference by means of
buccal expansion to achieve the same water flow as
short-snouted species. If this assumption is true, long-
and narrow-snouted species would have to withstand
more stress because of the higher forces and faster
accelerations of cranial elements needed to attain the
high suction pressure. We assessed the implications
of snout elongation on the distribution of stress in the
skull by comparing the stress patterns between long-
and short-snouted syngnathids. We hypothesized that,
when exposed to the same pressure, the location of
peak stress would be similar among species, but that
the long-snouted species [for example Dunckerocam-
pus dactyliophorus (Bleeker, 1853) and Hippocampus
reidi Ginsburg, 1933] would exhibit lower levels of
stress than the short-snouted ones [for example
Doryrhamphus melanopleura (Bleeker, 1858) and Hip-
pocampus zosterae Jordan & Gilbert, 1882]. This is
based on the assumption that an evolutionary increase
of snout length might have led to morphological adap-
tations in the skulls of long-snouted species that
enable them to withstand relatively higher suction
pressures. So, when the same pressure is applied to the
cranium of short- and long-snouted species, the skull of
the latter is expected to be under less stress because its
structure is stronger.

By comparing different species, not only the effect
of snout length but also differences in snout morphol-
ogy must be taken into account. Factors such as
variation in bone thickness, presence or absence of
indentations or spines, overlap between bony ele-
ments, and pure bone geometry could influence the
patterns of stress distribution. We tried to exclude
these factors by constructing two artificial seahorse
models. We started with a long-snouted model
(H. reidi) and shortened the snout until it had the
same length as the snout of a short-snouted seahorse
(H. zosterae) in the first model, and the snout length
of a species with an intermediate snout length
(Hippocampus abdominalis Lesson, 1827) in the
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second. In this way we constructed three models (the
natural H. reidi, the artificial H. zosterae, and the
artificial H. abdominalis models) with the same head
morphology, differing only in snout length. As a con-
sequence, any morphological adaptations for with-
standing high suction pressure in the head of the
long-snouted H. reidi model are present in both arti-
ficial models as well. Hence, when applying the same
level of pressure to the models with the same mor-
phology, we expect to see identical stress patterns,
except for slightly higher concentrations in the
longer-snouted model because of the larger surface
area onto which the pressure is applied.

MATERIAL AND METHODS
SPECIMENS

We used three pipefish species (from genera Dunck-
erocampus, Doryrhamphus, and Syngnathus) and
three seahorse species (from genus Hippocampus)
in this study. Adult specimens of Dunckerocampus
dactyliophorus (standard length, SL 103.5 mm),
Doryrhamphus melanopleura (SL 56.5 mm), H. ab-
dominalis (SL 222.7 mm), H. reidi (SL 119.0 mm),
and H. zosterae (29.0 mm SL) were obtained from
commercial suppliers (Table 1). The specimen of
Syngnathus rostellatus Nilsson, 1855 (SL 110.8 mm)
was caught on the Belgian continental shelf (North
Sea). All specimens were killed with an overdose of
tricaine methanesulfonate (MS 222) and fixed in a
10% buffered and neutralized formalin solution for a
few weeks. Subsequently, they were placed in 70%
ethanol for storage.

MODEL CONSTRUCTION

In total, nine models were made for this analysis: a
model of each of the six species (Dunckerocampus

dactyliophorus, Doryrhamphus melanopleura, S. ros-
tellatus, H. abdominalis, H. reidi, and H. zosterae),
two artificial seahorse models based on the H. reidi
model, and another H. reidi model with a protracted
hyoid (Table 1). The purpose of the latter three
models will be explained further. For the H. reidi
models, computed tomography (CT) data from two
H. reidi specimens were used: one with a protracted
hyoid (used for the H. reidi protracted hyoid model
and the two artificial models) and one with a
depressed hyoid (for the H. reidi depressed hyoid
model). Except for S. rostellatus, all specimens
were scanned at the modular mCT set-up in Ghent
University (Masschaele et al., 2007); S. rostellatus
was scanned by the Micro CT Scan research group of
the University of Antwerp. The raw data from one
specimen of H. reidi and H. zosterae were processed to
generate a structurally continuous, ‘water-tight’
surface mesh consisting of three-noded triangular
elements using MIMICS 12 (Materialise NV, Leuven,
Belgium). For all other specimens, we used
AMIRA 5.1.0 or 5.2.2 (Visage Imaging, Berlin,
Germany). The operculum, branchial arches, and
postcranial structures were removed. All of the
models were simplified and initially smoothed in
AMIRA 5.1.0. Ideally the model of a fish head, having
more degrees of freedom compared with a mamma-
lian skull, would consist of several separate but
articulating bony elements, including cartilaginous
structures, suture morphology, connective tissue, liga-
mentous connections, etc. Not only will the complex-
ity of such a system vastly increase the computational
resources required to construct the finite-element
model and run the analysis, but unfortunately many
of the necessary data are lacking for syngnathids in
particular, and even for fishes in general. As gener-
ating a model that accurately reflects the reality is

Table 1. Overview of the constructed models, their surface areas, and some biometrics of the specimens scanned

Model
Surface
area (mm2) SL (mm) HL (mm) SnL (mm) HL/SnL

Dunckerocampus dactyliophorus 298.3 103.5 25.4 16.6 1.5
Doryrhamphus melanopleura 263.5 56.5 13.2 5.8 2.3
Syngnathus rostellatus 224.8 110.8 15.3 7.4 2.1
Hippocampus abdominalis 358.2 222.7 30.9 11.8 2.6
Hippocampus reidi depressed hyoid 340.0 119.0 25.2 11.0 2.3
Hippocampus reidi protracted hyoid 384.7 123.9 25.5 10.4 2.5
Hippocampus zosterae 300.0 29.0 5.3 1.8 2.9
Hippocampus abdominalis artificial* 315.2 – – 8.8 –
Hippocampus zosterae artificial* 276.3 – – 5.9 –

The Hippocampus reidi depressed hyoid and protracted hyoid models are generated with computed tomography data from
two different specimens. HL, head length; SL, standard length; SnL, snout length.
*Model generated using computed tomography data from H. reidi with a depressed hyoid.
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impossible, an exploratory analysis was performed by
making some simplifications, i.e. the cranium was
modelled as a single unit, without taking sutures in
the braincase and articulations between the func-
tional components in the skull into account. The two
suspensorio–neurocranial joints, the suspensorio–
hyoid articulation, the lower jaw, the maxillary bones,
and the interopercular bone were fused and treated
as being solid, immobile elements. Obviously the
results of these analyses must be interpreted cau-
tiously, yet we believe that they still give a valuable
estimation of the stress during suction feeding in
syngnathid skulls.

To reduce the effects of model size, RHINOC-
EROS 4.0 (McNeel Europe SL, Barcelona, Spain) was
used to scale the reconstructions to the same braincase
length, defined as the distance between the rostral
border of the parietal bone and the occipital joint of the
basioccipital bone (the osteological terminology follows
that of Schultze, 2008; see Fig. 1). Dumont, Grosse &
Slater (2009) demonstrated that if the goal of a com-
parative FEA study is to identify differences in stress
magnitudes that stem solely from differences in model
shape, then the ratios of applied force to model surface
area must be held constant. In this analysis we chose
not to completely eliminate the effect of size, as one of
the aims was to determine the relationship between
relative snout length and stress. Instead we scaled the
models to equal braincase length.

GEOMAGIC STUDIO 10 (Geomagic GmbH, Stut-
tgart, Germany) was used to manually correct some
errors caused by the digitizing process (i.e. adjust
surface irregularities and fill artificial holes) and also
to improve the quality of the model in preparation for
solid meshing (i.e. repair intersecting triangles and
adjust the aspect ratio of the triangles). Besides that,
the triangle number was reduced in order to make
the model easier to handle. The surface models were
then exported to STRAND7 (Strand7 Pty Ltd, Sydney,
Australia) and transformed into solid models.

In addition to modelling different species, we
created two artificial models with different levels
of snout elongation in RHINOCEROS 3.0 (McNeel
Europe, Barcelona, Spain). Creating artificial models
that differed in snout length but not in morphology
allowed us to investigate the effect of snout elongation
on cranial stress distribution. Starting with the origi-
nal H. reidi model, the part of the snout between the
ectopterygoid bone and the lateral ethmoid bone was
compressed until it had the same length as the short
snout in H. zosterae (Fig. 1). This model will be called
the ‘H. zosterae artificial model’. Next, we constructed
another model with the same hind part of the
skull and the same jaws as the original H. reidi
model, but this time we decreased the snout length to
approximately the intermediate length of the snout in

H. abdominalis. This model will be referred to as the
‘H. abdominalis artificial model’.

We also reasoned that the outcome of the FEA
might be influenced by the orientation of the hyoid as
not all models had the hyoid in the same position
(which is an artefact caused by the fixation of the
specimens). Hence, scans of a second H. reidi speci-
men with a protracted hyoid were made, and a model
was constructed that could then be compared with
the original H. reidi depressed hyoid model. To dis-
tinguish between both H. reidi models one is called
the ‘H. reidi protracted hyoid model’ and the other is
called the ‘H. reidi depressed hyoid model’.

FINITE ELEMENT ANALYSIS

To perform an FEA material properties must be
assigned to the constructed models in order to define
the behaviour of the elements, and the loading con-
ditions (i.e. boundary constraints and applied pres-
sure) must be defined.

Bone is heterogeneous in its material properties,
for example its viscoelastic behaviour and anisot-
ropy (i.e. directionally dependent properties) can
vary greatly, and hence assigning material proper-
ties to the models was not straightforward. Only
data from two fish species are available: Erickson,
Catanese & Keaveny (2002) analyzed the pelvic
metapterygia of Polypterus sp. and found a mean
Young’s modulus of 17.6 ± 7.8 GPa; and in a recent
publication, Horton & Summers (2009) determined
a Young’s modulus for acellular bone in Myoxo-
cephalus polyacanthocephalus (Pallas, 1814) of
6.48 ± 0.31 GPa. Data concerning material proper-
ties of skull bones in fishes is lacking. Besides that,
there is considerable variation in features like bone
density, cortical thickness, direction of loading,
microstructure, etc., between taxa, bones, and even
sites within bones. So even if the material proper-
ties of fish skull bones had been examined, there is
no guarantee that they would approximate the
values of syngnathid skull bone properties. For
example, Peterson & Dechow (2003) found that the
elastic properties of some cranial bones in humans
are more similar to those measured in long bones
than to those of the mandible. Hence, an arbitrary
Young’s modulus of 20 GPa was chosen, which is
the mean of a range of material properties of
various bones in fish, birds, and eutherian
mammals: 6.5–34.1 GPa (Currey, 1999). According to
the same line of reasoning, the models were
assigned with a Poisson’s ratio of 0.3, based on
various bones in actinopterygians, birds, and
eutherian mammals.

Constraints against displacement and rotation
were applied to a few nodes of the elements at the
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Figure 1. Construction of the artificial Hippocampus zosterae model showing the original H. zosterae (blue), the H. reidi
depressed hyoid model being modified (dark grey), and the compressed part of the snout (light grey). Note that the models
are scaled based on braincase length. A, unaltered models of H. reidi and H. zosterae, with some bones indicated. B,
compression of the snout. C, attachment of the snout tip and jaws. The compressed snout was then smoothed and
simplified until the triangles had the same size as those in the rest of the cranium. Abbreviations: o-apal, autopalatine
bone; o-boc, basioccipital bone; o-den, dentary bone; o-hm, hyomandibular bone; o-iop, interopercular bone; o-leth, lateral
ethmoid bone; o-meth, mesethmoid bone (with dorsomedial crest); o-mx, maxillary bone; o-para, parasphenoid bone; o-par,
parietal bone; o-pop, preopercular bone; o-postt, posttemporal bone; o-prmx, premaxillary bone; o-soc, supraoccipital bone;
o-sph, sphenotic bone; o-vm, vomeral bone.
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occipital joints of the skulls, and suction pressure was
simulated by loading the suspensoria and rostral
parts of the neurocranium with a pressure of 20 kPa
oriented inwards, towards the central, longitudinal
axis of the cylindrical snout (Fig. 2). Because our goal
was to compare the relative magnitudes and patterns
of stress among the models (not absolute stress mag-
nitudes), we applied the same pressure to the snouts
of all models based on measurements from within
the buccal cavity of trumpetfish (20 kPa; Huskey &
Quintero, 2006). The trumpetfish (Aulostomus macu-
lates Valenciennes, 1841) is a member of the Aulos-
tomidae that belongs to the same order as the
Syngnathidae. Both families are known to encompass
species with a similar cranial morphology, i.e. a long
and tubular snout, making the available pressure
values of the trumpetfish relevant for this research.
As an analysis including muscular forces will depend
on too many uncertainties (differences between the
muscle mass and fibre length of all species), and will
not necessarily yield more accurate results, muscle
forces were ignored in this study. Besides that, we are
mainly interested in the stress distribution in the
snout and we expect only little direct effect of muscle
force on the snout.

We used von Mises stress to describe the effect of
the mechanical loading on the models. The von-
Mises criterion is a formula for combining the
principal stresses at a given point (acting in the x,
y, and z directions) into an equivalent stress, or von-
Mises stress, which is then compared with the yield
stress of the material. If the von Mises stress
exceeds the yield stress, then the material is con-
sidered to be at the failure point. Hence, von Mises
stress is a good predictor of failure under ductile
fracture (Nalla, Kinney & Ritchie, 2003). We pre-
dicted stress distributions in the skull models by
means of linear FEA.

RESULTS

STRESS DISTRIBUTION IN PIPEFISHES AND SEAHORSES

Figure 3 illustrates the von Mises stress during simu-
lated suction feeding. Peak stress values occur at the
occipital joint because of the presence of constraints;
this artefact can be ignored. In each of the seahorse
models stress is concentrated at the articulation
between the autopalatine bone and the vomer (‘1’
Fig. 3A), in the hyoid (‘2’ Fig. 3A), and in the lateral
wall of the snout (‘3’ Fig. 3A). Elevated stress levels
are also found at the mesethmoid–parietal border (‘4’
Fig. 3A). The lowest stress levels are present in the
braincase, at the supraoccipital bone, and at the
spines on the lateral ethmoid, preopercular, parietal,
sphenotic, and post-temporal bones. In the H. reidi
model high levels of stress are also present at the
hyomandibulo–sphenotic joint (‘5’ Fig. 3A), whereas
the maxillary bones show very little stress. Stress is
concentrated in the H. abdominalis model at the
ventral border of the quadrate bone (where there is
an indentation) and at the overlap of the very slender
vomeral bone with the mesethmoid bone (‘6’ Fig. 3B).
There is also stress in the lateral part of the snout
(‘3’ Fig. 3B) and at the two suspensorio–neurocranial
articulations (i.e. the autopalatine–vomeral and
hyomandibulo–sphenotic joints; ‘1’, ‘5’ Fig. 3B).
However, in the H. zosterae model, little stress accu-
mulates at the level of the hyomandibulo–sphenotic
articulation, especially compared with the level of
stress in the lateral wall of the snout (‘3’ Fig. 3C). On
the other hand, the contact zone between the hyoid
and the suspensoria does experience a lot of stress.
Within the seahorses, the H. abdominalis model, with
an intermediate snout length, exhibits the highest
levels of stress, even up to five times the stress
magnitude in the other two species. Stress values are
reduced in the long-snouted H. reidi model and are

Figure 2. The Hippocampus reidi depressed hyoid model showing the applied pressure (blue), the constraints at the
occipital part of the skull (red), and the cylindrical coordinate system with the origin at the tip of the snout (green):
(A) right lateral view; (B) rostral view.
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lowest in the short-snouted H. zosterae model (note
the different colour scales in Fig. 3).

The pipefish models are more diverse. The pattern of
stress distribution in S. rostellatus and Doryrhamphus
melanopleura models is quite similar, but differs from
the situation in the Dunckerocampus dactyliophorus
model. In the former two models, the highest stress
concentrations are found at the lower jaw symphysis
(‘7’ Fig. 3E, F) and at locations rostral to the nostrils (‘8’
Fig. 3E, F), but also at the hyomandibulo–sphenotic
articulation (‘5’ Fig. 3E, F) and at the ventral border of
the orbit (‘9’ Fig. 3E, F). The dorsal and lateral surface
of the braincase shows the lowest stress levels. The
model of S. rostellatus also exhibits high stress at the

attachment of the hyoid to the suspensoria, and almost
no stress in the hyoid symphysis or in the parasphe-
noid bone. The stress in the Doryrhamphus melano-
pleura model is concentrated at the hyoid symphysis
and at the autopalatine–vomeral articulation (‘1’
Fig. 3F). Conversely, in the Dunckerocampus dactylio-
phorus model the stress accumulates in the roof (‘10’
Fig. 3D), floor, and lateral walls of the braincase, the
hyomandibulo–sphenotic articulation (‘5’ Fig. 3D), and
around the orbit (‘9’ Fig. 3D). The hyoid and the rostral
part of the snout with the jaws exhibit very low stress.
Comparing the three pipefish species, stress levels are
lowest in the S. rostellatus model that has an interme-
diate snout length. Stress magnitudes are on average

Figure 3. The von Mises stress distribution pattern in seahorses (A–C) and pipefishes (D–F) with long (A, D), interme-
diate (B, E), or short (C, F) snout lengths. A, Hippocampus reidi depressed hyoid. B, Hippocampus abdominalis. C,
Hippocampus zosterae. D, Dunckerocampus dactyliophorus. E, Syngnathus rostellatus. F, Doryrhamphus melanopleura.
Different colour scales are used for each model to facilitate the comparison of the stress concentration patterns. Stress
values are expressed in MPa. Arrows indicate significant stress points: 1, autopalatine–vomeral articulation; 2, hyoid; 3,
lateral wall of the snout; 4, mesethmoid–parietal border; 5, hyomandibulo–sphenotic joint; 6, vomero–mesethmoid
overlap; 7, lower jaw symphysis; 8, rostral border of the nostril; 9, ventral border of the orbit; 10, braincase roof.
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almost double in the model of short-snouted Doryr-
hamphus melanopleura, and the highest by far in the
extremely long-snouted Dunckerocampus dactyliopho-
rus model (note the different colour scales in Fig. 3).

STRESS DISTRIBUTION IN THE ARTIFICIAL MODELS

The stress distribution patterns of the H. reidi
depressed hyoid model and the artificial models are
very similar, with peak stress concentrations at the
hyoid symphysis, the hyomandibulo–sphenotic joint,
and the rostral articulation between the suspenso-
rium and neurocranium (Fig. 4). Also the lower jaw
and other parts of the hyoid besides the symphysis
are prone to some stress, yet the models exhibit
almost no stress at the maxillary bones and the
braincase. In addition, the stress in the snout is
transmitted in an almost identical manner: all three
models show high levels of stress laterocaudally in
the snout and at the dorsorostral edge of the
autopalatine–vomeral articulation. The laterorostral
surface of the snout and ventrorostral edge of the
orbit experience the lowest level of stress. A minor
difference between the models involves the stress
concentration at the mesethmoid–parietal border in
the H. reidi and H. zosterae artificial models that
seems to be missing in the H. abdominalis artificial
model. This high similarity in stress distribution
pattern was expected because the three models all
share the same morphology.

Again according to our expectations, the overall
stress level in the models increases with increasing
snout length. The artificial model of H. zosterae expe-
riences very small levels of stress, whereas the H. reidi
model is subject to much higher levels of stress, and the
H. abdominalis model shows intermediate stress
levels (note the different colour scales in Fig. 4).

DISCUSSION
STRESS DISTRIBUTION IN PIPEFISHES AND SEAHORSES

Seahorses and pipefishes are the fastest recorded
suction feeders, and the fast and large drops in buccal

cavity pressure during suction feeding probably imply
that there is heavy mechanical loading on the
cranium. Consequently, the feeding apparatus is
thought to experience high magnitudes of mechanical

Figure 4. The von Mises stress distribution pattern in
the artificially constructed models based on Hippocampus
reidi morphology. A, Hippocampus reidi depressed hyoid
model (as shown in Fig. 3A). B, Hippocampus abdominalis
artificial model. C, Hippocampus zosterae artificial model.
Stress values are expressed in MPa, with different colour
scales for all models. Arrows indicate significant stress
points: 1, hyoid symphysis; 2, hyomandibulo–sphenotic
joint; 3, autopalatine–vomeral articulation; 4, lower jaw; 5,
hyoid; 6, maxillary bones; 7, braincase; 8, laterocaudally in
the snout; 9, laterorostrally in the snout; 10, ventrorostral
border of the orbit.

�
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stress. By means of an FEA we analysed where stress
accumulates in the skull under suction pressure. Our
prediction was that the largest stress concentrations
would occur at the level of the articulations, symphy-
ses, and cartilaginous zones in the cranium. This
hypothesis was based on the assumption that these
areas are thought to disperse or absorb the stress in
the actual cranium. As the skull was modelled as a
single, immovable element, with the material proper-
ties of bone, the assumed stress absorption by the
articulations and cartilaginous regions as such cannot
be detected in our FEA results. Hence, the stress
peaks that might be found at the articulations, sym-
physes, and cartilaginous regions of the model will
probably be much lower in reality. This hypothesis is
more or less supported by the obtained results: apart
from the models of Dunckerocampus dactyliophorus
and H. zosterae, all models show elevated levels of
stress at both suspensorio–neurocranial articulations.
Again with the exception of Dunckerocampus dactyl-
iophorus, peak stress concentrations were present at
the lower jaw symphysis and hyoid symphysis, as
expected. However, in H. zosterae and S. rostellatus
no elevated stress concentration was found in
the hyoid symphysis, which might be explained by the
protraction of the hyoid, as we will explain further.
Most models also have a stress accumulation at the
mesethmoid–parietal suture just before the eye,
which is a region that comprises a lot of cartilage.

The cranium of Dunckerocampus dactyliophorus
experiences much higher stress levels than the other
skulls, and also shows an inverted stress pattern with
peak concentrations in the braincase and lowest
stress at the rostral part of the snout. Although we
could not adequately account for these findings, a
possible explanation is that it is a constraint artefact.
The snout of the models is probably loaded asym-
metrically, which would result in movement of the
model. But as the model is fixed, a certain level of
stress will be exerted at the constraints. A longer
snout means a longer lever arm, and hence the mag-
nitude of stress at the occipital region (where the
constraints are situated) will be greater compared
with short-snouted species. This might account for
the high occipital stress concentrations of Dunckero-
campus dactyliophorus.

We can also compare the differences in stress dis-
tribution between an average pipefish cranium and
an average seahorse. The most prominent difference
between them is the deeper braincase of seahorses,
but as we only applied loads to the suspensorium, not
much stress was exerted on the braincase itself.
However, there are other differences between the two
groups. In pipefishes the braincase is in line with
the long axis of the snout (and of the entire body),
whereas seahorses have a tilted braincase with

respect to the snout (Leysen et al., 2010). This tilt can
be quite large. An angle of around 40° between the
long axis of the snout and the dorsal profile of the
braincase is present in the seahorse species studied,
whereas in these pipefishes this angle ranges between
15° and 25°. Stress tends to increase at abrupt geo-
metric transitions in the model, such as the level of
the acute angle between the mesethmoid and parietal
bones. We expected this effect to be more pronounced
in seahorses than in pipefishes. Yet we did not find
substantially higher stress levels in the mesethmoid–
parietal suture of seahorses. Perhaps this can be
accounted for by specific features of the geometry of
the skull. We found that the mesethmoid bone bears
a dorsomedial ridge in seahorses, thus allowing a
better transmission of the stress within the bone.
This could explain the lower than expected stress
levels at the mesethmoid–parietal suture. Another
difference between pipefishes and seahorses is the
presence of spines and a deeper and more dorsally
oriented supraoccipital bone in seahorses. It has
been suggested that the spines make seahorses less
attractive as prey (Lourie, Vincent & Hall, 1999). We
noted that the spines and distal part of the supraoc-
cipital bone experience almost no stress in any of
the seahorses: hence, stress reduction might be an
additional advantage of the spines.

EFFECT OF SNOUT LENGTH ON STRESS DISTRIBUTION

We were also interested in the effect of snout elonga-
tion on the cranial stress distribution in seahorses
and pipefishes. We expected that for a given mechani-
cal loading the longer the snout, the lower the stress
would be. This is based on the assumption that long-
snouted species will have to generate a larger pres-
sure difference by means of buccal expansion to
achieve the same water flow (Poiseuille’s law). Hence,
the skulls of long-snouted species are thought to be
structurally better adapted over evolutionary time to
cope with the higher mechanical loads resulting from
the increased pressure differences. However, the
model with the longest snout was not the least
stressed, neither among the seahorses nor among the
pipefishes. Moreover, we did not find a trend in stress
concentration (increasing or decreasing) from long-
snouted species through intermediate forms to short-
snouted species. This suggests that there is no simple
relationship between snout length and the level of
stress caused by suction. A probable explanation is
that the observed stress level is the result of the
combination of snout length and the geometry of
the bones forming the snout. The previously men-
tioned dorsomedial crest on the mesethmoid bone in
seahorses could be an example. In seahorses we
also found that the lateral bones of the snout of
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H. abdominalis are much thinner on a cross section
relative to the snout diameter, when compared with
H. reidi and H. zosterae. This might account for the
accumulation of stress in the lateral wall of the snout
in H. abdominalis, and could explain why the level of
overall stress exceeds that of the long-snouted
H. reidi.

In order to separate the effect of snout elongation
from the influence of snout morphology (i.e. bone
geometry), we compared the results of the two artifi-
cial models with those of the natural model of
H. reidi. The initial hypothesis was that these three
models would be similar in stress pattern as they
vary only in snout length; any morphological adapta-
tion that enables them to withstand high pressure is
present in all three of them. However, we expected to
see a gradual increase in stress levels with increasing
snout length, because the surface area to which the
load is applied is also increased. All models seem to
transmit the loads in a similar way: the stress dis-
tribution pattern is almost identical, and when short-
ening the snout of H. reidi to the snout length of
H. abdominalis (intermediate snout length) the stress
levels were reduced, and were reduced even more so
for the snout length of H. zosterae (short snout length)
(Fig. 4). So, as expected, we found changes in stress
magnitude but not pattern of distribution related to
relative snout length in the absence of morphological
differences.

Based on the FEA on different pipefish and sea-
horse species, we could not confirm our hypothesis
that a long-snouted species encounters less stress
because it has a stronger structure. Three reasons
come to mind why this might be. First, long-snouted
species might not have to generate higher suction
pressure during feeding than short-snouted species,
and hence no structural reinforcement is needed. This
can be rejected with fair certainty based on Poi-
seuille’s law and Muller & Osse’s (1984) finding that
pressure in the opercular cavity increases with
increasing snout length. A second possibility is that
long-snouted species do experience high levels of pres-
sure, but that there was no selective pressure favour-
ing morphological adaptations to withstand the
increased stress. If this were true, the long-snouted
syngnathids in our analysis should be more stressed
than the short-snouted ones. We did not observe this
pattern in comparisons among species, but interest-
ingly it was present in the artificial models. The fact
that the artificial models varied only in snout length
clearly demonstrates that the morphology of the
cranium does have an influence on how stress is
transmitted. Third, long-snouted species might have
a cranium that is evolutionarily adapted to diminish
stress during suction feeding in a way that we could
not detect with our methodology (e.g. perhaps there is

more cartilage in highly stressed regions). Although a
recent morphological study found no prominent fea-
tures that could be related to a variation in relative
snout length (Leysen et al., 2011), it might be an
interesting avenue to pursue this more thoroughly on
a histological level in the future.

BIOLOGICAL RELEVANCE OF THE RESULTS

Validation of the results of an FEA requires a com-
parison between the results and in vivo or in vitro
data on bone strain in the modelled structures (Ross,
2005). Unfortunately, there are no experimental data
on bone strain in the cranium of Syngnathidae, nor is
it currently feasible given the size of these skulls. In
the absence of validation, we consider our comparison
of stress patterns between the different models to be
reliable, but that the absolute stress values are not.
Still, we identified a few possible methodological limi-
tations of our set-up. Most notably, the position of the
hyoid and simplification of the models and the forces
acting upon them during suction might influence the
FEA outcome.

A possible source of inaccuracy could be the position
of the hyoid in the constructed models: in the
H. zosterae, S. rostellatus, and Doryrhamphus mel-
anopleura models the hyoid is protracted, whereas
the other models have a depressed hyoid. In order to
test whether the position of the hyoid might influence
the stress distribution pattern, we compared the
H. reidi depressed hyoid model with the H. reidi pro-
tracted hyoid model (Fig. 5). The pattern of stress
distribution is quite similar in both models: only the
mesethmoid bone, the lateral surface of the snout,
and the hyoid–suspensorium articulation are subject
to more stress in the model with the protracted hyoid.
This finding falls within our expectation as the pro-
tracted hyoid does not have just one point of contact
at the articulation with the suspensorium, but is
modelled continuously with the rest of the skull along
almost the entire hyoid bars. Thus, a more firm
connection between left and right suspensoria is
formed in the model with a protracted hyoid, which
reduces the flexibility of the suspensoria and could
explain the observed increase of stress in the snout
and mesethmoid bone when applying an inward pres-
sure on the suspensoria in the model. On the other
hand, the higher levels of stress at the hyoid sym-
physis observed in the model with the depressed
hyoid make sense, as at this point the pressure from
the left and right sides converges. The outcome of the
hyoid test corresponds with our previous observations
that H. zosterae (protracted hyoid) experiences more
stress in the snout, whereas H. reidi and H. abdomi-
nalis (depressed hyoid) have high stress accumula-
tions at the hyoid symphysis (Fig. 3A–C). Hence, the
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differences between the three seahorse models might
be partially related to changes in the position of their
hyoid.

By constructing the skull as a single unit, we
ignored the presence of sutures and articulations.
This is especially important because sutures are
known to be less stiff and experience higher sutural
strains than bone (Herring & Teng, 2000; Rayfield,
2005; McHenry et al., 2006). In this context, previous
research has shown that the morphology of sutures is
related to the type of deformation to which they are
most resistant. As such, interdigitated sutures appear
to be correlated with compression, whereas abutting
sutures are usually subject to tensile stress (Herring
& Teng, 2000; Markey, Main & Marshall, 2006;
Markey & Marshall, 2007). Articulating elements
transmit mechanical loading differently than fused
elements, as cartilaginous articulations could func-
tion as stress absorbers. Unfortunately, analysing the
cranium as a solid unit instead of as an assembly of
individual parts is necessary to reduce the complexity
of the model construction and analysis process to a
manageable level. By neglecting the effects of mate-
rial anisotropy and heterogeneity, muscle force, neu-
rocranial elevation, and suture morphology, we
assume that these factors affect all the species of our
study in the same way (McHenry et al., 2006). As
techniques for modelling muscle forces, bony articu-
lations, and kinematics are being developed for FEA,
we look forward to adding these techniques to the
analyses described here. In the present study, the
overall head shape and relative size were the only
substantial differences among the models, and there-
fore explain all the differences we observe among
them.

ACKNOWLEDGEMENTS

This research was supported by a grant from the
Research Foundation – Flanders (FWO) G053907 to
D.A. and NSF DBI 0743460 to E.R.D. H.L. is funded
by a PhD grant of the Institute for the Promotion
of Innovation through Science and Technology in
Flanders (IWT-Vlaanderen). The Special Research
Fund of the Ghent University (BOF) is acknowledged
for the doctoral grant to L.B. We give our thanks to
the Marine Biology research group of Ghent Univer-
sity for the sampling of Syngnathus rostellatus.

REFERENCES

Alexander RM. 1969. Mechanics of the feeding action of a
cyprinid fish. Journal of Zoology (London) 159: 1–15.

Bergert BA, Wainwright PC. 1997. Morphology and kine-
matics of prey capture in the syngnathid fishes Hippocam-
pus erectus and Syngnathus floridae. Marine Biology 127:
563–570.

Carroll AM, Wainwright PC, Huskey SH, Collar DC,
Turingan RG. 2004. Morphology predicts suction feeding
performance in centrarchid fishes. The Journal of Experi-
mental Biology 207: 3873–3881.

Currey JD. 1999. The design of mineralised hard tissues for
their mechanical functions. The Journal of Experimental
Biology 202: 3285–3294.

Dumont ER, Grosse IR, Slater GJ. 2009. Requirements for
comparing the performance of finite element models of bio-
logical structures. Journal of Theoretical Biology 256:
96–103.

Erickson GM, Catanese J, Keaveny TM. 2002. Evolution
of the biomechanical material properties of the femur. Ana-
tomical Record 268: 115–124.

Hall BK. 2005. Bones and cartilage: developmental and evo-
lutionary skeletal biology. London: Elsevier Academic Press.

Figure 5. The von Mises stress distribution pattern in two models of Hippocampus reidi showing the effect of the position
of the hyoid. A, Hippocampus reidi protracted hyoid model. B, Hippocampus reidi depressed hyoid model. Stress values
are expressed in MPa. Arrows indicate significant stress points: 1, mesethmoid–parietal border; 2, laterorostrally in the
snout; 3, hyoid–suspensorium articulation.

690 H. LEYSEN ET AL.

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 104, 680–691



Herring SW. 1993. Epigenetic and functional influences on
skull growth. In: Hanken J, Hall BK, eds. The skull, volume
1: development. Chicago, IL: The University of Chicago
Press, 153–206.

Herring SW, Teng S. 2000. Strain in the braincase and its
sutures during function. American Journal of Physical
Anthropology 112: 575–593.

Horton JM, Summers AP. 2009. The material properties of
acellular bone in a teleost fish. The Journal of Experimental
Biology 212: 1413–1420.

Huskey S, Quintero R. 2006. Why the long face? Prey
capture in trumpetfishes. Integrative and Comparative
Biology 46: E65–E65.

Lauder GV. 1980. The suction feeding mechanism in sun-
fishes (Lepomis): An experimental analysis. The Journal of
Experimental Biology 88: 49–72.

Lauder GV. 1983. Food capture. In: Webb PW, Weihs D, eds.
Fish biomechanics. New York: Praeger Publishers, 280–311.

Lauder GV. 1985. Aquatic feeding in lower vertebrates. In:
Hildebrand M, Bramble DM, Liem KF, Wake DB, eds.
Functional vertebrate morphology. Cambridge: The Belknap
Press, 210–229.

Leysen H, Christiaens J, De Kegel B, Boone MN,
Van Hoorebeke L, Adriaens D. 2011. Musculoskeletal
structure of the feeding system and implications of snout
elongation in Hippocampus reidi and Dunckerocampus
dactyliophorus. Journal of Fish Biology 78: 1799–1823.

Leysen H, Jouk P, Brunain M, Christiaens J, Adriaens
D. 2010. Cranial architecture of tube-snouted Gasterostei-
formes (Syngnathus rostellatus and Hippocampus capensis).
Journal of Morphology 271: 255–270.

Lieberman DE, Devlin MJ, Pearson OM. 2001. Articular
area responses to mechanical loading: Effects of exercise,
age and skeletal location. American Journal of Physical
Anthropology 116: 266–277.

Lourie SA, Vincent ACJ, Hall HJ. 1999. Seahorses: an
identification guide to the world’s species and their conser-
vation. London: Project Seahorse.

de Lussanet MHE, Muller M. 2007. The smaller your
mouth, the longer your snout: predicting the snout length of
Syngnathus acus, Centriscus scutatus and other pipette
feeders. Journal of the Royal Society Interface 4: 561–
573.

Markey MJ, Main RP, Marshall CR. 2006. In vivo cranial
suture function and suture morphology in the extant fish
Polypterus: implications for inferring skull function in living
and fossil fish. The Journal of Experimental Biology 209:
2085–2102.

Markey MJ, Marshall CR. 2007. Linking form and function
of the fibrous joints in the skull: A new quantification

scheme for cranial sutures using the extant fish Polypterus
endlicherii. Journal of Morphology 268: 89–102.

Masschaele BC, Cnudde V, Dierick M, Jacobs P, Van
Hoorebeke L, Vlassenbroeck J. 2007. UGCT: New x-ray
radiography and tomography facility. Nuclear Instruments
& Methods in Physics Research Section A: Accelerators Spec-
trometers Detectors and Associated Equipment 580: 266–
269.

McHenry CR, Clausen PD, Daniel WJT, Meers MB,
Pendharkar A. 2006. Biomechanics of the rostrum in
crocodilians: a comparative analysis using finite-element
modeling. The Anatomical Record Part A 288A: 827–849.

Muller M, Osse JWM. 1984. Hydrodynamics of suction
feeding in fish. Transactions of the Zoological Society of
London 37: 51–135.

Nalla RK, Kinney JH, Ritchie RO. 2003. Mechanistic
failure criteria for the failure of human cortical bone.
Nature Materials 2: 164–168.

Osse JWM, Muller M. 1980. A model of suction feeding in
teleostean fishes with some implications for ventilation. In:
Ali MA, ed. Environmental physiology of fishes. New York:
Plenum Publishing Corporation, 335–352.

Peterson J, Dechow PC. 2003. Material properties of the
human cranial vault and zygoma. The Anatomical Record
Part A 274A: 785–797.

Rayfield EJ. 2005. Using finite-element analysis to inve-
stigate suture morphology: a case study using large car-
nivorous dinosaurs. The Anatomical Record Part A 283A:
349–365.

Roos G, Leysen H, Van Wassenbergh S, Herrel A, Jacobs
P, Dierick M, Aerts P, Adriaens D. 2009a. Linking
morphology and motion: a test of a four-bar mechanism in
seahorses. Physiological and Biochemical Zoology 82: 7–19.

Roos G, Wassenbergh S, Herrel A, Aerts P. 2009b. Kine-
matics of suction feeding in the seahorse Hippocampus
reidi. Journal of Experimental Biology 212: 3490–3498.

Ross CF. 2005. Finite element analysis in vertebrate biome-
chanics. The Anatomical Record Part A 283A: 253–258.

Sanford CPJ, Wainwright PC. 2002. Use of sonomicrom-
etry demonstrates the link between prey capture kinematics
and suction pressure in largemouth bass. Journal of Experi-
mental Biology 205: 3445–3457.

Schultze HP. 2008. Nomenclature and homologization of
cranial bones in actinopterygians. In: Arratia G, Schultze
HP, Wilson WVH, eds. Mesozoic fishes 4 – homology and
phylogeny. München: Verlag Dr. Friederich Pfeil, 23–48.

Svanbäck R, Wainwright PC, Ferry-Graham LA. 2002.
Linking cranial kinematics, buccal pressure, and suction
feeding performance in largemouth bass. Physiological and
Biochemical Zoology 75: 532–543.

MECHANICAL STRESS IN SYNGNATHID SKULLS 691

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 104, 680–691


