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Abstract
Bite force is one of the most utilized performance measures due to its association
with feeding and consequently ﬁtness. Due to their large size and the concomitant
increase in the adductor muscles it is expected that apex predators may rely on
high biting performance allowing for increased dietary breadth. Billﬁsh are apex
marine predators characterized by the extreme elongation of the upper jaw bones
forming a rostrum. This structure has been shown to facilitate prey capture and
processing, but little is known as to whether this elongated structure has had an
effect on biting performance in this group of enigmatic ﬁshes. The goal of this
study was to investigate bite force among ﬁve billﬁsh species differing in size and
rostrum morphology, and to determine the relationship between bite force and cranial anatomy. Because prey processing is partially decoupled from the oral jaws in
these ﬁshes, we hypothesized that bite force will be relatively low in billﬁshes
compared to other ﬁsh, and that mass speciﬁc bite force will be inversely proportional to rostrum length. Anterior and posterior values of bite force ranged from 29
to 330 N and 99 to 1361 N, respectively among billﬁsh species. Although absolute
bite forces reached high values, mass speciﬁc bite force was among the lowest
recorded for cartilaginous and bony ﬁshes. Contrary to our hypothesis, rostrum
length was not a predictor of bite force. The evolution of this novel structure, however, has been demonstrated to have a role in feeding, and the relatively low bite
force in billﬁshes may indicate a lack of dependence on this performance metric
for prey capture and processing.

Introduction
Bite force is a broadly utilized metric of feeding performance
due to its perceived association to ﬁtness. The investigation of
bite force has signiﬁcantly contributed to our overall understanding of organismal ecology since it is not only linked to
feeding ecology, allowing the exploitation of differing dietary
niches (Dumont et al., 2012), but is also related to mating success (Lappin & Husak, 2005), intraspeciﬁc combat (Husak
et al., 2006), as well as burrowing efﬁciency (Van Daele, Herrel & Adriaens, 2009).
Bite force may be related to dietary specialization with high
bite force found in durophagous species such as chameleon
lizards (Chamaeleolis, Herrel & Holanova, 2008), the sheepshead Archorsagus probatocephalus (Hernandez & Motta,
1997), and horn sharks Heterodontus francisci (Kolmann &
Huber, 2009). High bite forces have been shown to affect prey
processing (reduction in prey to edible size), since more forceful biters can reduce the amount of time utilized to subdue and
reduce prey, perhaps increasing energy intake as shown in
lizards (Verwaijen, Van Damme & Herrel, 2002).
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Biting performance has a strict association to size both
within and among species. Within species, positive allometry
of bite force is commonly observed over ontogeny owing to
rapid increases in head and/or muscle size, and often in association with the consumption of hard and/or durable prey (Herrel
et al., 2005; Herrel & Gibb, 2006; Kolmann & Huber, 2009).
Among species, size alone will be responsible for large absolute bite forces as seen in sharks and alligators (Erickson, Lappin & Van Vliet, 2003; Huber, Weggelaar & Motta, 2006;
Erickson et al., 2012).
In some cases for relative bite force, however, size may not
be the driving factor, as some large predators have shown disproportionally lower biting performance than expected for their
size. In these cases complementary feeding structures may
replace the need for biting performance. In the komodo dragon
(Varanus komodoensis) for example, it is suggested that venom
glands are in part responsible for their predatory success since
bite forces shown to be relatively small (Fry et al., 2009).
Alternatively, dentition, cranial architecture and feeding modes
may also help to overcome bite force limitations. Sharp teeth
and fast strikes by some bony ﬁshes including king mackerel
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(Scomberomorus cavalla) and great barracuda (Sphyraena barracuda) may override the necessity for high bite force as these
apex predators have among the lowest mass speciﬁc bite forces
of ﬁshes (Habegger et al., 2010; Ferguson et al., 2015). In
addition, biting species that feed on fast elusive prey may sacriﬁce powerful jaws for speed efﬁcient ones such as the gharial
(Gavialis gangeticus, Gavialidae) (Erickson et al., 2012).
Given that patterns in biting performance may be related to
size, dentition, and prey capture methodology, the billﬁshes
represent an intriguing clade in which examine bite force, as
they range considerably in size, in some cases edentulous, and
utilize a truly unique prey capture methodology among aquatic
vertebrates. Billﬁshes are fast pelagic ﬁshes characterized by
an extreme elongation of the upper jaw into a bill or rostrum,
which varies in relative length, morphology, and presence of
teeth. Swordﬁsh (Xiphias gladius) possess a rostrum that may
attain lengths up to 50% of its body length, is lenticular in
cross-section, and lacks teeth along its length. Conversely,
shortbill spearﬁsh (Tetrapturus angustrirostris) possess a rostrum that may only exceed lower jaw length by a few centimeters, is oval to round in cross-section, and has small villiform
teeth (Nakamura, ‘83). Although the rostrum has been hypothesized to have several roles such as defense and drag reduction
(Nakamura, 1983; Frazier et al., 1994), recent biomechanical
testing of the rostrum in several billﬁsh species and kinematic
analyses of the feeding behavior of Atlantic sailﬁsh (Istiophorus albicans) evidenced the role of this structure during feeding (Atkins et al., 2014; Domenici et al., 2014; Habegger
et al., 2015; Herbert-Read et al., 2016). In addition, examination of stomach contents of some istiophorids such as the blue
marlin (Makaria nigricans), showed prey cut in half, punctured
and lacerated. In many cases these injuries were attributed to
the use of the rostrum while in others biting behavior was also
suggested (Shimose et al., 2007, 2008). Therefore, the ability
of the rostrum to injure, immobilize or kill prey before ingestion, seemingly facilitates prey processing and capture (Gudger,
1940; Talbot & Penrih, 1964; Scott & Tibbo, 1968). Thus,
billﬁshes’s feeding anatomy and behavior seem to facilitate
food acquisition for their speciﬁc pelagic lifestyle where other
feeding modes such as suction feeding, commonly found in
most ﬁshes, seems not a feasible option (Berkovitz & Shellis,
2016).
Given that the billﬁsh’s most conspicuous attribute allows
for pre-processing prey before ingestion, this structure may
reduce the selective pressure for high bite forces common to
other large predators. Furthermore, variability in rostral size
may inﬂuence the extent to which this selective pressure is
reduced such that species with a short rostrum may not use it
to process prey, and therefore rely more heavily upon larger
bite force than species with a longer rostrum. The goal of this
study is therefore to investigate bite force and its possible predictors among ﬁve billﬁsh species exhibiting different rostrum
morphologies. Because prey processing is, in this case, partially decoupled from the oral jaw processing by the use of the
rostrum, we hypothesize (1) that intraspeciﬁc variation in bite
force will inversely proportional to rostrum length. (2) and
because the role of the rostrum during feeding bite force will
be relatively low in billﬁshes compared to other ﬁsh.
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Materials and methods
A total of 33 ﬁsh heads (ﬁve billﬁsh species and one scombroid species) were collected from recreational ﬁshing tournaments and commercial ﬁsheries along the Gulf of Mexico, the
Florida Keys, Ocean city, Maryland and Hawaii and kept frozen until dissections were performed. All ﬁve billﬁsh species
were selected to represent a wide range of rostrum morphologies and taxa according to the latest available phylogeny (Santini & Sorenson, 2013). Species collected include blue marlin
(Makaira nigricans, N = 6), swordﬁsh (Xiphias gladius,
N = 6), white marlin (Kajikia albida N = 6), shortbill spearﬁsh
(Tetrapturus angustrirostris N = 5) and sailﬁsh (Istiophorus
albicans N = 3). In addition a non-billﬁsh species, the wahoo
(Acanthocybium solandri) was also collected (N = 6) and
assigned as the out-group for comparative purposes (Santini &
Sorenson, 2013). Variables including body mass and rostrum
length (from tip to orbit) were taken when possible (Table 1).
In cases when mass was not available, extrapolations were performed from meristic regressions that include variables such as
eye diameter and bill length available from the literature (sailﬁsh: Prager, Prince & Lee, 1995; shortbill: Skillman & Yong,
1974; wahoo: Beerkircher, 2005).

Anatomical descriptions
The anatomy of the muscles responsible for the adduction of
the lower jaw was described. Dissections were performed on
the left cheek of each specimen and identiﬁcation of the
adductor mandibulae complex was made following Winterbottom (1974), Davie (1990), Datovo & Vari (2013) and H. Fierstine (Pers. comm.).

Theoretical calculations of bite force
Once the adductor mandibulae was identiﬁed for each species,
each major subdivision was removed and bisected through its
center of mass, perpendicular to the main ﬁber direction. Center of mass was estimated for each muscle subdivision by the
point of intersection of two weighted lines that suspended each
muscle. Muscles were bisected perpendicular to the main ﬁber
direction at the center of mass. Since all muscles were parallel
ﬁbered, anatomical cross-sectional area (CSA, mm2) were
traced from digital pictures (Canon Power Shot A710is, Canon
Inc., NY, USA) using Sigma Scan Pro version 4 (SYSTAT
Software Inc., Point Richmond, CA, USA). Previous modeling
studies have veriﬁed this method (Huber & Motta, 2004), however for some muscles results may be underestimated, in addition this model did not incorporated length tension effects
associated to each muscle. Theoretical maximum tetanic force
(Po) for each subdivision was determined by multiplying the
CSA by the speciﬁc tension of ﬁsh muscle (TS) (20 N/cm2,
Altringham & Johnston, 1982) following Powell et al. (1984).
Po = CSA 9 TS
After the muscles were dissected from the skulls, threedimensional coordinates of origin and insertion of each adductor subdivision, jaw joint, and two bite points along the lower
Journal of Zoology  (2017) – ª 2017 The Zoological Society of London

angustirostris

ABF, anterior bite force, PBF, posterior bite force, BL, bill length, AMA, anterior mechanical advantage, PMA, posterior mechanical advantage, IL, in lever, AOL, anterior out lever, POL,
posterior out lever, R + Mcsa, cross-sectional area of the pars rectalis and pars malaris subdivision of the adductor muscles, SCSA, cross-sectional area of the pars stegalis subdivision of
the adductor muscles.
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29.84  1.6
23.12  0.8
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1.33  0.12
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Xiphias gladius

60.57  2.67

20.43  4.46

48.37  3.21

0.27  0.01

6.97  0.06

5.17  0.5

2.56  0.92
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POL (cm)

6.71  0.74
18.1  2.03

AOL (cm)

4.54  0.48

IL (cm)
PMA

0.67  0.06

AMA

Biomechanical variables

0.25  0.02
15.6  1.73
18.22  6.52
98.97  38.32
6
Acanthocybium

29.18  10.16

BL (cm)
Mass (kg)

Species information

PBF (N)
ABF (N)
N

Bite force
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Species

Table 1 Raw mean values SD of bite force and biomechanical variables for billfishes and wahoo

1.68  0.69
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jaw were gathered for each individual of each species using a
three dimensional digitizer (PATRIOTTM digitizer, Polhemus,
Colchester, VT, USA). The most distal point of the lower jaw
was designated as the anterior bite force point (ABF), and the
most proximal margin of the teeth was designated as the posterior bite force point (PBF). As swordﬁsh teeth were not visible
the posterior bite point was traced by hand until the ridged
surface of the jaw disappeared. Weighted in-lever (IL) and
out-lever (OL) distances to these points were measured and
mechanical advantage (MA) calculated.
The theoretical tetanic force and 3D position for each muscle was used to calculate three dimensional force vectors produced for each adductor mandibulae subdivision in specimens
with adducted jaws, however, utilizing a single gape angle
may underestimate bite force due to not all muscles may be at
their peak length-tension curve at once. Theoretical maximum
bite forces produced along the lower jaw were calculated via
summation of moments about the jaw joint with a 3D static
equilibrium model in Mathcad 13 (Material S1, Mathsoft, Inc.,
Cambridge, MA, USA), following Huber et al. (2005):
FLJ ¼ FJR þ FAM1þ2 þ FAM3 þ FB ¼ 0
FLJ: forces acting on the lower jaw
FJR: jaw joint reaction
FAM1+2, FAM3: forces generated by each adductive muscle
subdivision
FB: bite reaction force from the prey item

Bite force predictors and best fit models
All data were log-transformed to account for some skewness
in trait measurements (Zar, 2010). Since the traits from each
species do not represent phylogenetically independent information in a regression framework (Felsenstein, 1985), and
because animal mass is related to bite force, all data were sizecorrected by weight using the phylogenetically corrected
method outlined by Revell (2009) and implemented in the R
package phyTools (Revell, 2012). Size-corrected trait values
were then analyzed with both ordinary least squares (OLS) and
phylogenetic generalized least-squares (PGLS) regressions
assuming trait evolution via Brownian motion (Grafen, 1989;
Rohlf, 2001). A full Brownian motion model of evolution was
assumed for all PGLS analyses because there were too few
species (N = 6) to conﬁdently estimate lambda-ﬁtted (phylogenetic signal) models (Lajeunesse & Fox, 2015). Both the OLS
and PGLS analyses were ﬁtted using the gls() function from
the nlme package (Pinheiro et al., 2007) assuming a maximum
likelihood estimator (ML), and the PGLS models had an additional Brownian correlation structure deﬁned by the corBrownian() function from the ape R package (Paradis et al., 2004).
The phylogenetic tree used in size-corrections and phylogenetic
analyses had a topology based on Santini & Sorenson (2013)
and internode divergence times based on Santini & Sorenson
(2013) and Hedges, Dudley & Kumar (2006) (Fig. S1).
We employed an information theoretic framework to compete
all possible predictors of bite force (Johnson & Omland, 2004).
To identify the best predictors of bite force, we compared all
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candidate OLS and PGLS models ﬁtted with combinations of
main effects without interactions using up to two predictors of
bite force. We limited the complexity of these candidate models
to up to two simultaneous predictors (and intercept) to avoid
regression overﬁtting relative to our small sample size (Zar,
2010). In total, 37 candidate models were compared; these models were constructed using the following pool of predictors: bill
length (BL), anterior mechanical advantage (AMA), posterior
mechanical advantage (PMA), in lever (IL), anterior out lever
(AOL), posterior out lever (POL), cross-sectional area of the
segmentus facialis, pars malaris and pars rectalis (R+M csa), and
cross-sectional area of the segmentus facialis, pars stegalis (Scsa).
Model comparisons were designed to distinguish between ﬁt and
parsimony among candidate models based on Akaike’s information criterion corrected for small-sample bias (AICc; Anderson,
2008). These were estimated for all OLS and PGLS candidate
models using the glmulti R package (Calcagno & de Mazancourt, 2010). Following Burnham & Anderson (2002), we determined the top candidate models to those ﬁtting a substantial
support criteria of D AICc < 2.0, but for comparison purposes,
we also present all models that provided considerably less support based on D AICc < 7.0. We also assigned an AICc weight
to these models; this is the probability of each model being the
most parsimonious.

Bite force within billfishes
Raw values of anterior bite force were log transformed, and
OLS and PGLS regressions were performed with the average
for each species against body mass to obtain size-removed bite
force residuals. These raw and phylogenetically corrected residual values were compared and ranked among all billﬁsh species and the wahoo (out-group). For the comparison of bite
force among billﬁshes and other non-billﬁsh species, only ABF
is considered further because this position is anatomically
determined by the anterior margin of the mandible, whereas
the position of the most posterior teeth varies greatly. In addition, ABF is most commonly used for comparative purposes
since it can be measured in the ﬁeld and theoretically.

Bite force among fishes
In order to assess how billﬁshes’ bite force ranked among
other ﬁsh species (bony ﬁshes and elasmobranchs), OLS
regressions were used. Only species with similar feeding ecology, such as feeding in open water or dietary similarities were
included (i.e. bite forces from durophagous ﬁsh and suction
feeders were excluded from the analysis). Anterior values of
bite force where gathered for the blacktip shark (Carcharhinus
limbatus, Huber et al., 2006), lemon shark (Negaprion brevirostris, Huber et al., 2005), the great barracuda (Sphyraena
barracuda, Habegger et al., 2010), bull shark (Carcharhinus
leucas, Habegger et al., 2012) and kingﬁsh mackerel (Scomberomerus Cavalla, Ferguson et al., 2015). Mass speciﬁc anterior bite force was obtained from residuals and compared
among species. Due to the wide phylogenetic range of the species, a phylogenetic correction was not performed.
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Results
Anatomy
The adductor mandibulae is described following the most recent
nomenclature proposed by Datovo & Vari (2013). The adductor
mandibulae complex in billﬁshes and wahoo is comprised by
the segmentus facialis and segmentus mandibularis (Datovo &
Vari, 2013), (former adductor mandibulae subdivisions
A1 + A2, A3 and Aw, Winterbottom, 1974). The most superﬁcial area of the cheek is occupied by two subdivisions of the
segmentus facialis, the pars malaris (M) and the pars rictalis (R),
however separation was not possible and this section was treated
as one in our calculations (R + M). Points of origin for the most
superﬁcial portion of the adductor muscles ranged from the hyomandibula, preoperculum, metapterygoid attaching partially to
the maxilla but with the majority inserting on the segmentus
mandibularis (SM), which in turn ﬁlls the Meckelian fossa of
the lower jaw. The point of insertion on the segmentus mandibularis is not clearly deﬁned; most of the connection is made by a
sheath of connective tissue enveloping the segmentus mandibularis. Since this insertion is broad and not speciﬁc, for the purpose of bite force calculations the insertion point was
determined as the center of mass of the segmentus mandibularis.
The deepest subdivision pars stegalis (S) originates mostly on
the hyomandibula but also on the preopercle and metapterygoid
and inserts by a tendonous insertion on the sesamoid bone of the
articular. The anatomy of the adductor mandibulae, including
general origin, insertion and patterns of muscles size appeared
conserved among all species examined (Figs 1 and 2).

Bite force and biomechanical parameters
Anterior values of bite force ranged from 29.2  10.2 to
330.0  40.6 N (wahoo and blue marlin respectively;
mean  SD). Posterior values ranged from 99.0  38.3 to
1361  184.0 N (wahoo and blue marlin, respectively). Inlever lengths varied from 4.5  0.5 to 10.5  0.3 cm (wahoo
and blue marlin, respectively). Anterior out-lever varied from
18.1  2.0 to 38.1  1.3 cm and posterior out-lever ranged
from 4.6  0.5 to 10  1.0 cm (shortbill and blue marlin,
respectively). Anterior mechanical advantage ranged from
0.2  0.0 to 0.3  0.0 (swordﬁsh and blue marlin, respectively) and posterior mechanical advantage ranged from
0.7  0.1 to 1.3  0.2 (wahoo and white marlin, respectively).
Muscle cross-sectional area was larger for the most superﬁcial
subdivisions, (R + M) in all studied species, and ranged from
2.6  0.9 to 29.1  3.9 cm2 (wahoo and blue marlin, respectively) the CSA of the deepest subdivision (S) ranged from
1.7  0.2 to 9.9  0.9 (shortbill and blue marlin, respectively). All results are also summarized in Table 1.

Bite force predictors
Based on our model selection criteria using AICc scores
(Akaike’s information criterion corrected for small-sample bias),
two OLS regression models emerged as having equally good
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Figure 1 Outline of the adductor mandibulae complex (superficial
subdivision of the segmentus facialis,) pars rictalis (R) and pars
malaris (M) and the segmentum mandibularis (SM) in three
representative billfishes (complete rostrum not shown) and nonbillfish species. (a) blue marlin (Makaira nigricans), (b) shortbill
spearfish (Tetrapturus angustrirostris), (c) swordfish (Xiphias gladius),
(d) wahoo (Acanthocybium solandri). Outlines were modified from
Bloomer (1986) for blue marlin, Gregory & Conrad (1937) for
swordfish and Conrad (1938) for wahoo. OP, opercle; PO, preopercle;
Mx, maxilla; PMx, premaxilla; D, dentary.

Figure 2 Outline of the adductor mandibulae complex (deeper
subdivision of the segmentus facialis, pars stegalis) in three
representative billfishes (complete rostrum not shown) and wahoo.
(a) blue marlin (Makaira nigricans), (b) shortbill spearfish (Tetrapturus
angustrirostris), (c) swordfish (Xiphias gladius), (d) wahoo
(Acanthocybium solandri). Superficial subdivision of the segmentus
facialis, pars rictalis (R) and pars malaris (M) and segmentum
mandibularis (SM) not shown. Outlines were modified from Bloomer
(1986) for blue marlin, Gregory & Conrad (1937) for swordfish and
Conrad (1938) for wahoo. OP, opercle; PO, preopercle; Mx, maxilla;
PMx, premaxilla; D, dentary.

predictive power of anterior bite force (ABF): a model with
CSA of the pars malaris and the pars rictalis as a predictor and a
model that contained no predictors (i.e. the intercept-only
model). The high AICc ranking of the intercept-only model (i.e.
the most basic model that can be ﬁtted to the data) indicates that
none of the predictors (with the exception of CSA of the pars
malaris and the pars rictalis subdivisions) were helpful in
explaining variation in anterior bite force. When phylogenetic
relationships were taken into account using PGLS, only the
regression model that included the CSA of these muscles
emerged as the best ﬁt (Table 2). Similar results were observed
for posterior bite force (PBF) for the non- phylogenetically corrected (OLS) regressions; however, with PGLS regressions three
models emerged as having strong predictive power of PBF: a

model with only the CSA the pars malaris and the pars rictalis
subdivisions, a second with only anterior out-lever (AOL), and
again a model with no predictors (i.e. intercept-only model; see
Table 2). For all compared regression models, rostrum length
(BL) was not a predictor of bite force in billﬁshes.

Journal of Zoology  (2017) – ª 2017 The Zoological Society of London

Bite force among billfishes
The raw value of anterior bite force (ABF) was highest for the
blue marlin and lowest for wahoo (Table 1). However, when
the rankings were based on size-corrected ABF, or based on
size- and phylogenetically corrected ABF, anterior bite force
was largest for white marlin and lowest for sailﬁsh (Table 3,
Fig. 3).
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Table 2 The best predictors of anterior bite force (ABF) and posterior bite force (PBF) for billfishes and wahoo based on a model selection
competition using D AICc scores to rank regression models. All biomechanical variables described in Table 1 were treated as possible predictors
in this model competition
Regression
model

Best fit
rankings

Anterior bite force
PGLS
1
PGLS
2
PGLS
3
OLS
1
OLS
2
OLS
3
OLS
4
Posterior bite force
PGLS
1
PGLS
2
PGLS
3
PGLS
4
PGLS
5
PGLS
6
OLS
1
OLS
2

Best fit models

AICc

D AICc

AICc
weights

Cumulative
AICc weights

F (d.f. = 1)

P

ABF ~ 1 + (R+MCSA)
ABF ~ 1 + IL
ABF ~ 1 + AOL
ABF ~ 1
ABF ~ 1 + (R+MCSA)
ABF ~ 1 + IL
ABF ~ 1 AOL

17.73
21.22
21.79
19.13
19.25
21.74
24.71

0.00
3.49
4.06
0.00
0.13
2.61
5.59

0.76
0.13
0.10
0.43
0.40
0.12
0.03

0.76
0.89
0.99
0.43
0.53
0.95
0.98

69.41
37.62
33.99
NA
11.16
6.47
2.89

0.0011
0.0036
0.0043
NA
0.0288
0.0638
0.1640

PBF
PBF
PBF
PBF
PBF
PBF
PBF
PBF

25.30
25.65
27.24
27.97
28.88
28.97
16.67
17.81

0.00
0.35
1.94
2.67
3.57
3.67
0.00
1.14

0.35
0.30
0.13
0.09
0.06
0.06
0.61
0.34

0.35
0.65
0.78
0.87
0.93
0.99
0.35
0.95

NA
10.66
7.56
6.34
5.11
4.99
NA
9.01

NA
0.0310
0.0514
0.0649
0.0865
0.0892
NA
0.0399

~1
~1
~1
~1
~1
~1
~1
~1

+ (R+MCSA)
+ AOL
+ PMA
+ (SCSA)
+ IL
+ (R+MCSA)

Following Burnham & Anderson (2002), regression models with D AICc equal or lower than 2.0 were identified as the best fitted regression models (here emphasized in bold). Also presented are models with ‘minimal support’ with D AICc values <7.0. Phylogenetically corrected regressions
were based on PGLS analyses assuming a full Brownian motion model of evolution, and conventional linear regressions were based of GLS
models without phylogenetic correlations. All models include the intercept (described here as ‘1’). Intercept-only models (i.e. ABF ~ 1) contain no
predictors, and when they are identified as top ranking models, this indicates that none of the predictors included in the model competition were
useful for predicting bite force. The statistical significance of the predictors included in regressions are also presented (F-tests); the results of
these significance tests were not used during the model selection analyses. Finally, 37 regression models were compared.

Table 3 Mass specific bite force (mean  SD) within billfishes
Species

N

Mass (Kg)

Absolute
ABF (N)

Istiophorus albicans
Tetrapturus angustirostris
Xiphias gladius
Acanthocybium solandri
Makaira nigricans
Kajikia albida

3
5
7
6
6
7

20.43
15.05
41.70
18.22
218.52
29.34

60.57
37.62
56.84
29.18
329.97
78.73








2.67
3.53
16.55
10.16
40.6
10.78

Size corrected
residulas

Phylogenetically
corrected residuals

1.03
0.32
0.03
0.07
0.28
0.96

0.98
0.2
0.05
0.07
0.1
1.1

All values are from anterior bite points, ABF = absolute bite forces for each species, residuals are mass specific bite forces and phylogenetically
corrected residuals are relative values of bite force corrected for the lack of independence among species (see Revell et al., 2008). Species are
ranked from smallest to largest size-corrected bite force.

Bite force among fishes
Compared to other ﬁsh species with similar feeding ecology or
diet, the mass-speciﬁc bite force of billﬁshes was relatively
small (Table 4). Sharks typically ranked the highest, with the
bull shark showing the largest value of relative bite force.
Although billﬁsh typically occupied the lowest ranks, some
non-billﬁsh species including the wahoo and king mackerel
were often nested among the billﬁshes; however the blue marlin had the lowest mass speciﬁc bite force of all species compared (Table 4).

6

Discussion
Bite force in billfishes
Absolute values of anterior bite force (ABF) ranged widely in
billﬁshes, with blue marlin showing the highest
(ABF = 329.97  40.6 N) and shortbill spearﬁsh the lowest
bite forces (ABF=37.62  3.53 N) (mean  SD). Since larger
animals will bite harder owing to an increase in their muscle
CSA (Herrel et al., 2005), this variation is intuitive by virtue
of the large range in sizes of the species examined (15 to
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Figure 3 Relative bite force within billfish and outgroup wahoo. Black bars show residual values of bite force performed in a linear regression.
Gray bars show phylogenetically corrected residuals generated following Revell, Harmon & Collar (2008). From top to bottom (lowest to highest
relative bite force): sailfish (Istiophorus albicans), shortbill spearfish (Tetrapturus angustrirostris), swordfish (Xiphias gladius), wahoo
(Acanthocybium solandri), blue marlin (Makaira nigricans) and white marlin (Kajikia albida). Residuals values range from negative (lowest) on the
left to positive (largest) to the right.

Table 4 Mass specific bite force in billfish versus ‘non-billfish’
Common name

Scientific name

N

MASS

ABF

Residuals

Blue marlin
Swordfish
Wahoo
Shortbill spearfish
Kingfish mackerela
White marlin
Sailfish
Great barracudab
Lemon sharkc
Blacktip sharkd
Bull sharke

Makaira nigricans
Xiphias gladius
Acanthocybium solandri
Tetrapturus angustirostris
Scomberomorus cavalla
Kajikia albida
Istiophorus albicans
Sphyraena barracuda
Negaprion brevirostris
Carcharhinus limbatus
Carcharhinus leucas

6
7
6
5
7
7
3
4
4
4
4

218.5
41.7
18.2
15.1
5.7
29.3
20.4
14.5
1.3
7.7
91.1

330.0
56.8
29.2
37.6
19.3
78.7
60.6
81
68.6
247.5
907.5

2.39
0.51
0.42
0.36
0.35
0.30
0.30
0.16
0.09
0.65
2.87

All values are from anterior bite points, ABF = absolute bite forces for each species, residuals are mass specific bite force. Non-billfish species
except for wahoo, were gathered from the literature cited bellow. Species with similar feeding ecology were only included in the comparison,
durophagous taxa or suction feeders were not included.
a
Ferguson et al. (2015).
b
Habegger et al. (2010).
c
Huber (2006).
d
Huber et al. (2006).
e
Habegger et al. (2012).
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219 kg, respectively). Considering absolute bite force as a
measure of predator’s maximal performance, blue marlin and
white marlin stand out among billﬁshes. Posterior bite force
was 1359 N in the 2.6 m TL blue marlin; this magnitude is
similar to other top predators such as a 2.5 m TL white shark
Carcharodon carcharias (Wroe et al., 2008).
When comparing anterior bite force among species, rankings
can vary substantially with regards to relative or absolute values as seen in other studies where small often durophagous
species are compared (Huber, Dean & Summers, 2008; Grubich et al., 2012). In billﬁshes, however, the rankings of absolute (raw) versus relative bite force did not differ greatly
(Table 3 and Fig. 3). Relative bite force was largest in the
white marlin and the blue marlin whereas swordﬁsh, sailﬁsh
and shortbill spearﬁsh showed the smallest values. Furthermore, the phylogenetic correction did not seem to inﬂuence
these rankings, suggesting these patterns of bite force are not
due to phylogenetic relatedness. Although a phylogenetic
framework is necessary in any comparative study due to the
few number of species compared (with N = 6 species ranked),
conclusions based on phylogenetic-corrections should be treated with caution as they may not have sufﬁcient power to
effectively model the phylogenetic correlations among related
taxa (Lajeunesse & Fox, 2015).

Bite force predictors
Bite force predictors provide a window into the determinants,
and perhaps even the evolution, of biting performance (Habegger et al., 2012). Measurements of cranial morphology such as
head length, head width, and head depth are good proxies for
biting performance in some ﬁshes (Carothers, 1984; Wainwright, 1987; Huber et al., 2006; Habegger et al., 2012), and
knowledge of these predictors can facilitate rapid assessments
of organismal performance in lieu of complex biomechanical
modeling. Contrary to our expectations, bill length (BL) was
not a good predictor of biting performance among billﬁshes.
Although the shortbill spearﬁsh (the species with the shortest
rostrum) had one of the lowest relative values of relative bite
force, swordﬁsh (the species with the largest rostrum) also had
low values.
Although rostrum length was not a predictor of bite force
among billﬁshes, the adductor muscles CSA repeatedly
emerged in both OLS and PGLS regressions as having strong
predictive power of bite force (see Table 2). Based on our
anatomical descriptions, these results are intuitive as the pars
rictalis and the pars malaris subdivisions of the segmentus
facialis were consistently the largest CSA, whereas the pars
stegalis was the smallest and most variable subdivision in all
species investigated (Figs 1 and 2; Table 1). Adductor muscle
CSA has been shown to be one of the most common predictors of bite force in sharks and clariid catﬁshes (Herrel,
O’Reilly & Richmond, 2002a; Herrel et al., 2002b; Habegger
et al., 2012).
Clear predictors for posterior bite force (PBF) were not
detected in our analyses. The fact that the intercept-only model
(with no predictors) ranked above all other models indicates
that none of the variables explored may be a particularly useful
8
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for predicting PBF. Although the lack of clear predictors has
been described for other taxa including alligators (Erickson
et al., 2012), a possible reason for these results could be the
large variability associated with measuring the most posterior
tooth position. In swordﬁsh, the teeth are reduced to almost
absent, making the most posterior position difﬁcult to determine. However, this variability does not prevent further comparisons in overall biting performance, given that most
comparative analyses in ﬁshes, both theoretically and experimentally, are more likely to use ABF over PBF due to its
accessibility (Huber et al., 2005; Huber et al., 2009, Wroe,
McHenry & Thomason, 2005; Wroe et al., 2008; Mara, Motta
& Huber, 2010; Grubich et al., 2012).
Mechanical advantage (MA), a variable used to characterize
closing performance of the lower jaw can also inﬂuence bite
force, as it represents the proportion of muscular force transmitted to a prey item via the jaw lever system, and is indicative of the trade-off between force and velocity in lever
systems in general (Westneat, 2004). High MA results in the
ampliﬁcation of biting performance in the chimaera
(PBF = 190 N) (Hydrolagus colliei) (Huber et al., 2008), horn
shark (ABF = 382 N) (Heterdodontus francisci) (Kolmann &
Huber, 2009) and is an important predictor of size speciﬁc bite
force throughout shark evolution (Habegger et al., 2012). The
low AMA in billﬁshes and the wahoo (0.25–0.27) is characteristic of ﬁshes reported as having a speed efﬁcient, rather than
force efﬁcient jaw (Westneat, 2004).

Bite force comparison
Billﬁsh exhibited low values of mass-speciﬁc bite force compared to ‘non-billﬁsh’ species of similar ecology (large piscivores predators), supporting the hypothesis that the presence of
the rostrum, and subsequent decoupling of the oral jaws from
prey processing, has resulted in decreased biting performance
of the oral jaws (Table 4). High bite force does not appear to
be crucial for billﬁsh predatory success, although evidence
from stomach contents suggest biting may be used to some
extent (Shimose et al., 2007). Although the rostrum cannot be
deﬁnitively categorized as an adaptation for feeding, its use
has been shown to enhance prey pre-processing (Domenici
et al., 2014; Herbert-Read et al., 2016), perhaps reducing the
need for strong bite force relative to other ‘non-billﬁsh’ species. In fact, a variety of top predators have been shown not to
rely on large bite force for prey capture and processing. For
example, the great barracuda (Sphyraena barracuda) and the
king mackerel (Scomberomorus cavalla), appear to rely on a
combination of high pursuit acceleration, fast closing jaws and
sharp teeth to capture and subdue their prey (Porter & Motta,
2004; Grubich, Rice & Westneat, 2008; Habegger et al., 2010;
Ferguson et al., 2015).
Results from this comparative analysis positioned sharks on
the top of the hierarchy, this could be explained by the wide
differences in dietary breath (see below), prey manipulation
and feeding behavior, for example bull sharks that primarily
prey in murky waters may use extremely large bite forces to
hold struggling prey, preventing prey escapes to low water visibility (Habegger et al., 2012).
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Bite force is often related to prey properties; for example,
turtles (Chelydra and Staurotypus) and lizards (Anolis sp.) that
eat harder prey show high biting performance (Herrel, De
Grauw & Lemos-Espinal, 2001; Herrel et al., 2002a,b). However, dietary preferences are highly conserved among billﬁshes;
and their diets are composed mostly of teleost ﬁsh including
scombrids and carangids, as well as cephalopods, mostly squid
(Nakamura, 1985; Shimose et al., 2007). In addition, the force
needed for shark teeth to puncture ﬁsh prey is surprisingly low
(5 N) (Whitenack & Motta, 2010), whereas processing of hard
prey such as turtle shells may reach signiﬁcantly larger values
(up to 3000 N) (Magwene & Socha, 2012) suggesting that
high values of bite force in billﬁsh may not be essential.
Low values of bite force in billﬁsh could be attributed to
functional trade-offs between feeding and sensory structures
such as the eyes in billﬁshes. The heating organ, a sensory
adaptation that characterizes this group and may augment
visual acuity (Block, 1986; Block et al., 1993; De Metrio,
Ditrich & Palmieri, 1997) indicate the importance of vision in
these predators. A large amount of adipose tissue found surrounding the eyes in several species examined (M.L. Habegger
pers. comm.), may facilitate heat conservation in this area
resulting in limiting space available for the jaw adductor muscles, perhaps decreasing biting performance. This type spatial
constrains have been shown in other ﬁsh species were eye size
reduction resulted in a concomitant increase in jaw adductor
muscle size (i.e. Petrotilapia, Barel, 1984).

The rostrum and its role in feeding
Although the adaptive value of the rostrum in billﬁshes cannot
be assured, feeding has been shown repeatedly as its main role
(Fierstine, 2006). Recent ﬁeld observations and mechanical
testing support the idea that this novel structure acts as a feeding weapon and that rostral morphology may inﬂuence feeding
behavior (Domenici et al., 2014; Habegger et al., 2015; Herbert-Read et al., 2016). Contrary to many other predators with
long jaws, such as gar (Lepisosteus platyrhincus) and needleﬁsh (Strongula notata) that capture elusive prey with rapid jaw
adduction (Porter & Motta, 2004), billﬁsh only have their
upper jaw elongated. However, this was not the case for most
of the extinct billﬁsh species, such as Aglyptorhynchus, Paleorhynchus and Xiphiorhynchus, where both lower and upper
jaws were elongated (Fierstine, 2006). Evolutionary changes
toward the current rostrum morphology seem to support a
more efﬁcient role of the rostrum during feeding since stunning prey with both jaws could limit breathing, by constraining
ﬂow into the mouth and through the gills of these ram ventilation based species. In addition, breakage of both jaws during
prey striking or defensive behavior could have resulted in total
incapacitation for prey capture (Fierstine, 2006).
Rostrum morphology may favor a decrease in drag in different feeding behaviors. Theoretical models indicate drag is lowest during lateral striking as compared to dorsoventral striking
in swordﬁsh, and striking in any plane for the blue marlin
(Habegger et al., 2015). In addition, it may reduce the chances
of early detection and ﬂeeing by prey when approached head
on as the rate of angle change in a predator’s frontal proﬁle,
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the ‘looming threshold’, has been shown to trigger prey awareness (Dill, 1974; Webb, 1982). Long and narrow rostra or jaws
result in a less abrupt change in frontal proﬁle of a predator as
they approach a prey delaying their ﬂeeing until the predator is
within striking distance.
In summary, bite force performance within billﬁshes was predicted by adductor muscles CSA and was not related to rostrum
length. Even though there was no association between rostrum
length and bite force production among billﬁshes, it is clear that
billﬁshes do not rely on extreme bite force as apex predators.
Although the rostrum of billﬁshes cannot be proved to be an
adaptation for feeding, our results suggest that rostral elongation
may relax the selective pressures toward high biting performance.
Similar to other apex predators, their predatory success may be
due to a combination of many variables including elongation of
the rostrum to capture and process prey.
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Supporting Information
Additional Supporting Information may be found in the online
version of this article:
Material S1. Theoretical calculations of bite force based on a
3D static equilibrium model (Huber et al., 2005).
Figure S1. Phylogenetic relationships among ﬁve billﬁshes
species (blue marlin Makaira nigricans, shorbill spearﬁsh
Tetrapturus angustrirostris, swordﬁsh Xiphias gladius, sailﬁsh
Istiophorus albicans, white marlin Tetrapturus albidus and a
non-billﬁsh species used as the out-group (wahoo; Acanthocybium solandri). Tree topology was based on Santini & Sorenson (2013), and internode branch-lengths were based on
known divergence times reported by Hedges et al. (2006).
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