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1 | INTRODUCTION

Abstract

The presence of two phenotypes in a single species is a widespread phenomenon, also observed in
European eel (Anguilla anguilla). This dimorphism has been related to dietary differences in the sub-
adult elver and yellow eel stages, with broad-heads generally feeding on harder and/or larger-
bodied prey items than narrow-heads. Nevertheless, both broad- and narrow-headed phenotypes
can already be found among glass eels, the stage preceding the elver eel stage. As these glass eels
are considered nonfeeding, we investigate here to what degree the observed variation in head
width is reflected in variation in the musculoskeletal feeding system, as well as whether this
reflects the same variation observed in the older, dimorphic yellow eels. Additionally, we investi-
gate whether musculoskeletal differences between broad- and narrow-headed glass eels have
implications on their feeding performance and could thus impact prey preference when eels start
feeding. Therefore, we compared the cranial musculoskeletal system of five broad- and narrow-
headed glass eels using 3D-reconstructions and simulated the glass eel’s bite force using the data
of the muscle reconstructions. We found that the variation in the musculoskeletal system of glass
eels indeed reflects that of the yellow eels. Broader heads were related to larger jaw muscles,
responsible for mouth closure. Accordingly, broad-heads could generate higher bite forces than
narrow-headed glass eels. In addition, broader heads were associated with higher coronoid proc-
esses and shorter hyomandibulae, beneficial for dealing with higher mechanical loadings and
consequently, harder prey. We, thus, show that head width variation in glass eels is related to mus-
culoskeletal differences which, in turn, can affect feeding performance. As such, differences in prey
preference can already take place the moment the eels start feeding, potentially leading to the

dimorphism observed in the elver and yellow eel stage.
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Also in the yellow eel stage of the European and Japanese eel (Anguilla

anguilla and A. japonica, respectively), a dimorphism can be observed:

Dimorphism, or the presence of two different phenotypes in a single spe-
cies, is a widespread phenomenon. In most cases, dimorphism is related
to differences between sexes (Lande, 1980), as examples can be found in
a wide variety of species, such as fish (Aguirre & Akinpelu, 2010), frogs
(Katsikaros & Shine, 1997; Maan & Cummings, 2009), lizards (Gvozdik &
Van Damme, 2003), turtles (Clair, 1998), birds (Owens & Hartley, 1998;
Selander, 1966), and primates (Cheverud, Dow, & Leutenegger, 1985).

broad- and narrow-heads (lde et al., 2011; Kaifu, Miyazaki, Aoyama,
Kimura, & Tsukamoto, 2012; Kaifu, Yokouchi, Miller, Aoyama, &
Tsukamoto, 2013; Lammens & Visser, 1989; Proman & Reynolds, 2000;
Thurow, 1958; Torlitz, 1922). The dimorphism was validated by Ide et al.
(2011), who showed that the variation in head width in yellow eels is best
described by two unimodal distributions with overlapping tails, meaning

specimens with an intermediate head shape are also present.
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FIGURE 1 Anguilla anguilla, life cycle. Leptocephalus larvae hatch from the eggs in the Sargasso Sea. These larvae are transported toward
the coasts of Europe, along with the Gulf stream. Arriving at the European continental shelves, they undergo metamorphosis into
unpigmented glass eels, which swim up the rivers. In these rivers, eels start to feed and the eel becomes pigmented. At this stage, they are
known as elver eels. Once pigmentation is complete, the eel reaches the yellow eel stage, the sedentary growth stage of the European eel.
Once these eels have accumulated enough fat, they start to migrate back toward the Sargasso Sea, undergoing a final transformation to
the silver eel stage. Arriving at the Sargasso Sea, these silver eels spawn and complete their life cycle. (a) Narrow-headed phenotypes.

(b) Broad-headed phenotypes. © Figure leptocephalus: Fischer Aitchtuoh

The dimorphism in European eel is not sexual, but has been associ-
ated with differences in diet (De Schepper, 2007; Proman & Reynolds,
2000). Broad-headed phenotypes feed proportionally more on hard
and/or large-bodied prey, such as beetles, mollusks, and fish, while
narrow-heads predominantly consume soft and/or small-bodied prey,
such as amphipods and chironomids (Cucherousset et al, 2011;
Lammens & Visser, 1989; Proman & Reynolds, 2000; Tesch, 2003).
This link between diet and head shape has recently been confirmed by
a study of De Meyer, Christiaens, and Adriaens (2016), who showed
that elver eels, the predecessors of the yellow eels, feeding on hard
prey develop broader heads than those feeding on soft prey.

The elver eel stage (Stage VIg of pigmentation according to Bertin,
1956) is preceded by the glass eel stage (Stage Va-VIa of pigmentation)
(Bertin, 1956; Fukuda, Miller, Aoyama, Shinoda, & Tsukamoto, 2013)
(Figure 1). These eels metamorphose from the leptocephalus larvae on
arrival at the European shelf. They are nearly unpigmented and are
nonfeeding during the first pigmentation stages (pigmentation Stage Va
and Vg, Bertin, 1956). The glass eels start migrating up the rivers,
where they begin to feed after reaching pigmentation Stage VI, which
can happen in a matter of days (April 2014 and April 2015). The eels
then become thicker and more pigmented, turning into elver eels. Inter-
estingly, a study on the nonfeeding glass eels showed that also in this
stage, broad- and narrow-heads can be found, although the variation in
head shape is not yet bimodal (De Meyer, Ide, Belpaire, Goemans, &

Adriaens, 2015), suggesting that head shape variation transitions from
a unimodal to a bimodal distribution during the eel’s ontogeny.

A recent gene expression analysis by De Meyer, Maes, Dirks, and
Adriaens (2017) revealed that head shape variation in these glass eels
could be related to differences in growth rate, since dietary differences
could not have affected head shape in this stage (considering they are
nonfeeding). Genes related to growth rate were upregulated in narrow-
heads, suggesting that these eels grew faster than broad-headed ones.
Energy not invested in growth rate could subsequently be invested in
the development of the musculoskeletal system by broad-heads (De
Meyer et al., 2017). As such, it is possible that the variation in head
shape in glass eels is already related to variation in the musculoskeletal
system. This could, in turn, allow broad-headed glass eels to start
feeding on harder prey than narrow-headed glass eels once they start
feeding at pigmentation Stage VIa. Earlier research already showed
that broad-headed yellow eels have larger adductor mandibulae
muscles and exhibit elongated maxillaries and lower jaws with enlarged
coronoids than narrow-heads (De Schepper, 2007; Goethals, 2015).
These characteristics are associated with the generation of higher bite
forces, allowing broad-heads to deal more efficiently with harder prey.

Using 3D-reconstructions, we want to match the observed varia-
tion in head width to variation in the musculoskeletal system in these
eels and test whether this variation reflects the variation observed in

the older and more developed yellow eels. Support for this would
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suggest that musculoskeletal variation in the feeding system at pre-
feeding could affect prey choice when the eels start feeding. This, in
combination with a plastic response to the consumed prey (De Meyer
et al., 2016), could then eventually lead to the dimorphism observed in
the yellow eel stage. To further validate this hypothesis, we use a bite
model to compare the bite forces between broad- and narrow-headed
glass eels. With this study, we will, thus, be able to find out whether
head shape variation in glass eels already reflects differences in feeding
performance, allowing an early differentiation in diet preference
between narrow- and broad-headed elvers. This will be an important
step in understanding the development of the head shape dimorphism

in European eel.

2 | MATERIAL AND METHODS

2.1 | Sample collection

A first sample of glass eels (Anguilla anguilla L.1758) was collected in
the river Yser in Belgium in March 1994 (N = 50). A second sample
was taken in April 2013 in Ostend (Belgium; N = 200). In both cases, a
dipnet was used for sample collection. All specimens were in Stage Va
or Vg of pigment development [characterized by no external pigmenta-
tion, except for a caudal spot on the tail (V4), the skull and some rostral
pigment(Vg)] and are, therefore, considered nonfeeding (Bertin, 1956;
Tesch, 2003). No prey was found in the guts accordingly. All glass eels
were anesthetized with MS222 and euthanized by an MS222-
overdose in accordance with Belgian legislation. The specimens were
fixed in 10% formalin and preserved in 70% ethanol. Afterwards, pic-
tures of the head were taken in dorsal view and outlines of the heads
were drawn using CorelDRAW 12 (Bain & Wilkinson, 2004). These
outline shapes were then used for a shape analysis as described in De
Meyer et al. (2015). The shape analysis was then used to select five
narrow-headed and five broad-headed specimens for further analysis,
based on their distribution at the extreme ends of the PC axis describ-
ing overall head width (Figure 2a,b). To validate the outline analysis, we
measured both head width (HW) just posterior to the eye and head
length (HL), and calculated the HW/HL ratio. By comparing this ratio
between the selected specimens, we were able to confirm that these

eels were indeed narrow- and broad-heads.

2.2 | Musculoskeletal morphology

The heads of the selected specimens were removed and uCT-scanned
to study their osteology. Afterwards, the heads were treated with
phosphomolybdic acid (2.5% solution for 7 days) to visualize 3D soft
tissue anatomy (Metscher, 2009). The heads were then uCT-scanned a
second time, which allowed to study the cranial musculature. Heads of
the 1994 and 2013 samples were scanned separately at the Centre for
X-ray Tomography at Ghent University (UGCT) with the following
setup: 7 kV tube voltage and 1,000 projections over 360°. The pixel
pitch of the detector was 200 pm for the 1994 and 2013 samples,
with the reconstructed voxel sizes being 9.88 um and 10.269 pm,
respectively. The unCT-data was then processed to generate

WILEY-*

3D-reconstructions of the adductor mandibulae muscles in all speci-

mens, using AMIRA 5.5.0 (Visage Imaging, San Diego, CA). Next to this,
3D-reconstructions were made of the cranial bones of seven
specimens (4 broad-heads and 3 narrow-heads). Since the scan quality
of the three remaining eels (1 broad-head and 2 narrow-heads) was too
low to make reliable reconstructions of the complete skull, only the

lower jaws of these specimens were reconstructed.

2.3 | Bite model

A static bite model is used to calculate bite forces at two positions
along the lower jaw: a proximal bite point at the level of the rostral end
of the eye, and a distal bite point at the tip of the lower jaw. The lower
jaw is assumed to form a single rigid body that can rotate about an axis
through the left and right jaw joints. Mouth-closing torque about this
axis is generated by the three different adductor mandibulae bundles
(A1-A3; nomenclature following Winterbottom (1973) on each side of
the head. The bipennate muscle-tendon model from van Leeuwen
(1992) is used to calculate the muscle forces causing this torque. The
3D-geometry of this mechanical system and the muscle model is
written in Matlab Simulink version R2013b (8.2.0.701) using the
SimMechanics toolbox (First Generation).

The dynamic model of a muscle-tendon complex with a bipennate
muscle architecture by van Leeuwen (1992) calculates instantaneous,

dynamic muscle-tendon force F as:
Fmtc:(Fa*Fu*FcbO*Gmiso*AfO*+Fpasl+Fpa52) * COS a, (1)

where F, is a dimensionless active state factor (1 corresponds to a full,
fused tetanus activation as used in the current simulations), F, is a
normalized factor to account for the force-velocity relationship
(1 = isometric condition), Fo is a normalized factor for cross-bridge
force under isometric conditions and full activation to account for the
force-length relationship (1 = optimum fiber length), A¢ is the physio-
logical cross-sectional area (muscle volume V,, divided by fiber length
at rest L), Omiso the maximal isometric stress of the muscle fibers at
optimal length, « the pennation angle, Fj,.s1 the passive force at short
fiber lengths, resisting the cross-bridge force, and Fp.s, the passive
force above optimum fiber length, acting in parallel to the cross-bridge
forces.

Since tendons could not be clearly distinguished from the muscle
tissue on the CT-scans, and were, thus, presumably very small, the ten-
don component in the model of van Leeuwen (1992) was not modeled.
Bite force calculations were only done at gape angle intervals of 10°
starting with the fish in resting position with an approximately closed
mouth (i.e., how they were CT-scanned) and then increasing the gape
angle up to 40°. We assumed that a gape angle of 10° corresponds to
the situation in which fiber lengths are optimal for active muscle force
production (Fcpo = 1). Due to the absence of a tendon in the model,
pennation angle will remain constant during the simulations (egs. 7 and
8 from van Leeuwen, 1992 are not solved). Since at Fepo = 1, Fpas1 and
Fpas2 are typically O, a full activation is simulated (F, = 1), the pennation

angle at rest (xp) will remain constant throughout the simulation, and
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FIGURE 2 A and B: PCA on the outline shapes of the Ostend (a; N = 200) and Yser (b; N = 50) sample respectively. The colored points
represent the narrow-heads (NH) and broad-heads (BH) selected for CT-scanning and further analysis. (c) PCA on the landmark-data,
indicating that the shape of broad- and narrow-heads can be separated according to PC1. The head shape variation explained by the

different PCs is shown in parentheses

contraction velocity is zero (F, = 1), equation (Equation 1) for muscle-
tendon force reduces to the following equation for mucles force F,:

Fm:Gmiso*Vm/LfO* Cosag (2)

Maximal isometric muscle stress omiso Was set to 25 N/cm?, as this
value is commonly used for jaw muscles composed predominantly of
fast, glycolytic fibers (Davis, Santana, Dumont, & Grosse, 2010; Herrel,
De Smet, Aguirre, & Aerts, 2008), and also falls within the range of val-
ues measured for the adductor mandibulae of teleost fishes (20.3 + 8.7
N/cm? ™ Clarias gariepinus; mean = SD) (Van Wassenbergh, Herrel,
James, & Aerts, 2007). This value is assumed to be equal for all speci-
mens in our sample. Volumes V,,, and total muscle lengths of the three
different muscles were calculated based on the 3D-reconstructions.
The reported muscle volumes were calculated by averaging the muscle
volumes of the left and right side of the head, as eels were assumed to
be bilaterally symmetric. The pennation angle at rest «y of the A1 mus-
cle bundle could not be determined based on the reconstruction.
Therefore, 41.1° was used as «p, which is the average pennation angle
in yellow eels (Goethals, 2015). Similarly, fiber length Lo was estimated
as 1/3 of the total muscle length for A1 and /> of the total muscle

length for A2 and A3, as observed in yellow eels (Goethals, 2015).
Finally, 3D-coordinates were collected of the insertion and origin of
A1-A3, the left and right jaw joint, a proximal bite point at the rostral
end of the eye, the most distal bite point and the tip of the lower jaw.
The 3D-coordinates were then translated and rotated as such that all
reconstructed skulls were oriented in the same direction, with the
jaw joints having the coordinates (0, O, z) and the tip of the lower jaw
(x, 0, 0). Finally, these coordinates together with Equation 2 were then
used to calculate the maximum bite forces of the different specimens.
Since maximum bite forces were always obtained at a gape angle of

10°, only these bite forces were used for further analysis.

2.4 | Osteology

To find out whether there are differences in the osteology of narrow-
and broad-headed glass eels, several measurements were taken to
compare both morphotypes. Also here, when applicable, the reported
measurements were calculated by averaging the measurements of the
left and right side of the head. Next to this, a total of 50 3D-landmarks
were used to analyze the skull shape (Figure 3). A description of the
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FIGURE 3 Left: the different landmarks used for the shape analysis in dorsal, lateral and ventral view. The landmark description can be
found in Supporting Information Table 1S. Lengths A-F correspond to the measurements A-F found in Table 1. Right: the shape of narrow-
heads (NH) and broad-heads (BH) according to PC1 of the PCA on the land-mark data. Gray represents the average shape, blue the shape

represented by each phenotype

landmarks and measurements can be found in Supporting Information
Table S1. Landmarks were placed with Amira 5.5.0 and afterwards ana-
lyzed with Morphol. The variation in size, orientation, and position of
the different specimens was minimized through translation, rotation,
and rescaling with a Generalized Procrustes Analysis (Zelditch,
Swiderski, Sheets, & Fink, 2004). Afterwards, a principal component
analysis (PCA) was performed on the landmark data to detect the major

axes of shape variation of the skull.

2.5 | Statistics

A nonparametric permutation test (10.000 replicates) in PAST (Ham-
mer, Harper, & Ryan, 2001) was used to find significant differences in
HW/HL, relative skull measurements, absolute and relative muscle
length (corrected for total length) and scaled muscle volume between
broad- and narrow-heads. The scaled muscle volume was calculated as
the cube root of the muscle volumes divided by total body length. In
addition, an ANCOVA with total body length as covariate was
performed to find significant differences in bite force and absolute

muscle volume between narrow- and broad-headed glass eels. Finally,

we tested whether HW/HL was correlated with the absolute and

scaled muscle volumes and bite forces using a Pearson correlation test.

3 | RESULTS

3.1 | Shape analysis

PC1 of the shape analysis on the Ostend sample explained 42.3% of
the total variation. Most of the head shape variation was mainly related
to differences at the posterior end of the head and partially to differen-
ces in head width (Figure 2a). As PC2 (33.3%) reflected almost
exclusively variation in head width, it was chosen to select broad- and
narrow-heads for further analysis. Because of the larger sample size of
the Ostend sample, more specimens were selected than from the Yser
sample (4 broad-heads (BH) and 3 narrow-heads (NH) based on the
shape analysis). For the Yser sample, both PC1 (53.5%) and PC2
(16.0%) were related to variation in head width. According to PC1,
both the most narrow- and broad-headed specimen was selected. In
addition, the most narrow-headed specimen according to PC2 was

chosen (Figure 2b). The permutation test confirmed these observations
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FIGURE 4 The muscle and bone configuration of a narrow- and broad-headed glass eel. A1-3: Adductor mandibulae 1-3. Ar: Articulare.
Bo: Basioccipital. De: Dentary. Eo: Exoccipital. Ep: Epiotic. Fr: Frontal. Hm: Hyomandibula. lo: Interopercular. Ma: Maxilla. Op: Opercular.
Par: Parietal. Po: Preopercular. Pr: Prootic. Ps: Parasphenoid. Pt: Pterotic. Pv: Premaxillo-vomercomplex. Qd: Quadrate. Su: subopercular

as broad- and narrow-heads differed significantly in HW/HL (BH:
0.49 = .03; NH: 0.38 + .05; p value: .007).

3.2 | Osteology

The skull of narrow- and broad-heads is highly comparable and the
description below is, therefore, applicable for both phenotypes. The
neurocranium is not yet completely ossified. The left and right frontals,
parietals, epiotics, and exoccipitals are not fused, leaving a large, dorso-
medial fontanel in between (Figure 4). No complete fusion has taken
place between these bones and the dorsal edge of the pterotic as well,
leaving several smaller fontanels (Figure 4). Other fontanels can still be
observed between the parietal and frontal, between the parasphenoid
and the prootic and between the basioccipital and the prootic. Interest-
ingly, the sphenotic is still completely absent in the glass eel stage (Fig-
ure 4), while the basisphenoid and pterosphenoid are still cartilaginous.
None of the measurements differed significantly between narrow- and
broadheads when corrected for body size (Table 1), which can be a
consequence of the low sample size. Nevertheless, considering that
glass eels are still small and not actively feeding, we observe that both
the upper and lower jaw were slightly longer in broad-heads. Next to
this, they exhibit a higher coronoid process, a shorter hyomandibula
and a broader, but shorter skull, features that are also typical for broad-
headed yellow eels (Table 1).

For the landmark analysis, six specimens were used (three narrow-
and three broad-heads), since not all landmarks could be reliably deter-
mined in one of the broad-heads. PC1, explaining 43.3% of the total
variation, represents the narrow- to broad-head axis (Figure 2c). The

differences in shape confirm the observations of the measurements.
Both in dorsal and ventral view, we observe that broad-heads have a
shortened but broader skull. Interestingly, the dorso-medial fontanel is
narrower in broad-heads, as the distances between the left and right
frontals, parietals, epiotics, and exoccipitals are shortened. In lateral
view, a shortened lower and upper jaw is observed in the narrow-
heads. Next to this, the skull of the broad-heads seems to be higher in
broad-heads, which is characteristic for broad-headed yellow eels. PC2
(20.13%), PC3 (15.23%), and PC4 (11.93%) did not show differences
between the two phenotypes and were, therefore, not used for further

analysis.

3.3 | Myology

Origin and insertion of the different muscles were similar for both mor-
photypes (Figure 4). The adductor mandibulae can be subdivided in
three parts (A1-A3). The origin of the large A1 muscle bundle extends
over the dorso-lateral surface of the frontal, parietal and pterotic while
inserting on the caudal edge of the coronoid process. The Al bundles,
however, do not yet cover the complete skull, as they do in yellow
eels. Medial to A1, A2 stretches from the cartilaginous basisphenoid
and pterosphenoid to the caudal margin of the coronoid and the medial
surface of the dentary. A3, finally, is a long muscle bundle that origi-
nates from lateral surface of the hyomandibula and inserts on the
medial dentary surface. The lengths of the different muscle bundles
were highly comparable for both phenotypes, even when corrected for
total body size, and, therefore, no significant differences are found
(Table 2). While the length of the muscles did not differ between the
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TABLE 1 Average + SD of both the absolute as relative lengths measured in narrow-heads (NH; N = 3) and broad-heads (BH; N = 4)

Absolute (mm) Size correction

NH BH p NH BH p
A Length complete skull 4.87 +0.15 4.67 +0.23 0.25 .076 +.003 .073 =.001 1
B Premaxillo-Ethmoidvomer complex 1.71+£0.13 1.68 +.01 0.83 .027 +£.001 .026 +.001 .66
C Length neurocranium 3.31+.06 329=*0.21 0.89 .052 +.003 .051 +.003 .75
D SW bulbs pterotic 1.83+.02 1.92+0.13 0.29 .029 +.002 .030 +.002 43
E Height Coronoid 0.44 + .03 046 +.01 0.15 .0068 * .0006 .0072 +.0003 19
F Length Quadrate 1.02+0.11 1.01+.08 0.78 .016 +.002 .016 = .002 .97
G Length frontal (LM 2-49; 3-50) 1.59 +.01 1.61+.14 0.84 .025 £.002 .025 = .002 .96
H length parietal (LM 6-8; 7-9) 1.15+ .01 1.13+.09 0.88 .018 +.001 .018 = .001 .53
| SW rostral tips pterotic (LM 19-40) 1.21+.03 1.28 £.02 .01 .019 £.002 .020 =.001 .34
J SW distal ends frontal (Lm 4-5) 142+ .01 1.54 + .09 0.11 .022 +.001 .024 +.001 .09
K SW lateral ends epioccipitals (LM 10-13) 141+ .01 141+ .05 0.97 .022 +£.002 .022 =.001 .87
L Length hyomandibular (LM 16-21) 197 = .01 1.86 +.03 .01 .031 +.002 .029 = .001 14
M Length Lower Jaw (LM 22-26; 43-47) 2.86 +0.10 2.93+0.20 0.51 .044 +.003 .046 = .001 25
N Length upper jaw (LM 24-26; 45-48) 1.48 = .09 1.51+0.15 0.73 .023 +.002 .024 +.002 .81
O Length Pteroric (LM 15-19; 36-40) 225+0.12 2.23*.08 0.77 .035 £.001 .035+.001 49

* indicate significant differences (p <.05). Lengths A--F correspond to the measurements shown in Figure 3. Lengths G-O are measured between the
mentioned landmarks and are averaged for the left and right side where applicable.

two phenotypes, the volumes did show strong differences. All scaled indicating that, when comparing specimens of similar length, broad-
muscle volumes were significantly larger in broad-heads compared to heads tend to have larger muscle volumes. Accordingly, the correlation
narrow-heads (Table 2). Figure 5 confirms these observations, test showed that HW/HL was positively correlated with both the

TABLE 2 Average + SD of the bite force (BF), total length (TL), and both absolute and scaled volume of the different adductor mandibulae
muscle bundles and the sum of these muscle bundles measured in narrow-heads (NH; N = 5) and broad-heads (BH; N = 5)

Al A2

NH BH p Sl. Eq. NH BH p sl. Eq.
Proximal BF (mN) 11.88 + 4.51 19.1+3.06 001 0.54 271+1.12 492+ 154 002 0.20
Distal BF (mN) 6.19 +2.66 10.09 + 1.98 01 0.31 1.45+0.50 2.57 £0.76 002 0.27
TL (mm) 2,56 +0.19 2,69 + 05 0.24 - 1.18+0.18 1.21+0.11 0.76 -
Relative TL .040 + .002 042 + 002 0.12 - 018 +.002 019 +.002 0.64 -
Volume (mm?) 0.191 = 073 0.303 = .065 01 0.42 021+ 005 028 + 006 03 0.48
Volume scaled .0088 = .0009 .0104 = .0008 02 - .0043 + 0003 .0047 +.0002 02 -

A3 YA1-A3

NH BH p sl. Eq. NH BH p sl. Eq.
Proximal BF (mN) 1.03+0.61 1.76 + 0.40 03 0.13 1541+ 6.06 25.74 + 447 001 0.71
Distal BF (mN) 0.40 = 0.26 0.88 +0.23 08 0.16 9.05 + 3.46 13.54 +2.70 002 0.42
TL (mm) 1.28 +0.44 1.37+0.21 0.68 - - . . -
Relative TL .020 + .006 021 + 002 0.54 - - - - -
Volume (mm?) 014 + 006 020 + 004 03 0.29 0.243 = 081 0.350 = .072 01 0.44
Volume scaled .0036 = .0004 .0042 = .0003 02 - .0093 + .0010 .0110 + .0007 01 -

Also, the p value for slope equality (SI. Eq.) is given, which should be higher than .05 to perform an ANCOVA.
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FIGURE 5 Left: Relation between the volumes of the different adductor mandibulae muscle bundles and the length of the specimens,
indicating that especially A1 and A3 are larger in broad-heads when comparing specimens of similar length. Right: Relation between the bite
force generated by each adductor mandibulae muscle bundle and their scaled volume, indicating that larger volumes can generate higher
bite forces. The linear regression is not significant between the scaled A2 volume and bite force (p =.06), while the regressions for the
scaled Al and A3 volumes were significant (p <.05). Full line: linear regression of proximal bite force on muscle volume. Dashed line: linear

regression of distal bite force on muscle volume

absolute and scaled muscle volumes. Still, these were only significant
for the absolute volume of Al and the scaled volumes of Al and A2
(Table 3). Nevertheless, all these analyses strongly suggest that varia-
tion in head width can already be linked to variation in muscle volume
in the glass eel stage, with broader heads being associated with larger

jaw muscles.

3.4 | Bite force

The data from the adductor mandibulae reconstructions were used to
calculate the bite force of the glass eels. Most of the bite force is gen-
erated by A1, being approximately 4 times larger than by A2 and 13.5
times larger than by A3 (Figure 6). The proximal bite force was about

twice as high as the distal one in both broad- and narrow-heads (Table
2). Bite forces showed a strong increase with scaled muscle volume,
especially A1 (Figure 5) indicating that larger volumes can generate
higher bite forces, assuming that no changes in muscle architecture
take place. As such, it can be expected that the larger adductor mandi-
bulae volumes of broad-heads, thus, allow them to exhibit higher bite
forces. Indeed, we observed that all three muscle bundles generated a
bite force that was larger in broad-heads compared to narrow-heads,
although the differences were only significant for A1 and A2 (Table 2).
The total bite force, estimated as the sum of the bite forces of A1, A2,
and A3, was significantly larger in the broad-headed specimens both at
the proximal and distal bite point (Table 2). This strongly suggests that
broad-heads can generate a larger bite force than narrow-heads, even
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TABLE 3 Results of the correlation analysis between the absolute
and scaled muscle volumes and bite force with the head width/
head length ratio, showing both the correlation value (R) and the p
values of the correlation value

R p
Absolute volume (mm®) Al 0.78 .01
A2 0.61 .06
A3 0.51 0.16
Scaled volume Al 0.78 .01
A2 0.67 .03
A3 0.56 0.12
Bite force (N) proximal 0.67 .03
distal 0.64 .04

for eels that have the same size (Figure 6). Indeed, a significant, positive
correlation was found between HW/HL and the proximal and distal
bite force (Table 3), indicating that glass eels with broader heads should
be capable to generate higher bite forces.

4 | DISCUSSION

In this study, we want to determine the musculoskeletal variation

underlying the observed variation in head width in glass eels. The glass

eels in our study are in pigmentation Stage V or Vg and are, therefore,

0,035
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0,02

0,016

0,012 -
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considered nonfeeding. However, these eels start feeding after reach-
ing pigmentation Stage VI, which can happen in a matter of days (April
2014 and April 2015;). As such, musculoskeletal differences related to
head width differences in glass eels could already result in variation in
feeding performance, which can become apparent when feeding starts.
Using 3D-reconstructions, we found that broader heads in glass eels
were associated with larger jaw muscles. An earlier study on air-
breathing catfishes indicated that species with larger jaw adductors are
capable of generating higher bite forces (Herrel, Adriaens, Verraes, &
Aerts, 2002). Similarly, a study on finches showed that fringillids can
generate higher bite forces than estrildids of similar size because they
have relatively larger jaw muscles (van der Meij & Bout, 2004). Also in
lizards, broader heads associated with larger jaw muscles are related to
higher bite forces. (Herrel, McBrayer, & Larson, 2007; Verwaijen, Van
Damme, & Herrel, 2002). Finally, even in humans, masseter muscle
thickness shows a significant positive correlation with bite force
(Raadsheer, Van Eijden, van Ginkel, & Prahl-Andersen, 1999). As such,
larger jaw muscles allow the generation of higher bite forces. This
pattern is confirmed by the bite force simulations in our study as the
larger jaw muscles of broad-headed glass eels are related to higher bite
forces.

Also variation in the skeletal system has the potential to influence
bite force. Our analysis shows that glass eels with broader heads have
relatively longer upper and lower jaws and a heightened coronoid
process, which acts as insertion site for the jaw muscles. As such, a

higher coronoid process provides a larger attachment surface for the
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FIGURE 6 Left: Proximal and distal bite force generated by the different adductor mandibulae muscle bundles in each specimen. Right:
Relation between the total bite force (estimated as the sum of the bite forces generated by each adductor mandibulae muscle bundle) and
total length, indicating that broad-heads can exhibit larger bite forces than narrow-heads of similar length
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jaw muscles and a longer force input arm. Both these factors show a
positive relation with bite force (Cabuy, Adriaens, Verraes, & Teugels,
1999; Herrel et al., 2002). Interestingly, longer lower jaws are known to
decrease bite force as they increase the outlever of the jaw system
(Herrel, De Grauw, & Lemos-Espinal, 2001; Verwaijen et al., 2002).
However, European eels are known to perform three types of feeding
behavior: suction, biting, and spinning behavior (Helfman & Winkelman,
1991). Spinning behavior is generally applied for large, hard prey items
and will thus mainly be used by broad-headed phenotypes. During spin
feeding, the eel grabs a prey item in the mouth and spins along its long
axis to tear of smaller pieces. Longer lower jaws and the associated lon-
ger tooth batteries of broad-heads might thus improve their grip on
large prey items during spinning behavior. Eels also generally only use
the posterior end and not the tip of the mouth to bite on prey items
and the longer lower jaw might, thus, have little influence on bite force
(April - September 2015;). In addition, it is possible that the longer force
input arm, associated with the taller coronoid, compensates a possible
loss in bite force due to a longer outlever in broad-heads. The bite
force model indeed shows that even at a distal bite point, broad-heads
can generate a higher bite force than narrow-heads. Finally, we
observed that broad-headed glass eels exhibit a relatively broader skull,
which might allow the accommodation of larger muscles and could
provide more support to deal with higher mechanical loads associated
with higher bite forces.

Based on the aforementioned observations, we can conclude that
head width variation in glass eels is associated with musculoskeletal
variation in the feeding system that can be linked to bite force and
feeding performance. Differences in bite force, in turn, are associated
with diet diversity (Clifton & Motta, 1998; Wainwright, 1988) and
resource partitioning (Verwaijen et al., 2002; Wiersma, 2001). Males of
the lizard Podarcis hispanica atrata (Steindacher, 1870), for example,
have broader heads, allowing the generation of higher bite forces and
the consumption of larger prey items than females (Herrel, Van
Damme, & De Vree, 1996). Similarly, female filesnakes (Acrochordus
arafurae McDowell, 1979) have larger heads than males and can conse-
quently take up prey items up to 500 g, whereas males can only con-
sume prey items up to 100 g (Shine, 1986). Several species of
Carribean wrasses (Labridae) are able to co-occur in coral reefs, as spe-
cies with high crushing forces eat harder-shelled prey than species with
lower crushing forces (Wainwright, 1988). Differences in head width in
the yellow eel stage of the European eel have also been related to
resource partitioning (De Schepper, 2007; Goethals, 2015), with broad-
heads consuming hard and large prey, such as crustaceans and fish and
narrow-heads mainly consuming soft and small benthic invertebrates
(Lammens & Visser, 1989; Proman & Reynolds, 2000; Tesch, 2003).
Interestingly, the musculoskeletal variation underlying head width vari-
ation is highly similar between the young, nonfeeding glass eels and
the older, feeding yellow eels (De Schepper, 2007, Goethals, 2015). In
a recent study, De Meyer et al. (2017) suggested that the prefeeding
variation in head width could be caused by differences in growth rate,
with fast-growing glass eels developing narrower heads than slow-
growing glass eels. In this study, we show that this variation in head
shape at prefeeding, even when induced by differences in growth rate,

can also be related to variation in the musculoskeletal feeding system
and feeding performance. Broad-headed glass eels exhibit a musculo-
skeletal design that makes them better suited to start feeding on
harder, larger-bodied prey items than narrow-headed ones. Indeed,
higher bite forces can be important during both shaking and spinning
behavior, as a powerful grasp on the prey item is necessary to rip tissue
and to avoid damage to the teeth and jaws (Gerry, Summers, Wilga, &
Dean, 2010). Furthermore, the differences in bite force might allow the
broad-headed eels to access mechanically challenging prey items earlier
in life than narrow-headed ones (Kolmann & Huber, 2009). The initial
differences in feeding performance might, thus, be a way to lower
intra-specific competition among young eels that start feeding (Scho-
ener, 1974). Indeed, in a study of De Meyer et al. (2016), it was shown
that when eels are given both hard and soft prey items, some eels will
develop a broad head and others a narrow head, suggesting that some
eels actively prefer hard over soft prey and vice versa. As such, the ini-
tial head shape variation, although not yet bimodal in glass eels (De
Meyer et al., 2015), could eventually lead to the bimodal distribution
observed in yellow eels, as it is already associated with variation in
musculoskeletal design and bite force.

However, we need to note that we do not know whether the cal-
culated bite forces match with the actual bite forces, since no in vivo
bite forces have been measured on glass eels. The calculated bite
forces should be critically evaluated because of several factors. First of
all, the pennation angle of the A1 muscle bundle nor tendon length
could be determined from the reconstructions. Next to this, the fiber
length of the different muscles could not be measured, since the CT-
data did not allow to identify individual fibers. These factors represent
important components of the muscle architecture. As broad-heads
could start feeding on larger prey items than narrow-heads, this could
have an impact on their muscle architecture and the two phenotypes
might consequently differ in these components, possibly affecting the
calculated bite forces. Previous research, however, showed that both
fiber lengths and pennation angles were similar between broad- and
narrow-headed yellow eels (Goethals, 2015), suggesting that the higher
bite forces of broad-heads are mainly related to an increased muscle
volume, rather than to differences in pennation angle and fiber length.
Furthermore, an earlier sensitivity analysis showed that changing the
pennation angle with 5° only results in a bite force change of approxi-
mately 7% (March 2016). As such, the differences in calculated bite
force between the two phenotypes can be considered as a reliable esti-
mation of the actual difference. Still, differences in the size of the con-
sumed prey items between broad- and narrow-heads might also lead
to differences in muscle physiology parameters, such as for example
variation in the force-length relationship, which could not be evaluated
in this study.

In conclusion, this study shows that the musculoskeletal variation
underlying the head width variation in nonfeeding glass eels is identical
to the variation observed in the yellow eel stage. Broader heads were
associated with larger jaw muscles, longer upper and lower jaws and a
heightened coronoid. Such a design is associated with higher bite
forces and facilitates the consumption of harder prey items. Therefore,

it is possible that broader-headed eels consume more hard prey items
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than narrow-headed ones when feeding starts, which could eventually

lead to the dimorphism observed in yellow eels.
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