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Abstract
Murines are well known for their generalist diet, but several of them display specializations towards a
carnivorous diet such as the amphibious Indo-Pacific water-rats. Despite the fact that carnivory evolved
repeatedly in this group, few studies have investigated associated changes in jaw muscle anatomy and
biomechanics. Here, we describe the jaw muscles and cranial anatomy of a carnivorous water-rat, Hydromys
chrysogaster. The architecture of the jaw musculature of six specimens captured both on Obi and Papua were
studied and described using dissections. We identified the origin and insertions of the jaw muscles, and
quantified muscle mass, fiber length, physiological cross-sectional area, and muscle vectors for each muscle.
Using a biomechanical model, we estimated maximum incisor and molar bite force at different gape angles.
Finally, we conducted a 2D geometric morphometric analyses to compare jaw shape, mechanical potential, and
diversity in lever-arm ratios for a set of 238 specimens, representative of Australo-Papuan carnivorous and
omnivorous murids. Our study reveals major changes in the muscle proportions among Hydromys and its
omnivorous close relative, Melomys. Hydromys was found to have large superficial masseter and temporalis
muscles as well as a reduced deep masseter and zygomatico-mandibularis, highlighting major functional
divergence among omnivorous and carnivorous murines. Changes in these muscles are also accompanied by
changes in jaw shape and the lines of action of the muscles. A more vertically oriented masseter, reduced
masseteric muscles, as well as an elongated jaw with proodont lower incisors are key features indicative of a
reduced propalinality in carnivorous Hydromys. Differences in the fiber length of the masseteric muscles were
also detected between Hydromys and Melomys, which highlight potential adaptations to a wide gape in
Hydromys, allowing it to prey on larger animals. Using a biomechanical model, we inferred a greater bite force
in Hydromys than in Melomys, implying a functional shift between omnivory and carnivory. However, Melomys
has an unexpected greater bite force at large gape compared with Hydromys. Compared with omnivorous
Melomys, Hydromys have a very distinctive low mandible with a well-developed coronoid process, and a
reduced angular process that projects posteriorly to the ascending rami. This jaw shape, along with our
mechanical potential and jaw lever ratio estimates, suggests that Hydromys has a faster jaw closing at the
incisor, with a higher bite force at the level of the molars. The narrowing of the Hydromys jaw explains this
higher lever advantage at the molars, which constitutes a good compromise between a wide gape, a reduced
anterior masseteric mass, and long fiber lengths. Lever arms of the superficial and deep masseter are less
favourable to force output of the mandible in Hydromys but more favourable to speed. Compared with the
small input lever arm defined between the condyle and the angular process, the relatively longer mandible of
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Hydromys increases the speed at the expense of the output force. This unique combination of morphological
features of the masticatory apparatus possibly has permitted Hydromys to become a highly successful
amphibious predator in the Indo-Pacific region.
Key words: adaptation; carnivory; cranio-mandibular evolution; Hydromys; masticatory muscle; Murinae; muscle
anatomy.

Introduction
Rodents represent the most diverse group of mammals with
an astonishing ecomorphological diversification related to
different diets and locomotor habits (Musser & Carleton,
2005; Kay & Hoekstra, 2008). Rodents, as a whole, are characterized by an extreme specialization of the mammalian
masticatory apparatus (Druzinsky, 2015) comprising (i) a single pair of upper and lower incisors used for gnawing, and
(ii) a small number of molar teeth used for chewing (Becht,
1953). In murids, the masticatory muscles generate anteroposterior movements of the jaw, which are functionally
linked to the tooth morphology (Lazzari et al. 2008; Charles
et al. 2013), the shape of the joint between the cranium and
the jaw, and the masticatory apparatus (Vassallo & Verzi,
2001; Hautier, 2010).
With more than 600 species, murines are the most successful mammal subfamily (Fig. 1). Their radiation is often
associated with their cranio-dental morphology adapted to
an omnivorous diet (Coillot et al. 2013). Therefore this subfamily is often referred to as having a generalist diet
(Landry, 1970; Renaud et al. 2007). Murines (Fig. 1) belong
to the Myomorpha, a group of rodents in which part of the
masseter has evolved differently to take its origin on the
rostrum (Parsons, 1894, 1896; Cox et al. 2012; Hautier et al.
2015). In Myomorpha, both the lateral and medial masseters have shifted anteriorly. The medial masseter moreover passes through the large infraorbital foramen. The
myomorphous condition of the skull essentially combines a
characteristic found in both sciuromorphous (a large zygomatic plate found in the squirrel-related clade + Castorimorpha) and hystricomorphous conditions (a large
infraorbital foramen in Ctenohystrica + Anomaluromorpha + Dipodidae). Importantly, these different zygomasseteric conditions are not biomechanically equivalent and
may enable rodents to be more efficient at different types
of feeding. That is, the sciuromorphous arrangement seems
to generate efficient incisor gnawing, hystricomorphy
enables efficient molar chewing, and myomorphs are well
adapted to all feeding modes (Cox et al. 2012), a configuration apparently typical of most omnivorous murines.
However, contrary to generally accepted ideas, all murines
are not omnivorous (Figs 1 and 2), and some of them have
convergently evolved toward carnivory, likely from omnivorous ancestors (Rowe et al. 2016), making them an ideal
comparative biological model to study the evolution of the
cranio-mandibular system. Carnivory evolved repeatedly in

the highly diverse Muroidea (Musser & Carleton, 2005; Kay
& Hoekstra, 2008) but at least six major carnivorous lineages
(Fig. 1) display specializations towards a carnivorous diet
including an amphibious lifestyle (Rowe et al. 2016). These
groups display two specialized morphotypes with small
shrew-rats (or moss-mice) specializing on the consumption
of hard- and/or soft-bodied invertebrates (Musser & Carleton, 2005; Kay & Hoekstra, 2008) and amphibious waterrats preying on stream arthropods, crustaceans and small
riverine vertebrates (Musser & Piik, 1982; Voss, 1988; Helgen,
2005; Rowe et al. 2014). These semi-aquatic lineages (Fig. 2)
are morphologically and ecologically convergent with other
placental mammals (Hutterer, 1985; Voss, 1988) such as
water shrews (e.g. Neomys, Galemys) or potamogales (Potamogale, Micropotamogale). A semi-aquatic lifestyle involves
several cranio-dental specializations (Voss, 1988; Samuels,
2009; Rowe et al. 2014), yet only few attempts have been
made to describe the jaw musculature in carnivorous waterrats (Voss, 1988). As a result, further inquiries concerning
the evolution of their masticatory apparatus are needed to
test hypotheses concerning the possible adaptation of the
jaw system to a carnivorous diet within the group.
Most rodents display a propalinal mastication, with a
decoupled action of the incisors and the molars. Voss (1988)
suggested that semi-aquatic carnivorous rodents display a
less protrusive jaw musculature, which reduces the efficiency of cheek teeth during mastication and increases the
biting efficiency at the level of the incisors compared with
other omnivorous rodents. As a result, the adductor muscles
(e.g. the deep masseter) show a reduced mass and their origin on the skull is displaced anteriorly (Voss, 1988). In both
the Ichthyomys division (Voss, 1988) and the genus Onychomys (Satoh & Iwaku, 2006), a reduction of the deep masseter was observed and suggested to be correlated with an
increase of both the jaw lever and the incisor bite force
needed to crush prey. The presence of a large masseteric
region in murids also constitutes a major problem, as it prevents the mouth from opening widely, as required by a carnivorous diet. In his studies of rodent jaw biomechanics,
Satoh (Satoh, 1997, 1998; Satoh & Iwaku, 2006) quantified
the gape opening in the carnivorous Northern grasshopper
Mice (Onychomys leucogaster) and showed that they are
characterized by a wider gape, allowing them to ingest larger prey (Rowe & Rowe, 2015). This large gape is allowed
by an increase in the stretch factor of the anterior deep
masseter as well as the reduction of the anterior craniomandibular muscles and the absence of the superior
© 2017 Anatomical Society
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Fig. 1 Time-calibrated phylogeny of the
subfamily Murinae at the division level based
on multiple nuclear gene sequences (based
on Fabre et al. 2013; Pages et al. 2016).
Carnivorous murid divisions are in bold;
omnivorous and herbivorous lineages are in
black. Hydromys and Uromys divisions are
represented in this study. Melomys obiensis
belongs to Uromys division. Drawing
©Laurence Meslin – UM. 1: Hydromys
chrysogaster, 2: Rhynchomys soricoides, 3:
Rattus norvegicus, 4: Melomys leucogaster, 5:
Mus musculus, 6: Phloeomys pallidus.

zygomatic aponeurosis. Alongside this morphological specialization of the masticatory apparatus, carnivorous
rodents also display several cranio-dental and functional
specializations such as an enlarged temporal fossa, a higher
coronoid process with a higher mechanical lever advantage,
well-developed molar cusps, orthodont incisors, a reduced
tooth row, basin-shaped molars as well as potential
decrease in molar formula (from 3 to 1; Voss, 1988; Samuels,
2009). Hydromys chrysogaster is a nocturnal active swimmer
that mainly feeds on aquatic vertebrates, crustaceans,
stream insects, and molluscs (Woollard et al. 1978). The jaw
muscle anatomy of the H. chrysogaster has never been
described or compared with other murine lineages. Despite
their large morphological and taxonomic diversity, no accurate description of the cranio-dental variation is available
for the eight species of the Indo-Pacific Hydromys division
(Figs 1 and 2).
In this study, we describe the masticatory musculature of
two populations of H. chrysogaster in order to characterize
putative specializations related to carnivory in Murinae.
Using published data on muscle masses associated with new
dissection data, we compare the anatomy of Hydromys to
© 2017 Anatomical Society

that of closely related omnivorous outgroups (Melomys,
Rattus) and ichthyomyines. We use two biomechanical
models to compare the masticatory efficiency and specialization between Hydromys and the closely related PapuaNew-Guinean lineage Melomys and test for potential
functional divergence. Finally, we build a 2D morphometric
geometric dataset, including 238 museum specimens, in
order to characterize jaw shape differences among omnivorous Melomys species and four carnivorous genera from the
Hydromys division (Crossomys, Baiyankamys, Hydromys,
Parahydromys; Figs 1 and 2). We subsequently computed
in-lever and out-lever ratios as well as the mechanical
potential of the jaw in order to understand potential
biomechanical and morphological differences between
omnivorous and carnivorous murids.

Material and methods
Dissection of Hydromys chrysogaster
We collected three specimens of H. chrysogaster from Obi Island
(Indonesia) stored at the Research Center for Biology, Indonesian
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Fig. 2 Pictures of Hydromys chrysogaster
from Obi Island (©Pierre-Henri Fabre – UM).
Hydromys chrysogaster is widespread in
Papua New Guinea and the Australian region.
Crossomys moncktoni is a mountain torrent
specialist on the Papua New Guinea Island
(©Steve Donnelan). Parahydromys asper is
widespread on the Papua New Guinea Island
(©R. Mackay). Lower part: map of Papua and
distribution of hydromyine species. The
dissected specimens are labeled with a star
on the map.
Institute of Sciences (RCB-LIPI) and Montpellier University. Three
additional specimens from Papua New Guinea from the Centre de
Biologie et de Gestion des Populations (CBGP) collections were also
dissected. We also examined the morphology of the masticatory
muscles of one Melomys obiensis, a close relative of H. chrysogaster
(Rowe et al. 2008). The specimen of M. obiensis was collected on
Obi Island. All the specimens were fixed in formal saline (buffered
5% formaldehyde solution with 0.12 M NaCl) and stored in 70%
ethanol. In total, three males and three females of Hydromys, and
one Melomys were dissected. For each masticatory muscle, the origin on the skull and the insertion on the mandible were carefully
inspected, as well as the direction of muscle fibers, to describe the
muscles and build a biomechanical model (Fig. 3). Drawings were
made and digital photographs taken at each step of the dissection
using a Canon 7D equipped with a 100-mm 2.8 macro-lens. The
division of individual muscles into separate groups was based on
their positions and innervations. We followed the terminology of
previous authors (Hiiemae & Houston, 1971; Weijs, 1973; Cox & Jeffery, 2011) to identify the different muscle bundles. We focused

on the following masticatory muscles: the superficial masseter
(SM), the posterior deep masseter (pDM), the anterior deep masseter (aDM), the temporalis (LT and MT, respectively, for lateral
and medial temporalis), the external pterygoid (ePM), the internal
pterygoid (iPM), the infra-orbital part of the zygomatico-mandibularis (IOZM), the anterior part of the zygomatico-mandibularis
(aZM), the posterior part of the zygomatico-mandibularis (pZM),
and the digastric muscle (Di).

Functional anatomy measurements
All the masticatory muscles were dissected and each muscle bundle
was removed and preserved in 70% ethanol (Herrel et al. 2008b).
The hemi-mandibles were separated after the dissection to be
cleaned and photographed. Muscles were blotted dry and weighed
using a Mettler AE100 electronic balance ( 0.0001 g). The muscles
were subsequently moved to a 30% nitric acid solution until the
connective tissue surrounding their fibers was dissolved (Loeb &
© 2017 Anatomical Society
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Fig. 3 Lateral aspect of the jaw muscles of Hydromys chrysogaster. (A) Lateral aspect of the superficial masseter (SM), the lateral temporalis (LT),
the deep masseters (DM), the posterior digastric (pDi). (B) Lateral aspect of the posterior deep masseter pars superficialis (pDM1), the anterior deep
masseter (aDM), the medial temporalis (MT), the anterior (aDi) and posterior (pDi) digastric. (C) Lateral aspect of the posterior deep masseter
(pDM), the infra-orbital part of the zygomatico-mandibularis (IOZM), the anterior part of the zygomatico-mandibularis (aZM) and the posterior
deep masseter pars profundis (pDM2). (D) Lateral aspect of the posterior part of the infra-orbital (IOZM) and posterior (pZM) parts of the zygomatico-mandibularis. Original artwork by Laurence Meslin, ©Laurence Meslin – CNRS.
© 2017 Anatomical Society
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Gans, 1986). Once fibers could be teased apart using blunt-tipped
forceps, the nitric acid was removed and replaced by a 50% aqueous glycerol solution. Ten to 20 fibers, selected to reflect the diversity of fiber lengths observed in each muscle, were drawn using a
stereomicroscope with camera lucida and a scale was drawn for
each muscle. Fiber lengths were measured using IMAGE J. The volume
of each muscle bundle was then computed by dividing muscle mass
by muscle density (1.06 g cm 3; Mendez & Keys, 1960) and the
physiological cross-sectional area (PCSA) was calculated by dividing
the volume by fiber length.

Biomechanical model
Our dissection data were subsequently used as input for a static
bite model, allowing us to characterize the functional output of
the jaw system. The model used is identical to that previously
described (Cleuren et al. 1995; Herrel et al. 1998a,b, 2008a) and
relies on the computation of the static force equilibrium. The
input for the model consists of the 3D coordinates of origin and
insertion of the jaw adductors, the physiological cross-sectional
area of the jaw muscles, and the 3D coordinates of the point of
application of the bite force and the centre of rotation (Fig. 3).
The centroid area of insertion was used for muscle bundles with
relatively broad areas of origin and insertion. The coordinates
were determined from lateral and dorsal drawings. Complex pennate muscles were separated into their component parts and no
correction for pennation was consequently included. Cross-sectional areas were scaled using a conservative muscle stress estimate of 25 Ncm 1 (Herzog, 1994). Simulations were run at gape
angles of 0, 30 and 60° with all jaw adducting muscles set as
maximally active for all individuals. Bite forces were calculated at
a range of orientations of the food reaction forces, and at two
different bite points: the incisor and the first molar. Model output consists of the magnitude of the bite forces and joint forces
and the orientation of the joint forces at any given orientation
of the food reaction forces.

Geometric morphometric procedures
Photographs were taken for 232 specimens comprising 28 species (a list of specimens is provided in Supporting Information
Appendix S1). The specimens studied here are housed at the
Australian Museum, Sydney, Australia (AM); American Museum
of Natural History, New York, USA (AMNH); the Natural History
um National d’Histoire
Museum, London, UK (BMNH); the Muse
 Paris, France (MNHN); the Museum Zoologicum
Naturelle a
Bogoriense, LIPI, Cibinong, Indonesia (MZB); and the National
Museum of Natural History, Smithonian Institution, Washington,
D.C., USA (USNM). We took pictures of eight species of carnivorous water-rats belonging to the Hydromys division and 20
omnivorous species belonging to the genus Melomys. Melomys
is a diverse genus characterized by an omnivorous diet mainly
composed of plants. Here, we considered Melomys as a generalist rodent with an omnivorous diet, but some elusive taxa might
be more specialized towards herbivory. We carefully checked
the skins and skulls to avoid any misidentifications. We used
dental wear patterns to determine age of specimens in order to
exclude juveniles from our sample. To explore the morphological
variation of the jaw, 19 landmarks were taken on each mandible (Fig. 5b), using a Canon 7D camera equipped with a
macro-lens (EF 100 mm f/2.8L) and the software TPS DIG2 (Rohlf,

2013). We tested repeatability using a principal component analysis (PCA) on 30 repetitions of three specimens of Rattus exulans. The measurement error was much lower than the interindividual variation, thereby indicating the validity of our
approach. Percentage of error measurement was obtained following the Procrustes analysis of variance (ANOVA) approach of
Claude (2013). The among and within variances were computed
based on the mean squares and cross products corresponding to
the specimen and residual sources of variation. The percentage
of measurement error is less than 1% for centroid size and 10%
for shape.
We subsequently used geometric morphometric methods
(Bookstein, 1991; Slice, 2007; Adams et al. 2013) to provide a
description of the shape of the jaw in lateral view as well as to
locate the most divergent parts of the jaw among hydromyine
species. Landmark coordinates were analysed using a general
Procrustes analysis (GPA; Rohlf & Slice, 1990). The logarithm of
the centroid size was used as an indicator of size. A PCA was
computed on superimposed coordinates (Dryden & Mardia, 1998)
and the PC scores were used in the multivariate analyses. We
computed extreme morphologies along each PC to visualize patterns of shape variation. Multivariate analyses of variance (MANOVA) were performed on the principal component scores of each
species-wise mandibular shape to assess the effects of different
factors: diet (carnivorous vs. omnivorous), sex (male vs. female)
and the log of the centroid size. A MANCOVA was performed using
centroid size as a covariate to test the effects of diet (carnivorous vs. omnivorous), sex (male vs. female) and the log of the
centroid size. A multivariate linear model was also applied on
the PCs of shape variation using all axes with non-null eigen values to explore the potential effect of diet (carnivorous vs.
omnivorous), sex (male vs. female) and the log of the centroid
size as well as interactions until the third order between the
variables.

Simple jaw biomechanical models
Using this mandible dataset, we used two simple biomechanical
models to evaluate functional differences explained by shape variation. First, with the jaw considered as a simple lever, we computed
the mechanical potential (MP) and estimate the bite force potential
following Young et al. (2007) and Cornette et al. (2012). We used
three measurements: (i) the distance A from the condylar process to
the tip of the coronoid process, (iia) the distance B between the
condylar process and the anterior occlusal border of the first lower
molar crown or (iib) the distance B from the condylar process to the
end of the lower incisor blade, and (iii) the angle C between these
two distances. The force angle (FA) was subsequently calculated:
FA = radian(90°) radian(C). Following Young et al. (2007), the
MP was finally computed as MP = A/B cosine (FA). In a second
approach, we used the ratios between the in-levers and out-levers.
We chose three in-lever distances: (i) the distance between the coronoid process and the condylar process, (ii) the distance between the
angular and the condylar processes, and (iii) the distance between
the condylar process and the anterior insertion of the deep masseter. The out-lever was the distance between the condylar process
and either the tip of the incisor or the base of the first lower molar.
We computed MP on all the individuals and plot the results for our
three in-lever/out-lever ratios. We then used ANOVAs on the MP and
ratios to test for differences among omnivorous and carnivorous
categories.

© 2017 Anatomical Society
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Table 1 Absolute weights and relative weights (proportion in parentheses) of muscles for Hydromys chrysogaster (n = 6), Melomys obiensis
(n = 1) and Rattus norvegicus. Muscle names abbreviated as in the figures and text.
Muscles

Hydromys chrysogaster

Melomys obiensis

Rattus norvegicus

DI
IOZM
aZM
pZM
SM
aDM
pDM
LT
MT
ePM
iPM
Total mass
Body mass (g)

110 [100–130] (6.6%)
40 [30–70] (2.4%)
70 [50–100] (4.2%)
50 [30–70] (4.8%)
420 [330–530] (25.1%)
200 [180–230] (12%)
120 [90–180] (7.2%)
270 [180–350] (16.2%)
150 [100–230] (9%)
140 [120–170] (8.4%)
70 [60–70] (4.2%)
1670
310–510 g

28.2 (5.6%)
13.8 (2.7%)
28.5 (5.6%)
15.8 (3.2%)
96.1 (19.0%)
102.4 (20.2%)
54.3 (10.7%)
73.5 (14.5%)
33.4 (6.6%)
41.4 (8.2%)
19.5 (3.8%)
506.9
33–56 g

119.4 (5.9%)
107 (5.2%)
47.5 (2.4%)
37.3 (1.8%)
303.7 (15.0%)
262.2 (12.9%)
436.9 (21.5%)
280.2 (13.8%)
211.9 (10.4%)
83.7 (4.1%)
141.5 (7.0%)
2031.1
300–500 g

Fig. 3A) and runs from the tip of the angular process to
the anterior part of the angular process (below the level
of the coronoid process). The pars reflexa of the superficial masseter is small and arises antero-ventrally to the
medial side of the angular process. It passes ventrally
beneath the jaw to insert on its medial side near the
lower incisor alveolus. SM is subdivided dorso-ventrally
by a thick tendon and is attached to the mandible on
the ventrolateral side. This connective tendon is well
developed, dense and opaque near its origin on the
skull; it is more transparent toward the posterior side of
the superficial masseter. It starts from the masseteric
tubercle (mt-SM), antero-medially to the anterior deep
masseter (aDM). The superficial masseter extends posteriorly to form a superficial masseter aponeurosis (ap-SM).

Results
Description of the jaw muscles of H. chrysogaster
Muscle weights and functional measurements (fiber
lengths, PCSA and calculated forces in Newtown) are given
in Tables 1 and 2, respectively.
Superficial masseter (SM)
The superficial masseter (SM; Fig. 3) originates from a
thick tendon attached to the skull by a distinct masseteric tubercle (mt-SM; Fig. 4) situated in front of the first
upper molar and ventrally to the infraorbital foramen
anterior edge (if; Fig. 4). Its posterior part is medially
connected to the posterior deep masseter (pDM1;

Table 2 Mean fiber length (MFL), physiological cross-sectional area (PCSA) and estimated force in Newtons (proportion of total force in parentheses) for Hydromys chrysogaster and Melomys obiensis. Muscle names abbreviated as in the figures and text.
Hydromys chrysogaster

DI
IOZM
aZM
pZM
pZM2
SM
aDM
pDM
LT1
LT2
MT2 medial
MT1 lateral
ePM
iPM
Total

Melomys obiensis

MFL (cm)

PCSA (cm2)

0.67
0.7
0.64
0.45
0.57
0.76
0.79
0.65
0.64
0.73
0.8
0.59
0.55
0.54

0.19
0.06
0.1
0.05
0.05
0.53
0.25
0.18
0.19
0.19
0.18
0.05
0.25
0.12

[0.26–0.9]
[0.51–0.79]
[0.6–0.68]
[0.38–0.51]
[0.46–0.79]
[0.59–0.94]
[0.62–0.88]
[0.56–0.75]
[0.53–0.74]
[0.63–0.82]
[0.71–0.94]
[0.53–0.63]
[0.44–0.65]
[0.46–0.68]

© 2017 Anatomical Society

[0.13–0.35]
[0.04–0.09]
[0.07–0.15]
[0.03–0.06]
[0.03–0.09]
[0.42–0.63]
[0.21–0.29]
[0.11–0.27]
[0.12–0.27]
[0.12–0.25]
[0.13–0.27]
[0.03–0.07]
[0.19–0.27]
[0.1–0.14]

Force (%)
4.73%
1.44%
2.54%
1.16%
1.34%
13.18%
6.13%
4.53%
4.63%
4.72%
4.5%
0.86%
6.22%
3.01%
58.99

[3.36–8.78]
[0.9–2.26]
[1.87–3.63]
[0.76–1.55]
[0.64–2.17]
[10.61–15.84]
[5.25–7.16]
[2.66–6.82]
[3.08–6.81]
[2.94–6.14]
[3.33–6.71]
[0–1.82]
[4.84–6.8]
[2.38–3.48]
(100%)

MFL (cm)

PCSA (cm2)

Force (%)

0.59
0.69
0.67
0.49
0.55
0.47
0.54
0.74
0.39
0.69
0.63
0.5
0.6
0.39

0.04
0.02
0.04
0.02
0.01
0.19
0.18
0.07
0.08
0.05
0.04
0.02
0.07
0.05

1.12
0.47
1.01
0.48
0.25
4.82
4.47
1.73
2.04
1.35
0.94
0.4
1.63
1.16
21.87

(5.1%)
(2.1%)
(4.6%)
(2.2%)
(1.1%)
(22%)
(20.4%)
(7.9%)
(9.3%)
(6.2%)
(4.3%)
(1.8%)
(7.5%)
(5.3%)
(100%)
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Fig. 4 Drawings of the palatal (A) and lateral (B) views of Hydromys
chrysogaster from Obi Island. Abbreviations for muscle aponeuroses
are explained in the main text. The areas of origin and insertion of all
described muscles are indicated on the figure and underlined with red
lines. Original artwork by Laurence Meslin, ©Laurence Meslin – CNRS.

The fibers originate from this tendon and diverge posteriorly toward the angular process of the mandible, forming a fan anteriorly and converging again posteriorly
toward the angular process. The dorsal fibers pass parallel to the lateral edge of the jaw, whereas the ventral
ones are slightly curved ventrally (Fig. 3A).
Anterior deep masseter (aDM)
The anterior deep masseter (aDM) originates from the zygomatic plate as well as the antero-lateral part of the jugal
and forms the external aponeurosis of the zygomatic arch
(ap1-DM; Fig. 3B). The dorsal part of the anterior deep masseter is inflated above the origin of the superficial masseter
and forms a bulge masking the first upper molar laterally.
The anterior deep masseter inserts on the lateral side of the
jaw and forms the internal aponeurosis of the masseteric
ridge (ap2-DM). This aponeurosis is located directly ventral
to the anterior edge of the first upper molar and posteriorly
on the antero-lateral surface of the angular process. The
attachment of this connective tissue sheet forms a bony
scar, which corresponds to the anterior edge of the masseteric ridge (Figs 3B and 4B). The fibers of the anterior deep
masseter are homogeneously oriented between the external aponeurosis of the zygomatic arch (ap1-DM) and the
internal aponeurosis of the masseteric ridge (ap2-DM).
These fibers are straight, parallel, dorso-ventrally oriented,
and more curved at the level of the dorsal bulge (Fig. 3B).
Posterior deep masseter (pDM)
The posterior deep masseter originates posteriorly to the
anterior deep masseter. Both muscles anastomose between
the aponeurosis (ap2-DM; Fig. 4) and the internal

aponeurosis of the zygomatic arch (ap1-DM; Fig. 4). The
anterior and posterior deep masseter muscles are delimited
by a branch of the masseteric nerve. The posterior deep
masseter splits into a large and swollen pars superficialis
(pDM1) partly covering a pars profundis (pDM2), which is
smaller. The posterior deep masseter pars superficialis
(pDM1) is attached to the lateral side of the zygomatic arch
by means of the internal aponeurosis of the zygomatic arch
(ap1-DM). This muscle takes its origin from a small area on
the zygomatic arch, which contrasts with its large insertion
on the posterior end of the masseteric ridge on the angular
process (ap2-DM). Compared with the straight dorso-ventrally oriented aDM fibers, the posterior deep masseter pars
superficialis (pDM1) fibers are swollen antero-dorsally and
obliquely oriented between the internal aponeurosis of the
zygomatic arch (ap1-DM) and the internal aponeurosis of
the masseteric ridge (ap2-DM). The most ventral fibers of
the pars profundis (pDM2; Fig. 3B,C) are covered by those
of the pars superficialis (pDM1); a few of its dorso-distal
fibers are also covered by the posterior temporalis (PT). The
wide origin of the pars superficialis (pDM1) is present on
the posterior part of the zygomatic arch (ap1-DM). The posterior deep masseter (pDM) is ventrally inserted to the dorsal end of the angular process via the aponeurosis of the
semilunular incisure (ap3-DM). The pars superficialis (pDM1)
is swollen anteriorly with a large origin on the zygomatic
plate. The dorsal part of the pars profundis (pDM2) is swollen, with a wide origin on its aponeurosis (ap1-DM). The
pars profundis (pDM2) fibers are obliquely oriented, but are
postero-dorsally inflated compared with pars superficialis
pDM1 fibers.
Zygomatico-mandibularis (ZM)
The zygomatico-mandibularis muscles (Fig. 3C,D) is composed of three distinct parts, herein referred to as the
infraorbital (IOZM), anterior (aZM), and posterior parts of
the zygomatico-mandibularis (pZM). Compared with the
deep masseter, which takes its origin on the lateral side of
the zygomatic arch, these muscles take their origin anteriorly on the rostrum and on the medial side of the zygomatic arch (cf. IOZM and aZM), and posteriorly near the
glenoid fossa of the squamosal (cf. pZM). They insert along
the lateral side of the lower molar row close to the lower
tooth row and to the anterior side of the coronoid process.
Both infraorbital and anterior parts of the ZM insert
down to the first lower molar on the IOZM aponeurosis
(ap1-IOZM); their insertion area is parallel to the lower masseteric crest where the anterior deep masseter (aDP) inserts.
The infraorbital part (IOZM) converges toward the skull via
the infraorbital foramen (if) between the zygomatic plate
and the rostrum. The infraorbital part (IOZM) and the anterior part (aZM) are closely connected. The infraorbital part
(IOZM) extends through the infraorbital foramen (if) to
take its origin on the lateral side of the rostrum dorsally to
the nasolacrymal capsule (IOZM ori). Compared with other
© 2017 Anatomical Society
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murines, it takes its origin low on the side of the rostrum.
The part emerging from the infraorbital foramina is long
and thin. This infraorbital part (IOZM) displays a very
antero-posterior oblique line of action between its origin
and insertion, which is not the case in omnivorous murines
(e.g. Rattus and Melomys). The anterior part (aZM) arises
more posteriorly on the dorsal side of the zygomatic plate
and on the antero-dorsal part of the zygomatic arch. Both
anterior and infraorbital parts (aZM and IOZM) can be discriminated by showing different fiber orientations, which
are respectively U-shaped for the infraorbital part (IOZM)
and straight for the anterior part (aZM). The infraorbital
part (IOZM) inserts and extends more ventrally on the lower
jaw compared with the anterior part (aZM); its aponeurosis
(ap1-IOZM) is well pronounced compared with the insertions of the anterior (aZM) and posterior parts (pZM; ZM
ins; Fig. 4). The posterior part (pZM) forms a small muscle
that takes its origin between the glenoid fossa and the posterior part of the zygomatic arch. The posterior part (pZM)
is not attached to the anterior part (aZM). The posterior
part (pZM) takes its origin on the anterior part of the glenoid fossa; it inserts on the mandible (ZM ins) just below
and anterior to the glenoid fossa. This muscle is entirely covered by the pDM2. The fibers of the posterior (pZM),
infraorbital (IOZM), and anterior parts (aZM) show similar
directions (Fig. 3C,D).
Temporalis muscle (MT)
The temporalis muscle is large and splits into two parts.
Both the lateral (LT) and medial temporalis muscles (MT)
originate from the lateral side of the temporal fossa via a
large aponeurosis (ap1-MT). On the postero-lateral side, the
origin of temporalis muscle follows the border of the
nuchal crest ventrally toward the external auditory meatus
and the mastoid upper border. On the skull, the lateral temporalis (LT) originates from the centre of the interorbital
region. Laterally, the medial temporalis (MT) follows the
parietal side and the nuchal crest, and reaches the interparietal bone dorsally. In dorsal view, the bony area located
between the mid-part of the parietal and the border of the
temporalis muscle forms a right triangle. The temporalis
muscles tightly enclose the eyes anteriorly, due to the presence of an antero-dorsal expansion of the lateral temporalis
into the eye socket. The medial temporalis (MT) arises from
the postero-dorsal part of the parietal on the nuchal crest
(posterior ap1-MT). This muscle is well developed ventrally
and wraps around the glenoid fossa dorsally, where it is in
contact with pDM2 (Fig 4B). The temporalis muscle is
attached to the jaw via two aponeuroses located on both
sides of the coronoid process (ap2 and ap3-MT). Postero-laterally, the ap2-MT aponeurosis is rather reduced compared
with the ap3-MT. The aponeuroses converge ventrally
toward their area of insertion on the mandible (ap1-MT
aponeurosis). The lateral temporalis (LT) partly covers the
medial temporalis (MT) anteriorly. The lateral temporalis
© 2017 Anatomical Society

(LT) fibers originate on the lateral side of the braincase and
converge toward the edge of the coronoid process to form
a thin ap2-MT and a developed ap3-MT. The lateral temporalis (LT) inserts on the postero-dorsal part of the orbit via
ap3-MT aponeurosis along the anterior edge of the coronoid process. The ventral part of the ap3-MT inserts
between the molar teeth and the zygomatic part, and is
overlapped laterally by the zygomatico-mandibularis and
the masseter muscles. The medial temporalis (MT) and lateral temporalis (LT) muscle fibers run straight between their
coronoid insertions and their parieto-temporal origin.
Pterygoid muscles (PM)
The pterygoid muscles (PM) are covered by the digastric
and the hyoid musculature. Two parts are distinguishable:
the internal pterygoid muscle (iPM) and the external pterygoid muscle (ePM). The internal pterygoid muscle (iPM)
originates from inside and along the antero-lateral side of
the pterygoid fossa, where it forms an aponeurosis (ap1PM). The pterygoid fossa, deep and triangular, is located
between the pterygoid plate and the pterygoid hamular
process. The iPM inserts on the ventral edge of the angular
process and closely follows the medial wall of the angular
process. The external pterygoid (ePM) takes its origin more
posteriorly from the dorsal side of the pterygoid ridge. Its
insertion follows the lateral edge of the alisphenoid bones
to insert on the medial surface of the condylar process.
Digastric muscle
The origin of the anterior part of the digastric muscle is continuous with the posterior digastric. The anterior part fibers
communicate with the posterior ones by a strong constriction located at the level of the hamular process of the
pterygoid ridges; they are not separated by a tendon. There
is no pronounced attachment to the hyoid bone. The anterior parts are in contact medially but are separated anteriorly, which allows the exposure of the transverse
mandibular. They insert on the linguo-ventral ridge of the
mandible, posterolateral to the symphysis. The posterior
belly originates from the paraoccipital process, which is posterior to the tympanic bullae (Fig. 3). The left and right posterior bellies form a V, each arm of the V passing between
the jaw and the spheno-pterygoid fossa. The posterior belly
inserts into the fibers of the anterior belly.

Biomechanical comparison between Hydromys and
Melomys
Our results (Table 3) show that bite force decreases from
the molar to the incisor and with increasing gape angle
(from 0° to 60°). Bite forces are generally greater in the two
Hydromys than in the Melomys specimen, especially at the
molar. Unexpectedly, there is a considerable difference
between the two Hydromys specimens dissected, with the
one from Papua showing markedly lower bite forces. This
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Table 3 Results of the biomechanical model.
Hydromys chrysogaster

Melomys obiensis

Obi
gape
BF
JF
AJF
JF/BF
BF rel.
to BF at 0°

60° bp1;
bp2
11.1; 7.1
21.0; 24.1
74.9; 68.0
1.9; 3.4
70.1

30° bp1;
bp2
15.4; 9.8
15.0; 20.5
78.4; 73.4
0.9; 2.4
98.1

Papua
0° bp1;
bp2
15.7; 9.9
13.2; 18.2
53.6; 64.5
0.8; 1.8
100

60° bp1;
bp2
7.1; 4.2
37.5; 42
53.2; 51.5
5.2; 9.6
38.1

30° bp1;
bp2
13.7; 8.2
30.6; 36.3
64.9; 64.2
2.2; 4.5
98.1

Obi
0° bp1;
bp2
18.6; 10.8
23.8; 31.2
70.9; 75.5
1.2; 2.9
100

60° bp1;
bp2
6.2; 4.1
10.1; 12.4
65.2; 59.5
1.7; 3.0
73.1

30° bp1;
bp2
7.8; 5.1
7.1; 9.8
68.1; 65.9
0.9; 1.9
91.5

0° bp1;
bp2
8.5; 5.6
5.8; 8.3
51.4; 64.2
0.7; 1.5
100

The table lists the calculated bite forces (BF), joint forces (JF), the angle of the joint forces (AJF), the ratio of the joint forces relative
to the bite forces (JF/BF), and the bite force at a given gape relative to that developed at a gape of 0°. Results are provided for two
bite points, an anterior one at the incisor (bp2) and a posterior one at the molar (bp1).

specimen also shows a more anteriorly directed joint force
and a much greater joint force/bite force ratio compared
with the other Hydromys specimen and the Melomys specimen. Overall, Melomys outperforms Hydromys in having
very low joint forces for a given bite force and the smallest
reduction in bite force when opening the mouth to 60°.
Again, the two Hydromys specimens from Obi and Papua
islands are quite different, with the Papua specimen showing a rapid and significant decrease in bite force with an
increasing gape.
Mandible morphology
PC1 and PC2 axes respectively represent 41.6% and 32.5%
of the explained variance (Fig. 5). PC1 opposes the jaw of
Melomys species and all the Indo-Pacific carnivorous waterrats (Baiyankamys, Crossomys, Hydromys, and Parahydromys) that are positioned along the positive side of the
PC1 axis. Melomys have a wide and high angular process
that does not extend as far posteriorly compared with the
Hydromys division genera. The jaws of Hydromys and
related genera are dorso-ventrally narrower and proportionally longer, with a wider first lower molar. In comparison with Melomys species, the coronoid process is located
more anteriorly and positioned higher than the condylar
process (Fig. 5). Melomys species show a wide articular process and a wide lower incisor, which is opisthodont and not
proodont as in the Hydromys division genera. PC2 discriminates well all the Hydromys division genera that exhibit
different morphologies. Compared with Crossomys,
Baiyankamys and Parahydromys, Hydromys displays a
higher and longer mandible with a longer first molar. In
Hydromys, the coronoid process is longer and projects
more posteriorly than in Crossomys, with a shorter distance between the coronoid and condylar processes. Compared with Baiyankamys (small size lineage) and
Hydromys, the jaws of Parahydromys are more similar to
that of Hydromys and are larger anteriorly (near the

incisor branch), with a more dorsal orientation; they are
also characterized by more massive angular and condylar
processes. A MANCOVA with centroid size as covariate shows
a highly significant effect of diet (SS = 25.68,
df = 1, F = 38.68; P < 0.0001) but no effect of sex on size
(SS = 0.03, df = 1, F = 0.04; P = 0.83) and no significant
interaction
between
sex
and
diet
(SS = 0.69,
df = 1, F = 1.04; P = 0.31). A MANOVA performed on the PC
scores revealed a highly significant effect of diet (Pillai = 0.98, df = 1, F = 179.4, df = 48; P < 0.0001) and size
(Pillai = 0.76, df = 1, F = 11.47, df = 48; P < 0.0001), and a
significant effect of sex (Pillai = 0.30, df = 1, F = 1.40,
df = 48; P < 0.03). We found no significant interaction
between diet and size, diet and sex, or sex and size.
Dentary – simple functional models
These simple functional models confirm the morphological
differences observed among omnivorous and carnivorous
hydromyines. Both mechanical potential (MP) and lever
ratio estimates (Fig. 6) suggest a stronger mechanical
potential and higher in-lever/out-lever ratios at the molar
for all Hydromys division species compared with the Melomys species. The ratio approach indicated significant differences between all the Hydromys division genera and
Melomys species (see detailed statistics given in Fig. 6). Neither sex nor the interaction between sex and diet were significant, apart from the comparison involving the articular
condyle/masseteric ridge in-lever and articular condyle/molar our-lever ratios (Fig. 6H). We detected a significant interaction between sex and diet for the articular condyle/
masseteric ridge in-lever and articular condyle/molar ourlever ratios (Fig. 6H, interaction between diet and sex:
SS = 0.01, df = 1, F = 4.73, P < 0.03). In Hydromys division
genera, the strength of jaw closure at the molars is
favoured over speed, as indicated by most of the lever ratio
results (Fig. 6). The opposite situation is observed at the
incisor, where speed of jaw closure is favoured over strong
© 2017 Anatomical Society
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Fig. 5 A) Principal component and associated patterns of morphological transformation for the mandible (B) among Hydromys division genera
and Melomys species. Patterns of shape variation along PC1 and PC2 are illustrated on the sides of the graph, blue corresponding to minimal
scores, red to the maximal ones. Bold and thin outlines represent respectively males and females. Symbols are proportional to Mechanical Potential
1 (MP1 = at the incisor, MP2 at the first lower molar; see Material and methods). B) Jaw Landmarks: 1, most antero-ventral point of the mandible
at the lower base of the incisor; 2, most antero-dorsal point of the mandible at the upper base of the incisor; 3, most ventral point between the
incisor origin and the lower molar 1 basis; 4, most anterior point of the alveolar margin of the tooth row; 5, intersection between the mandible
and the second molar; 6, intersection between the ascending ramus of the mandible and the tooth row; 7, dorsal-most point of the coronoid
process; 8, point at the maximum of concavity between the coronoid and the articular processes; 9, antero-dorsal sides of the articular condyle;
10, dorsal-most point of the articular condyle; 11, posterior-most point of the articular condyle; 12, ventral-most point of the articular condyle; 13,
point at the maximum of concavity between the articular and the angular processes; 14, dorsal-most point of the angular process; 15, posteriormost point of the angular process; 16, ventral-most point of the angular process; 17, dorsal-most point between the angular process and the front
lower part of the mandible; 18, ventral-most point of the front lower part of the mandible; 19, tip of the incisor when present.

mechanical potential and lever ratio advantage. Compared
with Hydromys division species, Melomys species have a
high mechanical potential at the incisor (Fig. 6A-B) and
always have a higher in-lever/out-lever ratio at the incisor
and molars (Fig. 6C–H).

Discussion
Muscle comparison between Hydromys and other
genera
Hydromys chrysogaster shows a large superficial masseter
(Table 1, 25.1% of total muscle mass) compared with M.
obiensis and R. norvegicus (15–19% of the total muscle
masses). This muscle extends significantly dorsally compared
with both R. norvegicus (Cox & Jeffery, 2011) and M. obiensis (Fig. 7 and Supporting Information Appendix S2); it is
enlarged and covers the angular process of the mandible as
well as the posterior deep masseter. The enlarged superficial masseter in Hydromys is also correlated with a more
prominent masseteric tubercle when compared with R.
norvegicus or M. obiensis, a situation that mirrors the muscular arrangement of sciurids (Thorington & Darrow, 1996).
© 2017 Anatomical Society

This feature has previously been correlated with carnivory
in rodents (Voss, 1988; Satoh & Iwaku, 2006). The masseteric
tubercle is also closer to the tooth row and more laterally
placed (see Fig. 4; mt-SM) in Hydromys compared with Rattus or Melomys, which show a masseteric tubercle that is situated more anteriorly, medially, and that is positioned
below the zygomatic plate (Fig. 7; SM origin). In contrast,
Hydromys displays a muscular morphology that is rather
similar to that of the cricetid water-rat Ichthyomys (Voss,
1988). Both Ichthyomys and Hydromys display a strongly
developed masseteric tubercle located in front of the first
upper molar (Voss, 1988). Despite some obvious similarities,
the superficial masseter of ichthyomyine rodents (cf. Anotomys, Ichthyomys) is smaller than the one in Hydromys
(Figs. 62 and 63 in Voss, 1988), indicating some functional
divergence in the superficial masseter related to the forward projection of the jaw in Hydromys (see anteriorly oriented component of SM line vector and laterally placed
masseteric tubercle, Figs 4 and 7).
The insertion of the anterior deep masseter in Hydromys
is restricted to the mesial side of the upper molar row compared with Melomys and Rattus (Figs 3, 4 and 7). This muscle is more developed in Melomys (20.2% of total muscle
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Fig. 6 (A) Mechanical potential at the incisors (MP1) against jaw in-lever and out-lever ratio at incisor for Hydromys division genera and Melomys
species. (B) Mechanical potential MP2 at the first molar against jaw in-lever and out-lever ratio at first molar for Hydromys division genera and
Melomys species. (C–H) Jaw in-lever (blue arrow on the jaw) and out-lever ratio (black arrow on the jaw) for carnivorous (CAR) Hydromys division
genera (red and left boxplot) and omnivorous (OMN) Melomys (green and right boxplot). Mean shape of Hydromys jaws was plotted on each graphic at the lower sides to represent in-lever/out-lever ratios used in the x-axis to compute the boxplot. ANOVA results to test effect of diet (omnivorous vs. carnivorous) and sex (male vs. female) on both MP and ratios are presented upon each boxplot.

weight) than in Rattus and Hydromys (12–13% of total muscle mass). In the latter, the deep masseter takes its origin on
the zygomatic plate, far from the first upper molar and
with a more oblique line of action. On the other hand, the
line of action of the anterior deep masseter in Hydromys is
short and more vertical (Fig. 7), in a configuration that is
reminiscent of what is observed in the semi-aquatic carnivorous Ichthyomys or Anotomys (Fig. 64 in Voss, 1988). The
external aponeurosis of the zygomatic arch (ap1-DM) is

rather reduced when compared with Melomys, but it is not
absent as in the carnivorous cricetid O. leucogaster (Satoh
& Iwaku, 2006). The posterior deep masseter is reduced in
Hydromys (7.2% of total muscle weight, Table 1) compared
with Rattus (21.5% of total muscle weight) and Melomys
(10.7% of total muscle mass). As a result, the anterior deep
masseter is proportionally bigger than the posterior deep
masseter in Hydromys and Melomys, whereas the opposite
is true in Rattus. Again, this muscle is more vertically
© 2017 Anatomical Society
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Fig. 7 Lateral aspect of the muscle action
lines (red arrows) of Hydromys chrysogaster
and Melomys obiensis. MT, medial
temporalis; LT, lateral temporalis. EP,
external pterygoid; IP, internal pterygoid;
SM, superficial masseter; DI, digastric;
pDM1, posterior deep masseter pars
superficialis; pDM2, posterior deep masseter
pars profundis; aDM, anterior deep
masseter; pZM, posterior zygomaticomandibularis; aZM, anterior zygomaticomandibularis; IOZM, infra-orbital part
zygomatico-mandibularis. Thickness of
arrows is proportional to the fiber length
(Table 2). Original pictures by ©Pierre-Henri
Fabre – UM.

oriented in Hydromys (Fig. 7) and shares a very similar line
of action with Ichthyomys (Fig. 64 in Voss, 1988).
The overall arrangement of the zygomatico-mandibularis
muscles is very similar between Hydromys and both Rattus
and Melomys. The infraorbital part (IOZM) is the most distinctive part with its very oblique line of action and its lateral origin in Hydromys compared with a high dorsal origin
in both Rattus and Melomys (see position of nasolacrimal
capsule in Figs 3, 4 and 7). Rattus and Melomys have both a
more dorsal origin and a more vertical action line for this
infraorbital part (Fig. 7). Moreover, the anterior part of the
zygomatico-mandibularis originates anteriorly and is
slightly tied to the infraorbital part of the zygomatico-mandibularis in Hydromys (Figs 3, 4 and 7). In Rattus and Melomys, the anterior part of the zygomatico-mandibularis
originates higher on the skull and its fibers have a similar
antero-posterior orientation, parallel to the anterior edge
of the ascending ramus. In all compared taxa, the posterior
zygomatico-mandibularis occupies the area between the
posterior zygomatic arch, the lateral basis of the coronoid
and the condylar process (cf. the sigmoid notch). The fibers
spread fanwise antero-posteriorly from their mandibular
origin to the glenoid fossa. The muscle proportions are similar in Hydromys, Melomys and Rattus, characterized by a
large infraorbital part (Table 1), but their action lines and
origins/insertion are very distinctive (Fig. 7). The proportion
and arrangement of the zygomatico-mandibularis are very
similar between Hydromys and both Ichthyomys and Anotomys (Fig. 65 in Voss, 1988).
Compared with Rattus, Hydromys has a slightly larger lateral temporalis (Fig. 3, see Table 1), which covers a greater
part of the interorbital region. This anterior part of the lateral part is also well developed in Melomys but does not
cover the interorbital region. In Hydromys (Table 1), the
posterior part of the lateral temporalis is slightly more
© 2017 Anatomical Society

developed compared with Rattus (9–10.4% of the total
muscle mass) and Melomys (6.6% of the total muscle mass).
The morphology of the medial temporalis differs slightly
between Hydromys and Rattus. In Hydromys, the medial
temporalis inserts more anteriorly around the tip of the
coronoid process, which is high. On the other hand, most of
the medial temporalis muscle in Rattus originates more posteriorly on the skull close to the well-developed temporal
and post-orbital ridge and the ventral border of the supraoccipital edge. The insertion of this muscle is closely tied to
the coronoid process, with fibers oriented perpendicular to
the coronoid process. This arrangement of the muscle fibers
is also very similar to what was observed for Ichthyomys
and Anotomys (but see Fig. 65 in Voss, 1988) and may characterize carnivorous or insectivorous species.
Among the Hydromyini, the arrangement of pterygoid
muscles is divergent (Hydromys and Melomys) to the one of
their distant relative Rattus. On the one hand, both Melomys and Hydromys have larger external pterygoid compared with Rattus. On the other hand, this difference seems
to be balanced by the larger development of the internal
pterygoid in Rattus. Functional and phylogenetic constraints might explain such an inversion in proportions of
the internal and external pterygoid muscles between Rattini
and Hydromyini. The fiber length and orientation of the
pterygoid muscles are rather divergent between Hydromys
and Melomys despite the fact that these muscles are of similar proportions in the two species (Tables 1 and 2).

Reduction of the propalinality: a change in the
muscle force line of action
The orientation of the lower incisors and the large gap
observed between the upper and lower incisors in Melomys, when the cheek teeth are in occlusion, provides room
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to perform propalinal movements (Fig. 7). In contrast, the
upper and lower incisors are always oriented towards each
other and show occlusion in some Hydromys specimens,
including when cheek teeth occlude (see angle of lower incisors in Figs 5 and 7), a situation that resembles the one
observed in neotropical Ichthyomyini (Voss, 1988). However,
most specimens show unusual wear of the tip of the incisors,
which may be flattened or broken in some parts (see Figs 3
and 5). In Hydromys, the incisor tip is very worn compared
with the classical wear pattern found in other rodents
(Druzinsky, 2015). This unusual wear pattern might be
indicative of a reduced gnawing capacity due to an
increased use of the incisors for stabbing their prey. The
reduction of the propalinality is accompanied by a modification of the size and shape of the articular process, which is
low and less developed in Hydromys (Fig. 5). The position
and orientation of the zygomatic plate is also linked to a
reduction of propalinality. Contrary to Melomys, Hydromys
has a low zygomatic plate situated at the level of the first
upper molar. This position, associated with an enlargement
of the superficial masseter, may lead to an increase of the
bite force at the incisor at the expense of the molar chewing
efficiency in Hydromys, as observed in most sciurids (Ball &
Roth, 1995; Thorington & Darrow, 1996; Cox & Jeffery,
2011). The force of the superficial masseter constitutes 19–
24% of the total jaw muscle force (Table 2) and is twice as
large as the estimated force of the anterior deep masseter
(10–11%; Table 2). The decrease of the propalinality in
Hydromys is also accompanied by a reduction of the PCSA
for anterior deep masseter. In comparison, the superficial
and anterior deep masseters show a similar PCSA and force
in Melomys (ADM 20.5% and SM 22%). A strong superficial
masseter will allow strong incisor biting, whereas the rather
large PCSA obtained for the anterior deep masseter of Melomys may result in a more powerful molar bite force, characteristic of omnivorous species. The temporal muscle weight
and PCSA are slightly more developed in Hydromys than in
Melomys (Tables 1 and 2). This trait has been identified in a
previous morphometric analysis (Samuels, 2009) that
pointed out that carnivorous rodents display larger temporal
fossae housing the anterior temporalis muscle. The orientation of temporal fibers appears quite distinct in Hydromys,
with a line of action almost perpendicular to the tip of the
coronoid process. However, the PCSA and the proportion of
the temporalis relative to the overall muscle mass appear
very similar to that of Rattus and might indicate functional
convergence of the muscle in Hydromys and Rattus.

Adaptation to a wide gape: beyond the ‘classic’
zygomasseteric pattern of murids
A large gape opening characterizes several carnivorous
groups (Herring & Herring, 1974) including bats (Dumont &
Herrel, 2003), shrews (Hutterer, 1985) and rodents (Voss,
1988; Satoh & Iwaku, 2006). All Hydromys specimens have

several characteristics typical of an animal with a wide gape:
a lower masseter muscle mass (55.7%) compared with the
omnivorous Melomys (Table 1, 61.5%) and, to a lesser
degree, compared with the omnivorous Rattus (Table 1,
59%). The same is true for the proportion of anteriorly
inserted muscles (anterior deep masseter, infra-orbital and
anterior part of the zygomatico-mandibularis), which represent a minor part of the musculature in Hydromys (Table 1,
18.6%) compared with Melomys (Table 1, 28.5%). The most
important discrepancy among these taxa involves their muscle fiber lengths (Table 2, Fig. 7), which have never been
described in detail in any carnivorous rodents to this date.
The length of these fibers is always greater in Hydromys than
in Melomys (Table 2) for the superficial masseter (SM), the
medial temporalis (TM), the anterior deep masseter (aDM),
and the pars infra-orbital of the zygomatico-mandibularis
(IOZM). Due to their anterior position compared with the
jaw fulcrum (condylar process), the muscles located in front
of the jaw are more prone to stretching during jaw opening
(Herring & Herring, 1974; Satoh & Iwaku, 2006). Longer
fibers in Hydromys may allow for a wider opening of the
jaw for killing and biting larger prey. These characteristics
have a profound impact on the bite force at the molars and
incisors, which is often reduced in species with a wide gape
angle. Comparatively, Melomys has a more massive masseter
with shorter fibers and a posterior deep masseter with
longer fibers. This muscular configuration is associated with
a stronger bite force at the level of the incisors and molars
for the consumption of more abrasive and tough vegetal
foods. During dissections, we identified two distinctive characteristics that might be associated with differences in fiber
lengths. First, the anterior deep masseter in Hydromys originates on a smaller zygomatic plate that does not extend as
dorsally as in Rattus or Melomys. Such a reduction of the
zygomatic plate has already been described by Satoh &
Iwaku (2006) in the carnivorous cricetid O. leucogaster, and
is also known in some Ichthyomini (Voss, 1988). However,
Hydromys clearly departs from Onychomys or Ichthyomini in
presenting a large anterior deep masseter bulge near its origin on the zygomatic plate. This bulge possibly reflects a
concentration of long fibers, allowing for a wider gap opening. In contrast, M. obiensis shows anterior deep masseter
and infra-orbital part of the zygomatico-mandibularis with
reduced fiber length, and no bulge is visible.

Bite force of a carnivorous murine: a change of
levers
With respect to the biomechanics of the jaw system, the carnivorous Hydromys has a larger absolute bite force. However, our biomechanical model (Table 3) confirmed that the
omnivorous Melomys has a jaw system that seems optimized
for biting at a variety of jaw configurations, as has been
observed in other omnivores such as Rattus (Cox & Jeffery,
2011; Cox et al. 2013). Not only was its bite force maintained
© 2017 Anatomical Society
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better when moving from the molar to the incisor (i.e. the
jaw system is relatively better at biting at the incisor in Melomys than in Hydromys), the decrease in bite force with
increasing gape is also smaller. Indeed, even at 60° Melomys
can still produce 73% of its maximal bite force compared
with 71% and 39% for the two Hydromys specimens from
Obi and Papua, respectively. This clearly suggests a more
versatile jaw system in Melomys than in Hydromys. The
great differences observed in the jaw mechanics between
the two Hydromys populations from Papua and Obi Islands
remain striking. Given that these specimens were caught on
two different islands, there may be some local adaptation in
the jaw system. Surprisingly, rather than being optimized
for biting at large gapes, as could be expected for a
carnivore (Dumont & Herrel, 2003; Santana, 2015), the jaw
system in Papuan Hydromys appears better suited to biting
at low gapes, suggesting a dietary specialization involving
relatively small prey. As a result, the Papuan Hydromys
might be specialized on softer or smaller prey compared
with the Obi populations. Interestingly, the Hydromys
specimens from Obi were caught using forest crabs of 4 cm
in length; such dietary data are missing for the Papuan
specimens.
We computed some in- and out-lever ratios as well as the
mechanical potential in order to get an estimation of the
bite force for all the Australo-Papuan carnivorous Hydromys
division genera and several omnivorous Melomys species.
Hydromys division genera are characterized by a well-developed coronoid process that is situated well above the
condylar process. In contrast, all the omnivorous Melomys
display a small coronoid process that is usually close to the
condylar process (fulcrum). In Fig. 6, we computed the
ratios between (i) an in-lever condylar process/coronoid process distance, and (ii) two out-lever distances – condylar process/incisor tip and condylar process/molar tip. Our results
reveal a higher mechanical potential at incisor tip for Melomys than for Hydromys division genera (Fig. 6A). However,
at the first lower molar, this in-lever/out-lever ratio provides
a higher mechanical potential for Hydromys (Fig. 6B). This
result is congruent with our bite force model that indicated
a decreased bite force at a wider gape for both Hydromys
populations. With its long coronoid and its proportionally
elongated jaw, the morphology of the mandible in Hydromys (Fig. 5) may allow a quicker jaw closure at the incisor
tip and a greater mechanical potential at the molars (MP2)
compared with that of Melomys (Fig. 6B). Omnivorous Melomys display a small coronoid process and have a greater
mechanical potential at the incisor (Figs 5 and 6). Major
mechanical potential discrepancy occurred at molars
between carnivorous Hydromys division genera and omnivorous Melomys (see MP2; Fig. 6B). This major functional
divergence is likely explained by the high coronoid process
in Hydromys division genera, which increases the angle C
between coronoid and fulcrum, resulting in a higher
mechanical potential (MP2). Hydromys and closely related
© 2017 Anatomical Society

genera (Baiyankamys, Crossomys, Parahydromys) are known
to capture large prey such as crabs or fishes. The low
mechanical potential at the incisor and the wide gape
(see previous section) result in a lower bite force at the incisor in the water-rats. This mechanical potential disadvantage might be compensated by the development of a
larger temporalis muscle in Hydromys (Tables 1 and 2). In
Melomys, the reduced mechanical advantage and lever
ratio at molar are compensated by bigger masseteric muscles and forces (Tables 1 and 2). Similarly to the mechanical
potential, the lever arm ratios of temporalis were
significantly different between omnivorous and carnivorous
murines (Fig. 6C,D).
We also looked at other in-lever/out-lever ratios related
to the condylar process/angular process distance (Figs 6E,F)
and the condylar process/masseteric ridge distance (Fig. 6G,
H). Both Hydromys and Melomys seem to have the typical
jaw lever of rodents with a similar mechanical advantage
thanks to a strongly developed masseteric musculature
(Tables 1 and 2). However, Hydromys have a very distinctive
low mandible with a reduced angular process that is well
differentiated from the ascending rami and projects posteriorly. Melomys, on the other hand, is characterized by a
higher mandible with a wide angular process that does not
project posteriorly (Figs 5–7). This configuration in Melomys,
along with bigger masseteric muscles, is associated with a
higher bite force at both molar and incisors compared with
Hydromys (Table 3; Fig. 6E–H). On the other hand, the anterior masseteric ridge out-lever ratios resulted in a stronger
contrast of the lever ratios in these two rodents (lower
graphics Fig. 6E–H). In Hydromys, a lower in-lever/out-lever
ratio indicated a slightly higher lever advantage at molars
compared with Melomys. As a result, the narrowing of the
jaw in Hydromys explains higher lever advantage at the
molars, which constitute a good compromise between a
wide gape, a reduced anterior masseteric mass, and long
fiber lengths. Lever arms of the superficial masseter are less
favourable to force output but more favourable to speed.
Compared with the small input lever arm defined between
the condyle and the angular process, the relatively longer
mandible of Hydromys (i.e. output lever arm) increases the
speed at the expense of the output force. We obtained
clear-cut results for the deep masseter, with the lever arm
ratios being significantly different between omnivorous and
carnivorous types (Fig. 6G–H). Melomys always showed the
highest values of ratios (Fig. 6E–H), which is due to the anterior position of its anterior deep masseter located slightly in
front of the tooth row. By moving the input force further
from the fulcrum, the deep masseter muscle can generate
higher output force at the level of the incisors and molars.
The configuration observed in Hydromys will thus likely
favour a quick jaw closure to catch mobile prey, whereas
the masticatory apparatus of Melomys is likely optimized to
produce substantial forces at the teeth in order to process
abrasive food items more efficiently.
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Conclusion
Carnivory evolved several times independently in rodents
and is associated with the convergent evolution of several
cranio-dental features (Voss, 1988; Samuels, 2009; Rowe
et al. 2016). Compared with most rodents, Hydromys division genera possess cusped teeth that depart from the flatcrowned teeth of their omnivorous or herbivorous relatives.
The study of these specialized teeth (Evans et al. 2007)
revealed that carnivorous rodents display fewer shearing
facets and a simpler cusp pattern compared with herbivores
or omnivores. These differences are also reflected in the
functional divergence of the jaw muscle morphology as
well as their gastrointestinal tract morphology (Speight
et al. 2016). In most rodents, especially in murids, the jaw
movements consist of a propalinal component that involves
increased jaw mobility and separate incisor gnawing from
molar chewing. Carnivorous rodents share three key modifications of their masticatory apparatus: (i) an increase of the
mouth opening capacity via an increase of both muscle and
fiber length (Voss, 1988; Satoh & Iwaku, 2006); (ii) a reduction of jaw propalinality that allows for stronger and
quicker biting (Voss, 1988); (iii) an increase of the temporal
muscle weight (Samuels, 2009). The cranio-mandibular system of Hydromys combines some of these morphological
features, in conjunction with the acquisition of a specialized
mode of life and diet.
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Crossomys, Hydromys and Parahydromys) and omnivorous Melomys species.
Appendix S2. Lateral aspect of the jaw muscles of Melomys
obiensis. A) Lateral aspect of the superficial masseter (SM), the
anterior temporalis (aT), the deep masseters (DM), the digastric
(Di). B) Lateral aspect of the posterior deep masseter 1 (pDM1),
the anterior deep masseter (aDM), the posterior temporalis (pT),
the digastric (Di). C) Lateral aspect of the posterior deep masseter (pDM), the infra-orbital part of the zygomatico-mandibularis (IOZM), the anterior part of the zygomatico-mandibularis
(aZM) and the posterior deep masseter 2 (pDM2). D) Lateral
aspect of the posterior part of the infra-orbital part of the zygomatico-mandibularis (IOZM) and the zygomatico-mandibularis
(pZM). Original pictures by © Pierre-Henri Fabre – UM.
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