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Abstract

Mice from the Orkney archipelago exhibit an important diversity regarding molar shape. While on some islands mice display
a usual dental pattern, teeth from other islands display additional cusplets and unusual phenotypes that may constitute case
studies for evaluating the potential functional relevance of dental changes. We developed a multifaceted approach combining
2D and 3D geometric morphometrics, dental topography, dental wear, biomechanics, estimations of masticatory muscles
force, and in vivo bite force on wild-derived lab descendants exemplifying the two extreme dental morphologies. The two
strains differed in the geometry of the upper and lower tooth rows, and in the topography of the upper row only. Surprisingly,
the most unusual tooth morphology appeared as the least complex because tooth simplification overwhelmed the signal pro-
vided by the occurrence of additional cusplets. No difference in bite force nor muscle force was evidenced, showing that the
important change in dental morphology was accommodated without major changes in the rest of the masticatory apparatus.
The evolution of unusual dental phenotypes was possibly fueled by drift and inbreeding in small and isolated populations
on remote islands of the archipelago. No functional counter-selection impeded this diversification, since the unusual dental
phenotypes did not disrupt occlusion and mastication.

Keywords Adaptation - Biomechanics - Biting - Functional morphology - Molar - Mandible - Mus musculus domesticus -
Rodent
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Phenotypic variation is a key feature in evolution because

it is the raw material upon which selection acts. Being the
product of stochastic genetic changes, phenotypic variation
can be channeled by development and/or genetic covariation
into preferred directions constituting ‘lines of least resist-
ance to evolution’ (Schluter 1996) that may favor response to
selection if both directions are aligned. Phenotypic variation
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can also arise due to phenotypic plasticity, in which case
it is directly related to environmental cues (West-Eberard
1989). It can then favor evolution by rapidly producing adap-
tive phenotypes (Scoville and Pfrender 2010). In all these
contexts, an adaptive interpretation of phenotypic evolution
is often tempting, especially if it is supported by cases of
convergent evolution (Harmon et al. 2005). However, lines
of least resistance to evolution can also channel the repeated
but independent evolution of some phenotypes even with-
out similar selective pressures. Independent evidence of the
functional relevance of the phenotypic traits involved is thus
crucial to support adaptive interpretations.
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The mammalian dentition is thought to have evolved in
response to selective pressures related to feeding strate-
gies, with constraints related to phylogenetic history and
development (Jacobs et al. 1990; Jernvall 2000). In rodents,
the acquisition and development of ever-growing incisors
favored evolution towards an increased incisor efficiency and
induced a major rearrangement of the masticatory muscles
(Wood 1965). In particular, the evolution of the mastica-
tory apparatus in murines has been channeled towards the
acquisition of the propalinal chewing movements (Lazzari
et al. 2008). As a consequence, selection was not focused
on single morphological traits (e.g. number of cusps on the
molar teeth) but involved a series of integrated phenotypic
changes involving osteological, myological, and dental fea-
tures. Strong functional constraints affecting mastication
limit the number of possible evolutionary pathways of the
tooth rows, as only a restricted set of murine dental mor-
photypes permit antero-posterior movements for gnawing
and chewing. Within the framework of these functional
constraints, some liberty exists for dental innovations that
do not disrupt the biomechanics of the whole masticatory
apparatus. Such ‘non-disruptive pathways’, where a morpho-
logical change can be functional for one aspect (e.g. a dental
change improving the efficiency of occlusion) but neutral for
others aspects of mastication (e.g. the dental change does not
impede the propalinal movement) are of major concern for
the understanding of diversification in a constrained func-
tional context.

With an increasing knowledge on tooth development, it
has appeared that some unusual phenotypes, such as acces-
sory cusps, may be easily produced by small differences in
the inhibitory field surrounding the main forming cusps, thus
explaining how populations can be polymorphic for such
traits (Charles and Viriot 2015; Salazar-Ciudad and Jernvall
2002). Variance due to the occurrence or not of such an
additional cusplet at the anterior part of the first upper molar
tooth has been shown to be favored by development, result-
ing in the repeated evolution thereof (Renaud et al. 2011).
The anterior position of the additional cusplet, in front of
the occlusion with the lower molar, may have allowed it to
evolve without disrupting the functioning of the masticatory
apparatus (Renaud and Auffray 2013).

The evolution of this anterior cusplet seems to have
occurred most frequently on islands (Ledevin et al. 2016;
Renaud et al. 2011). It is unclear, however, if these cases
of parallel evolution correspond to adaptive evolution or
not, since insular contexts can also favor random evolution
due to founder effects and drift in small, isolated popula-
tions (Berry 1996). Surfing on developmental lines of least
resistance may then cause parallel evolution even without
involving adaptation. On the other hand, ecological condi-
tions on islands depart from those prevailing in source popu-
lations on the continent, thus promoting adaptive evolution.

@ Springer

The question is therefore whether the phenotypic changes
involved may confer, or not, an adaptive advantage.

Recent findings evidenced such dental variation within
Orkney house mice (Mus musculus domesticus) (Ledevin
et al. 2016). On some islands, phenotypes with the additional
cusplet prevail (Fig. 1), while these are almost absent on
other islands. Following a field trip in 2012, wild-trapped
mice from such contrasted populations were used to found
two strains where active selection was applied to fix each
phenotype (presence/absence of the cusplet). The descend-
ants from the strains were bred under similar laboratory
conditions, discarding sources of variations such as plastic
variation in response to different environments. Comparing
a set of descendants of the two strains, with and without the
additional cusplet, we developed a multifaceted approach
including 2D and 3D morphometrics and biomechanics to
address the following questions. (1) Can the differences
in dental phenotype be of functional significance, and can
they constitute an adaptive advantage in some environmental
conditions? We addressed these questions by using analy-
ses of tooth microwear and macrowear, and by assessing
tooth sharpness, complexity and relief based on topographic
parameters derived of 3D imagery of the molar rows. (2)
How are differences in tooth morphology accommodated by
the osteological and muscular components of the mastica-
tory apparatus? These questions were addressed by combin-
ing quantitative approaches of four components: assessment
of tooth geometry in 2D and 3D, quantification of mandible
shape and biomechanics using 2D morphometrics, estima-
tion of masticatory muscle forces based on dissections, and
in vivo measures of bite force.

Material

Wild mice were trapped during a field trip to the Orkney
Islands (North of Scotland) in 2012. Two islands were sam-
pled: Papa Westray and South Ronaldsay. South Ronaldsay
is the most southern island of the archipelago. Relatively
large (4980 ha), it has a moderate human population den-
sity (~ 18.3 habitant/km?) and a good potential for exchange
with the main island of the archipelago since causeways built
during World War II provide road access from Mainland to
South Ronaldsay. Papa Westray, in contrast, is one of the
most northern islands of the Orkneys. It is small (918 ha)
and less populated (~9.8 habitant/km?) than South Ronald-
say. It can only be reached by small ferry boats, and is there-
fore relatively isolated.

Fourteen mice were captured on Papa Westray and 27
on South Ronaldsay. A part of the mice (i.e. two mice
from Papa Westray and seven from South Ronaldsay)
was euthanized during the field expedition. The rest was
brought to the rodent breeding facilities at the University
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Phenotypes South Ronaldsay | Papa Westray
1: M1 - mesial cusp(s)/cing. 8/2
2: M1 - labial cusp 2 8
3: M1 - reduction of t9 6
4: M1 - distal bulge 1 9
5: M2 - t1 unusual 5
6: M2 - reduction of t9 6
7: M3 - unusual lingual side 6
Number of specimens 10 10

Fig.1 Upper and lower molars of different mice populations from
Orkney Islands, and associated frequencies of the different unusual
phenotypes observed. a Upper and lower dental rows of a speci-
men from South Ronaldsay (SR1031), and associated nomenclature.
b Upper and lower dental rows of a specimen from Papa Westray
(PWO0511). Images correspond to X-Ray microtomographic 3D ren-
derings of the molar rows

of Montpellier, France (CECEMA). These individuals
were used as founders of two inbred strains: PW, derived
from four Papa Westray founders, and SR, derived from
eight South Ronaldsay founders. Papa Westray and South
Ronaldsay populations display a different morphology of
the first upper molar, mice from South Ronaldsay display-
ing a rather typical tooth morphology while PW molars
show an anterior elongation up to the occurrence of an
additional cusplet (Fig. 1). The two strains were actively
selected for the fixation of this character in the PW strain,
and for its absence in the SR strain.

For morphometric analyses, ten specimens were selected
from each strain. They corresponded to the second to the
sixth generation of laboratory crosses (Table 1). About half
of the mice were young adults (between 67 and 73 days)
and the other half were older animals up to about 6 months.

The morphology of these animals bred in the labora-
tory was compared to the one of the mice trapped in 2012,
which include animals sacrificed in the field and the found-
ers of the colonies.

The mice were sacrificed according to the direc-
tive 2010/63/UE of the European Parliament on the
protection of animals used for scientific purposes.

Breeding conditions in the CECEMA have the agreement #
A34172042 from the DDPP Hérault. The protocol involved
here, including trapping of wild mice and their breeding,
received the approval of the Animal Care and Use Com-
mittee Languedoc-Roussillon # CEEA-LR-12162.

Methods

Qualitative Characterization of the Tooth Phenotype
and Wear Assessment

For the set of wild-derived laboratory mice (10 PW,
10 SR), skulls were scanned at a cubic voxel resolution of
12 um using a Phoenix Nanotom S microtomograph (uCT)
on the AniRA-ImmOs platform of the SFR Biosciences,
Ecole Normale Supérieure, Lyon (France).

The right upper molar row (UMR) and the right lower
molar row (LMR) were delimited on each slice using a
threshold method in Avizo (v. 9.1—Visualization Science
Group, FEI Company). In most cases, an automatic thresh-
old was sufficient to isolate the molar rows from the sur-
rounding bone and generate a surface including the roots;
in a few cases corresponding to old mice, connections with
the bone had to be manually delimited.

Based on these 3D models, phenotypes of upper and
lower molars were described and compared. The dental
nomenclature follows (Miller 1912).

Next, dental macrowear and microwear analyses were
performed to detect evidence of attrition and abrasion
on the extra anterior (mesial) cusps on first upper molars
(UM1) and to test the putative masticatory role of this
additional cusp. To do so, casts of first upper molars were
investigated in six specimens with the best developed
anterior cusplet (PW0351, PW0352, PW0484, PW0493,
PWO0S511, and PW0512). Their mesial part was digitized
using transmitted light stereomicroscopy with a protocol
adapted to the small dentition of rodents using a X100
magnification (Gomes Rodrigues et al. 2009). Based on
these data, traces of wear were qualitatively assessed.

2D Tooth Shape

The first upper molars (UM1) were photographed while
being oriented so that the occlusal surface would match at
best the horizontal plane. Right molars were considered,
except when missing or broken; a mirror image of the left
one was then measured. Based on these photographs, the
shape of the UM1 was described using 64 points sampled
at equal curvilinear distance along their 2D outline using
the image analysis software Optimas. The starting point

@ Springer



Evolutionary Biology (2018) 45:405-424

408

are (T4 pue YDJO ‘ANQ) siorewered orgder3odo) pue (sa109s 7Dd pue [Dd) 2deys ‘qe[ 2y} Ul SUORIQUAS :

9Sejueape [eorueyoow
VW ‘(pro341ad 714 ‘onewo3Az j7 ‘rerodwa) duray ‘10)essew sspur) SA[osnNW AI0)eITISEW UTRW O} JO 90I0J PIJBWIIISO :90I0J S[ISNJA ‘MOI JB[OW JOMO] o) pue mol Jejow Joddn a3 10f popraoid
U ‘(JUQIQYIP UM ‘JUSWAINSLIU 2010] 9)Iq Je ATe :$)ayorIq UT) 2OYLIOES Je o5k 93y

SIS0 60C0 II'€ 9L'T 16T T8 o1 11v°0 Y61 SL9  LTO0 €000 9¢v'0 6cCc  ThL  0T00 €000— N € 89 ds  ¥801dS
92s0 SYC0 OL'C €81 LTE 669 66 CCr0 €6l ¥IL  $200  O0I00 6£¥0 ¢cc 128 €C00 1000— W € 89 ds  €801dS
£6v'0 0€C0 ¢rec 6C1 I€C 98¢ 29  ¥0r'0 L81 L69 1CO0  OI00 €£¥0 yee  88L €200 LO0OO 4 v IL dS  €e01dsS
£ec0 €60 90¢c 05T I€C T8¢ 'L LOVO e S9L 6200  LIOO 9v¥0 e ev8  L200 9000 d v 1L dS  [€01ds
0¥s0 6€C°0 00¢ 0S'T 9vT 1TS e 860 Y81 0.9 1200 8000 St+'0 8¢€C ¥S8 6000 €000 A € (8D €L ds 0sdS
6€T L¥Y'1T  €9T 'S '8 v6£0 g6l 689  ¥00°0 €CO0— LEVO 8yz 118 1000 LI0O— A € (po)TTl ds (A2
61S°0 YCT0 LST €6'1 8€T 18'C oy vovo 961 065 0000— 1€00— tCv0 6CC 889 €000— LIOO— A € €81 ds yeeds
¥8C 69'1 S¥C 699 '8 LLEO 90C S6S 9000— L900— 0THO LST ¥¥9 T000— €200— I ¢ P81 ds Iceds
8¢SO LTCO 9v'C 8T1 ILT V8L ¥'L  80v'0 I81 78S 6000 LEOO— TOVO 0€C 869 €000— 6100— A ¢ 90T ds c0eds
60¢ TSl 65t €L ¥6 TIYO L8T LI9 6000 +€00— 0TFO 8CCc 0L9 <000 SI00— d ¢ LOT ds °6TdS
691°0 10C0 66C 8L'T L8CT P09 8 1Tr0 861 999 9000—  CTO0 €£¥0 e 6.9 €000— ¥I00 W ¢ 0L Md LSTIMd
1150 c0T0 €S°¢ Tl Tee LI9 L 11v°0 86l 1€9 6000—  SI00 ¥O¥0 86l SI9 $000— ¥000 W 9 L9 Md Se8Md
896°0 SIT0 vI'e IST 96T 8O'L 96 ¢€Iv’0 00Cc LIL 1200— SO0 9¢v0 ¢6l  COL LOOO—  8I0O0O W ¢ 69 Md Sv8Md
02s0 IcCo S9'1 IS'T  9%T IS¢ 9L TOv0 ¢8I T99 1100— 6200 00t0 6CC  0€L S000— 0200 A ¢ 69 Md Pr8Md
91S0 981'0 S9C 801 €9T LTI 001°0 I8  T¥9 S000— €00 LTVO Lel  0¢L T100— 8100 d ¢ €L Md cismd
0LS°0 I81'0 ¢9¢ ¥I'l 10¢€ L6 Sero ¢8I  ¥69 0000 8200 O¥¥O €0C 869 6000— 0000 W ¢ €L Md ITsmd
80S°0 6€C0 09C 601 981 ¢€0°¢ 9 vIvO €6l ¥69 SI00— 8000 ¥TrO ¢Ic LS9 8000— +000 W ¢ 6006 Mmd covMd
260 €CC0 88C €Tl €8T €9°¢ 'S L6g0 SLT 909 0T0°0—  0I00 €£¥0 €0c 699 9100— 000 d ¢ (199¢6  Mmd Y8¥Md
weo ¥81°0 6¥'¢ 86’1 61T 799 ¢'8 LOVO 961 79§ 6100— LO00— T0¥'0 LIT  S9S ¥100— +#000— 4 ¥ (0ED 061  Md csemd
¥65°0 I61°0 €8C 801 ¢€L¢ 119 L'0T €6£0 S0C L9S 9700— 1200— 60¥0 €2 ¥6S 0T00— 8100— W ¢ (OED 06T  Md Isemd
oI Y ¥DdO dINd ¢od IDd MY ¥D5dO0 dNA cod 10d
/sseiN - oupdwe], gId 17z dwal sseN Aydei3odog, adeys AyderSodoy, adeyg
VIN Q010J Q[OSNJA  92I0J A1 SIe[OW JOMO ] srejow 1oddn x9S uyg 93y urenS [enpiaipuf

xo[dwod (JojAy/sse]N) Jejouwyiaassewr pue (dup/dwa],) Jostoul/[eroduwd) oyl Jo (VIA) 25eIUBAPE [EITURYOIW
pue ‘so[osnw £I0JBOT)SEW UTBW 9Y) JO 90I0§ ‘90I0J Q)1q ‘SMOI JR[OW Iy} Jo sonsueloeIeyd ongderSodoy pue ornewoas ae yim ‘Apmis s1y) ur pazA[eue JS pue p\J surens ayj Jo suowroads | ajqeL

pringer

Qs



Evolutionary Biology (2018) 45:405-424

409

was manually positioned at the anteriormost part of the
tooth.

From the 64 points, 64 radii (i.e. distance of each point
to the center of gravity of the outline) were computed.
Expressed as a function of the curvilinear distance along
the outline, this set of radii constituted a function that was
analyzed using a Fourier analysis (Rohlf and Archie 1984).
The empirical function (radius as a function of the curvi-
linear distance) is decomposed into a sum of trigonometric
functions of decreasing wavelength (the harmonics). Each
is weighed by two Fourier coefficients (FCs) that consti-
tute the shape variables to be compared among individu-
als. The zero harmonic (AO0) is proportional to the average
radius and hence to the size of the outline. It was used to
standardize all other FCs so that they represent shape only.
This Fourier analysis was performed using the ‘sfourier’
function using the Momocs package 1.1.6 (Bonhomme
et al. 2014) in R (R-Core-Team 2017).

The higher the rank of the harmonics, the more details
they represent on the outline (Crampton 1995; Rohlf and
Archie 1984) and the less information they bring. This can
be used to filter measurement error and reduce the number
of variables by discarding high-order harmonics (Renaud
et al. 1996). Considering the cumulative power (i.e. informa-
tion brought by each successive harmonic), it appeared that
the molar tooth could be adequately described by the first
seven harmonics, i.e. by 14 variables (FCs), representing
more than 99% of the total information (function cumula-
tive_power in Momocs).

The 64 points along the outline are enclosed into a bound-
ing box (i.e. the smallest rectangle that enclosed the object
delineated by the points). The length and width of this
bounding box provided an estimate of these dimensions for
each tooth (function coo_lw in Momocs).

The analysis was performed on the tooth of the wild and
laboratory mice (61 UM1). The shape variables (FCs of
the first seven harmonics) were summarized using a prin-
cipal component analysis (PCA) performed on the vari-
ance—covariance matrix of the FCs. PCA allows for a visu-
alization of the principal axes of shape variation, and for a
reduction of dimensionality (Sheets et al. 2006). Differences
between groups (wild PW, wild SR, laboratory PW, labora-
tory SR) were tested using analyses of variance (ANOVA)
and post-hoc Tukey tests for univariate size estimates (tooth
length and width). Shape differences were tested using a
multivariate analysis of variance (MANOVA) and pairwise
Hotelling’s T? tests on the set of PC axes explaining more
than 5% of the total variance.

3D Characterization of the Upper and Lower Molar
Rows

Mouse molars are composed of transverse enamel ridges
(Fig. 1), the cusps of which align to form longitudinal rows
that guide the propalinal (antero-posterior) movement during
chewing. The molar row has a complex geometry which pre-
vents to reliably locate landmarks and delineate curves along
the ridges (Skinner and Gunz 2010). Thus, we developed a
method of shape description that relies on the description
of the molar row surface (Renaud and Ledevin 2017). A
template of the upper molar row was designed on a randomly
chosen specimen (SR292) to describe the entire erupted
crown. This template was defined by 2917 equally-spaced
sliding semi-landmarks anchored by 11 fixed landmarks.
These fixed landmarks were defined on all specimens and
were only used as priors to guide the registration process.
The template was deformed in order to match the original
surface of each tooth row (Ledevin et al. 2016). An itera-
tive procedure was used to slide points along tangent planes
according to the minimum bending energy criterion until
convergence (Gunz et al. 2005). Next, the resulting sliding
semi-landmarks were adjusted for scaling, translation, and
rotation according to a Procrustes superimposition. These
procedures were performed using the packages ‘Morpho’
(Schlager 2017) and ‘mesheR’ (Schlager 2016). Procrustes
coordinates, i.e. coordinates of the sliding semi-landmarks
after Procrustes superimposition, constituted the shape vari-
ables describing the shape of the tooth row.

The same procedure was applied to the lower molar row
(LMR), with a template of 2927 sliding semi-landmarks and
11 fixed landmarks.

As for the 2D outline analysis, the shape variables (here
the Procrustes coordinates of the 2917 semi-landmarks for
the upper molar row, and 2927 for the lower molar row)
were described and summarized using a principal compo-
nent analysis (PCA). A pairwise Hotelling’s T test was per-
formed using as variables the set of PC axes explaining more
than 10% of the total variance. This threshold was chosen
to limit the number of variables due to the reduced num-
ber of specimens and the large number of original variables
included in the 3D analysis.

Topographic Analysis of the Upper and Lower Molar
Rows

The topographic parameters were computed from the tem-
plates of the upper and lower molar rows used for the geo-
metric morphometric assessment of their shape. The tem-
plates were used to discard the root portions of the original
surface that would otherwise cause errors during computa-
tion of the complexity parameters.

@ Springer
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To circumvent the uncertainty in the estimation of the
topographic parameters related to inconsistencies in the
manual orientation of the molar rows, a four-step semi-
automatic procedure was developed (Renaud and Ledevin
2017). First, a surface of reference was randomly chosen
(here, SR292) and manually aligned in space using Avizo (v
9.1) so that the occlusal surface would be aligned with the X
and Y planes, lying face-up, and oriented orthogonal to the
Z-axis. Next, the auto3dgm R package (Boyer et al. 2015)
was used to automatically align all remaining dental surfaces
and the reference surface using a Procrustes superimposi-
tion. Third, the difference in position between the reference
surface before and after the Procrustes superimposition was
calculated. The same transformation was applied to the
remaining dental row surfaces with the goal to orient them
exactly as the reference surface, with the occlusal surface
facing up, while retaining the Procrustes superimposition.
Finally, these surfaces were simplified to 10,000 polygo-
nal faces (Pampush et al. 2016) using the R package Rvcg
(Schlager 2017).

Three parameters were used to characterize the topo-
graphic properties of the molar rows. Dirichlet normal
energy (DNE) assesses tooth sharpness by measuring the
curvature and undulation of the surface (Bunn et al. 2011).
Orientation patch count (OPC) estimates the number of
separately oriented facets on a tooth surface (Evans et al.
2007) and is considered a proxy for dental complexity (San-
tana et al. 2011). It is measured by dividing a tooth surface
into contiguous patches that share an orientation and then
summing the number of such patches. Because counts may
vary depending on the orientation of the occlusal surface, we
used a variant of the method [orientation patch count rotated
(OPCR)] (Evans and Jernvall 2009) measuring complexity
by starting from the initial orientation, rotating the surface
by 5.625° a total of eight times around the Z-axis, and aver-
aging the resulting OPC estimates to provide the OPCR
value. The third parameter, Relief Index (RFI), corresponds
to the log ratio between the surface area of a tooth’s crown
(Area3D) and the area of the tooth planometric footprint
(Area2D) (Boyer 2008).

The estimations of DNE, OPCR, and RFI were performed
using the R package molaR (Pampush et al. 2016).

Mandible Shape

Mandibles were photographed after being put flat on their
lingual side. Left mandibles were considered, except when
damaged; the mirror image of the right one was then meas-
ured. The shape of the mandible was described using 64
points sampled at equal curvilinear distances along their
2D outline, the starting point being positioned at the dorsal
junction between the incisor and the mandibular bone. Using
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the Momocs package (Bonhomme et al. 2014), the outlines
were then centered, scaled, and aligned along their long axis.
They were then analyzed using an elliptic Fourier trans-
form (Kuhl and Giardina 1982) (efourier in Momocs). This
method decomposes the variations of x- and y-coordinates
as functions of the curvilinear abscissa along the outline.
Each function is decomposed into a sum of trigonometric
functions of decreasing wavelength (the harmonics) weighed
by two Fourier coefficients (FCs), so that together, each har-
monic is weighed by four coefficients (two for x, two for
y). It is particularly efficient for describing complex shapes
such as the mandible. Mandible shape could be adequately
described by the first seven harmonics, representing more
than 95% of the total information.

This analysis was performed on the mandible of the wild
and laboratory mice (59 mandibles). The set of FCs was
summarized using a principal component analysis (PCA)
performed on the variance—covariance matrix of the FCs.

The mandibular bone can change plastically throughout
the life of the animal in response to muscular and external
loads (Renaud et al. 2010). For the analysis of mandible
shape, we therefore considered separately the animals sacri-
ficed during the 2012 field trip, and those that were brought
back. A limit is the low sample size for the wild groups (PW:
2; SR: 7). Differences between groups (wild PW and SR
sacrificed just after capture; wild PW and SR brought to the
lab; laboratory descendants of PW and SR) were tested using
an analysis of variance (ANOVA) and post-hoc Tukey tests
on a univariate size estimate (mandible area). Shape differ-
ences were tested using a multivariate analysis of variance
(MANOVA) and pairwise Hotelling’s T? tests on the set of
PC axes explaining more than 5% of the total variance.

Biomechanical Analysis of the Mandible

The mechanical advantage is a measure of the efficiency of
mandible geometry to transmit force from the muscles to
the bite point. It can be estimated as the ratio of the in-lever
(distance from the condyle to the point of muscle attach-
ment) and the out-lever (distance from the condyle to the
bite point) (Hiiemae 1971). Out-levers were estimated as
the distance from the condylar articulation to the incisor
tip, and to the first molar main cusp (hypoconid). Regarding
in-levers, the effect of the superficial masseter was approxi-
mated by considering the distance from the condyle to the
posterior tip of the angular process. The distance from the
condyle to the tip of the coronoid described the action of the
temporalis (Anderson et al. 2014; Renaud et al. 2015). The
temporalis is mostly used together with incisors for gnawing;
whereas the masseter and molars are involved in the action
of mastication. Two mechanical advantages were therefore
considered: temporalis/incisor, masseter/molar. As for man-
dible shape, six groups were considered: wild PW and SR
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sacrificed just after capture; wild PW and SR brought to the
lab; laboratory descendants of PW and SR. Differences were
tested using an analysis of variance (ANOVA) and post-hoc
Tukey tests.

Bite Force

Bite force was measured using a Kistler piezo-electric force
transducer (Anthony Herrel et al. 1999). The same user (SG)
performed all the measurements to avoid inter-user error.
Each mouse bit three times in a row and only its highest bite
force was selected to be used in the following analyses. For
a few mice, the age when bite force was measured was not
the age of sacrifice (Table 1).

Dissection and Muscle Forces

After bite force measurements specimens were sacrificed,
heads were fixed during 48 h in 4% formol, and thereafter
conserved in 70% alcohol. The masseter, temporal, zygoma-
tico-mandibularis, and pterygoid muscles were dissected and
weighed. Each muscle was then submerged in a nitric acid
solution (HNO; 30%) for 24 h to separate muscular fibers
and then covered with a 50% aqueous glycerol solution. For
each muscle, ten fibers were chosen haphazardly, drawn and
measured using the Image] software (Abramoff et al. 2004).
The mean fiber length was estimated for each muscle. The
cross sectional area of the muscle was approximated by the
muscle volume ratio, obtained by dividing the weight by the
muscular density, taken here as 1.06 g/cm* (Anthony Her-
rel et al. 2008; Murphy and Beardsley 1974), subsequently
divided by the mean fiber length. An estimate of the muscle
force can then be obtained by multiplying this section by
the muscle stress, taken here as 25 N/cm? (Anthony Herrel
et al. 2008).

Statistical Tests of the Differences Between the PW
and SR Strains

Differences between the two strains were tested for topo-
graphic parameters of the molar rows, bite force, muscle
forces, and mechanical advantages using t-tests that perform
well even with very small sample sizes (de Winter 2013).
Nevertheless, because of the limited sample size, tests may
lack statistical power. This issue was assessed using the R
package pwr (Champely 2018).

ANOVA (type I sum of squares), pairwise Tukey tests,
and t-tests were performed using R (R-Core-Team 2017).
PCAs were performed using the R package ade4 (Dray and
Dufour 2007). Shape differences were investigated using
MANOVA (type I sum of squares) and Hotelling’s T? tests

on the set of PC axes > 10% of variance. These tests were
performed using PAST (Hammer et al. 2001).

For all variables investigated here, variation in indi-
vidual age may interfere with differences between strains.
Linear models including age, strain, and their interaction
were therefore also investigated. The percentage of vari-
ance explained (pve) by each explanatory variable (age
and strain) and the associated probability were assessed
using the R package ffmanova (Langsrud and Mevik
2012). This method is based on type II sum of squares,
which has the advantage of being invariant to ordering
of the model terms; the ffmanova also handles colinear
responses. It may inflate the pve but allows an estimation
of the relative importance of the explanatory variables.
The interaction was never significant, possibly because
of small sample size, and was finally discarded from the
models.

Results

Dental Phenotypes and Wear of the Additional
Cusplet

Observations of dental rows in mice from the Orkney
Islands revealed that unusual phenotypes occurred much
more frequently on upper molars of specimens from Papa
Westray than from South Ronaldsay, while lower molars
of both groups appeared less variable (Fig. 1). All investi-
gated PW mice have either a cingulum or more frequently
one or several small cusps located at the anterior part of
their UM1 (phenotype 1 on Fig. 1). This phenotype is
regularly combined with a labial cusp on UM1 (pheno-
type 2), which is generally connected to the crest start-
ing from the t6. The t9 is often reduced (phenotype 3),
and accompanies a more or less marked bulge generally
located on its distal margin. On UM2, unusual phenotypes
of t1 occasionally occur (phenotype 5), especially on the
medial part, while reduction of t9 is more frequent (phe-
notype 6). On UM3, the lingual cusps display unusual
phenotypes (e.g. connection of t1-t4 missing to faintly
marked), and distal cusps can be reduced to missing (e.g.
t8; phenotype 7). Conversely, only a few of these pheno-
types occur on SR mice, and in far lower extent (e.g. rare
labial cups, and distal bulge on UM1).

Evidence of dental macrowear and microwear was
observed on the tips of most of the extra mesial cusps in
all of the PW specimens investigated (Fig. 2). Macrowear
corresponded to enamel-free areas and can be observed
on the larger extra cusps (Fig. 2b). Microwear features
are generally represented by scratches on extra cusps
(Fig. 2¢).
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Fig.2 Evidence of dental
attrition and abrasion on extra
mesial cusps of UM1 in PW
mice. a X-Ray microtomo-
graphic 3D renderings of a
UM1 showing surrounded
extra-mesial cusps (PWO0511). b
Picture of an extra mesial cusp
showing traces of wear, circled
with a dotted line (PWO0511).

¢ Picture of extra mesial cusps
showing microwear features,
pointed by arrows (PW0352)

Size and Shape of the First Upper Molar: 2D
Characterization and Comparison with Wild
Populations

The size of the UM1 was first characterized by the length
and width of its 2D outline (Fig. 3a, b). The UM1 of the
wild populations from Papa Westray and South Ronaldsay
differed in their length but not in their width (Table 2), cor-
responding to elongated UM1 in PW. The lab PW UM1 were
slightly longer than their wild counterparts. The lab SR UM1
were both longer and wider than their wild counterpart. This
ended up in PW and SR lab UMI1 being different in their
length but not their width, as for the wild populations.

Regarding UM1 shape (Fig. 3c), the variation along PC1
(45.5% of total variance) roughly opposed PW teeth, char-
acterized by a slender and elongated outline, to SR teeth that
are broad and massive. PC2 (23.6%) corresponded to more
or less prominent labial cusps. Lab SR descendants tended
to be more extreme than the wild SR along this axis.

Overall, while some overlap existed between teeth of
wild-trapped PW and SR mice, lab teeth from PW and SR
were fully segregated along a PC1-PC2 diagonal. Four
axes explained more than 5% of variance (PC1=45.5%,
PC2=23.6%, PC3=9.8%, PC4=5.5%). MANOVA and
Hotelling’s T? test were performed on this set of axes. Teeth
from PW and SR appeared to be significantly different
between the wild specimens, and this significant difference
was maintained, or even increased, in the lab descendants
(Table 2).

Shape of the Upper Molar Row: 3D Characterization

The upper molar rows were differentiated according to two
directions of shape changes (Fig. 4a). Mostly along the first
PC axis (35.9% of the total variance), molar rows were ordi-
nated according to the age of the mice, for both PW and SR
strains. Accordingly, the first axis mainly corresponded to a
pattern of abrasion (Fig. 4b). The PW and SR strains were
opposed along the second PC axis (20.9%). Compared to
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SR, PW molar rows were characterized by an elongated first
molar, and a reduced second molar.

Accordingly, the two strains differed in shape (Table 3).
Because the pattern of variation with age is slightly oblique
along PC1 and PC2, strains differed along both axes (t-tests:
PC1, P=.0085; PC2: P=.0005). Using a model combining
age and strain, both appeared significant, with age explain-
ing roughly 40% of the variance (Table 4) and strain slightly
more.

A similar pattern was found for the lower molar row, with
a significant difference between the two strains (Table 3)
(Fig. 4c, d). The two strains varied in a parallel way accord-
ing to the age and hence the degree of wear along the first
axis (42.3% of total variance). The second axis (17.2%)
opposed the two strains (Fig. 4c). PW displayed reduced
second and third molars compared to SR (Fig. 4d). In a
combined model, age and strain explained approximately
as much variance as for the upper molar row (Table 4).

Topography of the Molar Rows

The differences in geometry of the upper molar rows were
associated with differences in topographic parameters
(Figs. 5, 6). Although characterized by additional cusplets,
PW molar rows were less sharp and less complex (Table 3)
than SR molar rows. The difference in relief was not sig-
nificant between both strains. Changes with age, due to
abrasion, also impacted topographic parameters, especially
regarding sharpness (DNE) and relief (RFI) (Fig. 5) whereas
complexity (OPCR) did not vary with age. Combining both
factors, tooth sharpness appeared primarily influenced by
strain, whereas relief was primarily influenced by age. Com-
plexity differed between strains and remained constant with
respect to abrasion (Table 4).

No significant difference emerged using t-tests when
considering topographic parameters of the lower molar
(Table 3), probably because differences between strains were
minor compared to the effect of abrasion (Table 4).
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Table 2 First upper molar size and shape differences between the PW and SR laboratory mice, and the corresponding wild populations

ANOVA  df F Tukey/Hotelling’s T2
PW2012  PW2012  PW2012 SR2012 SR2012  PW_lab
SR2012  PW_lab SR_lab  PW_lab SR_lab  SR_lab
p (Same) p (Same)
Length 3,57 15.98 1.17E—07 0.0010 0.0499 0.9823  0.0000001 0.0137  0.0346
Width 3,57 6.794 0005389 0.4041 0.1697 0.2666  0.0024 0.0057  0.9956
MANOVA df F p (Same)
PC1,PC2, 12,1432 10.46 1.253E — 14 <.0001  0.2282 <0.0001 <0.0001  <0.0001 <0.0001

PC3, PC4

P-values of ANOVAs and associated Tukey’s pairwise tests are provided for tooth length and width, and p-values of MANOVA and associ-
ated Hotelling’s T? tests for tooth shape (variables considered were the first four axes of a PCA on the Fourier coefficients, all >5%). In italics

P-value <.05. In bold P-value <.001

Regarding the relationships between the two molar rows, correlation; UMR DNE vs. LMR DNE: R=0.7241,
sharpness of the lower molar row was correlated to sharp- ~ P=.0003). Complexity and relief were not related between
ness of its upper counterpart (Pearson’s product-moment  lower and upper molar rows (Pearson’s product-moment
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correlation; UMR OPCR vs. LMR OPCR: R=0.2333,
P=.3222; UMR RFI vs. LMR RFI: R =0.1830, P=.4400).

Mandible Size and Shape: 2D Characterization
and Comparison with Wild Populations

Differences in mandible size were documented between
groups (Table 5). Wild PW and SR did not differ in mandible
size, neither when sacrificed after trapping or when main-
tained for a while in the lab. Both shared a significant man-
dible size increase from the wild to the lab probably simply
due to aging (Fig. 7a). PW and SR laboratory descendants
did not differ in size. Within each strain, descendants did
not differ from the size reached by wild-trapped mice kept
in the lab.

Differences in mandible shape (Fig. 7b) were tenuous.
Wild PW and SR tended to differentiate along the second
axis (24.1% of variance). Mandibles of the wild-trapped
mice kept in the lab appeared intermediate in shape between
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LMR PC1 (42.3%)

the two wild samples. Mandibles of lab descendants of PW
and SR strongly overlapped, and seemed shifted along the
first axis (43.9%) compared to the wild-trapped individuals
brought to the lab.

Three axes each explained more than 5% of variance
(PC1=43.9%, PC2=24.1%, PC3=15.2%) and were used
in MANOVA and Hotelling’s T? tests (Table 5). Probably
due to small sample size, wild PW and SR failed to be sig-
nificantly different in mandible shape, despite being close
to the significance threshold (P =.0668). Wild-trapped
PW and SR brought to the lab exhibited a similar mandi-
ble shape (P =.5805). Their lab descendants displayed a
slightly different mandible shape (P =.0438).

Biomechanics of the Mandible
Two in-lever/out-lever ratios assessed the efficiency of

the mandible shape regarding its two main functions:
masseter/molar for chewing and temporal/incisor for
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Table 3 Differences between the set of laboratory PW and SR mice
HT? df F Wilk’s lambda p (Same)
3D UMR

PCI, PC2 2,17 58.15 1.28E-01 2.50E—08
3D LMR

PCI, PC2 2,17 140.5 0.05703 2.67TE—11
t-Test df t p (Same)
UMR

DNE 16.527 -3.049 0.0074

OPCR 17.863 —4.842 0.0001

RFI 17.856 —1.612 0.1245
LMR

DNE 17.672 —0.588 0.5637

OPCR 15.755 —-0.751 0.4637

RFI 17.53 0.861 0.4007
Bite force 15.973 0.583 0.568
Mechanical advantage

Temporal/Incisor 14.877 —3.433 0.0037

Masseter/Molar 12.796 0.790 0.4441
Muscle force

Masseter 14.781 —0.983 0.3416

Temporal 17.223 0.207 0.8382

Pterygoid 16.249 0.336 0.7410

Zygomatic 16.032 —1.609 0.1272

Differences in molar row geometry were tested using Hotelling’s T? tests on the sets of PC axes> 10% of variance. Differences in molar row
topography (DNE, OPCR, RFI), bite force, mechanical advantages of the mandible, and muscle forces, were tested using t-tests

In italics P-value <.05
In bold P-value <.001

grinding (Fig. 8). When considering all groups includ-
ing the wild-trapped as well as the lab-reared animals
(Fig. 9), the masseter/molar mechanical advantage did
not display any difference between groups whereas the
temporal/incisor mechanical advantage exhibited some
differences (Table 5). In the laboratory descendants, the
two mechanical advantages displayed no trend with age
(Table 4). The two strains did not differ in their masseter/
molar mechanical advantage but SR displayed a slightly
higher ratio than PW regarding the temporal/incisor
mechanical advantage (Table 3). Note that with a sample
size of N=10 in each group, t-tests are only able to detect
differences of 1.3X the pooled standard deviation with a
good power (80%).

Considering PW alone, lab descendants displayed a
lower ratio than wild PW brought to the lab (P =.0490).
The SR groups did not differ in their temporal/incisor
mechanical advantage (P =.4016).

Bite Force and Estimated Force of the Masticatory
Muscles

Regarding bite force, no clear trend emerged with age, except
for one specimen measured while juvenile (18 days) which
displayed the lowest bite force (Fig. 10a; Table 4). The two
strains did not differ in their bite force (Tables 3, 4).

Four muscles were dissected to extrapolate their force: the
masseter, the temporalis, the zygomatico-mandibularis, and
the pterygoid muscles (Fig. 8). No variation with age was
observed (Fig. 10b—e; Table 4). The two strains displayed
similar force values for all muscles (Table 3).

Discussion
Different Tooth Geometry in Orkney Mice

House mice presumably colonized the Orkney Archipelago
following the expeditions of the Norwegian Vikings, who
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Table 4 Influence of age and strain difference on molar row 3D shape
and topography, on mandible mechanical advantages, on masticatory
muscle forces, and bite force

Dependent Explanatory

Age Strain

pve P-value pve P-value

Molar row shape

UMR PCL,PC2 39.6 3.6e—06+** 43.4 8.2e—08***
LMR PCL,PC2 38.7 2.77e—06*** 45.8 1.25e—10***
Topography
UMR DNE 45.4 1.09e—05*** 53.3 4.14e —06***
OPCR 6.0 0.118 44.9 0.000305%**
RFI 39.0 0.00177** 24.6 0.00912%*
LMR DNE 70.4 4.82e—06*** 11.4 0.0173*
OPCR 0.0 0.964 3.0 0.482
RFI 12.6 0.128 1.1 0.636
Bite force 6.9 0302 49 07385
Mechanical advantage
Temporal/ 6.0 0.227 43.4 0.00432%*
Incisor
Masseter/ 11.6 0.189 39 0434
Molar
Muscle force
Masseter 3.8 0412 29 0.469
Temporal 3.0 0.480 0.8 0.713
Pterygoid 0.6 0.741 0.3 0.816
Zygomatic 0.5 0.756 10.7 0.167

Results of general linear models are provided (pve percentage of vari-
ance explained). Explanatory variables are age, and strain (PW vs.
SR). In bold highly significant P-values (P <.001), in italics P <.05.
Interactions were not significant and were discarded from the model

founded settlements in the area (Searle et al. 2009). As a
consequence of their common origin, mice from the vari-
ous islands of the archipelago share a similar haplotypic
signature (Ledevin et al. 2016; Searle et al. 2009). Never-
theless, they nowadays display an important tooth shape
diversity (Ledevin et al. 2016).

This study focused on mice from two islands from
the Orkneys: Papa Westray and South Ronaldsay. Papa
Westray mice display one of the most extreme dental phe-
notypes encountered on the Orkneys (Fig. 1), character-
ized by additional cusplets, unusual phenotypes and sim-
plification of the dental pattern. South Ronaldsay teeth, in
contrast, do not depart markedly from the regular dental
pattern of house mice.

Our results first evidenced that laboratory descendants
of the mice from Papa Westray (PW) and South Ronaldsay
(SR) retained and even increased their dental phenotypic
differences, in agreement with the fact that they were pro-
gressively inbred, with an active selection for the fixation
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of the elongation of the first upper molar for PW and for the
absence of this trait for SR.

Three-dimensional imagery allowed to better characterize
the geometric differences of the molar tooth rows on a set
of laboratory descendants of the PW and SR strains. The
presence of an anterior (mesial) additional cusplet on the
first upper molar represents the most distinctive phenotypic
trait of Papa Westray mice. The evidence of macrowear and
microwear on this extra-cusp of PW mice (Fig. 2) suggests
that it might participate to the comminution of food parti-
cles. Being functional, at least in its most developed form,
and heritable, since it could be selected for in the course
of artificial breeding, this cusplet could thus be under the
screening of selection. This could contribute to explain its
recurrent fixation in several fossil (Stoetzel et al. 2013) and
extant species of murines (Kan Kouassi et al. 2008), espe-
cially within the Murini.

Despite the occurrence of marked phenotypes on the
PW upper molars, no obvious qualitative difference existed
for the lower molars between the two strains. 3D quanti-
tative analyses nevertheless showed that both molar rows
were clearly differentiated between the two strains. The trait
most clearly shared by both molar rows was the reduction
of the second and third molars in Papa Westray mice. This
reduction may be the consequence of a larger first molar,
inhibiting the development of the subsequent molars along
the cascade of molar development (Kavanagh et al. 2007).
This result fits the observation of highly integrated variation
between the upper and lower molar rows at the population
level (Renaud et al. 2009), despite a higher evolvability of
the upper molars (Renaud et al. 2011).

Relationship Between Geometry and Complexity
of the Teeth

The geometric differences were associated with differences
in tooth complexity, which were first described in a qualita-
tive way, showing a balance between increased complexity
in PW due to additional cusps, and simplifications especially
in the posterior region of the teeth. Tooth complexity was
also quantified as the number of patches of different orien-
tation on the tooth (Evans and Jernvall 2009; Evans et al.
2007). Differences in quantitative complexity (OPCR) were
demonstrated between the upper molar rows of the PW and
SR strains. The South Ronaldsay strain appeared to have
significantly more complex upper molar rows than the Papa
Westray strain. This result points to the fact that the observed
unusual phenotypes and simplifications in PW molars over-
whelmed the addition of cusplets in the complexity pattern.
In agreement with the absence of clear qualitative differ-
ences on the lower molar row, no difference in complexity
of the lower molar row was demonstrated between the two
strains. This provides evidence that the lesser differentiation
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Table 5 Differences in mandible size, shape, and mechanical advantages between the PW and SR wild and lab mice

ANOVA df F p (Same) PW_lab SR_lab PW_wlab PW_wild SR_wild
Area 5,53 11.72 1.18E—07 PW_lab
SR_lab 1.0000
PW_wlab 0.0095 0.0125
PW_wild 0.0885 0.1178 0.0002
SR_wild 0.0094 0.0208 0.0000 0.9981
SR_wlab 1.0000 0.9998 0.0023 0.0558 0.0017
MANOVA df F Wilk’sL  p (Same) PW_lab SR_lab PW_wlab  PW_wild SR_wild
PC1,PC2, 15,141.2 4.562 0.3359 5.02E-07 PW_lab
PC3
SR_lab 0.0438
PW_wlab  0.0028 0.0503
PW_wild 0.2890 0.1754 0.0361
SR_wild 0.0325 0.0545 0.0066 0.0668
SR_wlab 0.0005 0.0243 0.5805 0.0067 0.0118
ANOVA  df F p (Same) PW_lab PW_lab PW_lab PW_lab PW_lab
MA temp/ 5,51 4.992 .00085 PW_lab
inc
SR_lab 0.2375
PW_wlab  0.0346 0.9968
PW_wild  0.9942 0.9552 0.8380
SR_wild 0.0020 0.4690 0.6267 0.3176
SR_wlab  0.0011 0.8070 0.9467 0.5585 0.9229
df F p (Same) PW_lab PW_lab PW_lab PW_lab PW_lab
MA mass/ 5,51 1.112 .366 PW_lab
mol
SR_lab 0.9682
PW_wlab  1.0000 0.9754
PW_wild 0.6806 0.9337 0.6961
SR_wild  0.9300 1.0000 0.9409 0.9668
SR_wlab  0.9957 0.7667 0.9880 0.4712 0.6787

Groups are, for PW and SR: mice sacrificed in the field (wild), wild-trapped mice brought back to the lab (wlab), and laboratory descend-
ants (lab). P-values of ANOVAs and associated Tukey’s pairwise tests are provided for mandible area, and temporal/incisor and masseter/molar
mechanical advantages (MA temp/inc and MA mass/mol). P-values of a MANOVA and associated Hotelling’s T? tests for mandible shape (vari-
ables considered were the first three axes of a PCA on the Fourier coefficients, all > 5%). In italics P < .05, in bold P <.001

in lower molar shape between PW and SR is mirrored by the
absence of differences in complexity.

Possible Significance and Limits of the Tooth
Topographic Parameters

Dental topography is interpreted as related to dietary spe-
cializations across taxa (Bunn et al. 2011; Godfrey et al.
2012; Ungar 2004). Species consuming food items such as
tendons, muscles, or insect cuticles, tend to possess molars
with high, sharp cusps for puncturing and shearing these
materials. Species consuming fruits, or other items requir-
ing to be crushed, tend to have molars with low cusps, open
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basins, and many facets for gripping and crushing these
foods (Evans and Sanson 2003; Winchester et al. 2014).
Depending on the diet, different topographic characteristics
may present a functional advantage. Overall, herbivorous
species consuming food that requires grinding display a
higher complexity than carnivores (Evans et al. 2007). Even
between related species, high complexity values have been
associated to a more fibrous and structural carbohydrate-
dominated diet (Boyer et al. 2010; Winchester et al. 2014).
Resistance to such an abrasive diet can also be increased by
a high relief index (Evans et al. 2007). In contrast, greater
sharpness might be of advantage for carnivores, even to the
detriment of complexity. Transferring this interpretative
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framework to intraspecific differences is, however, limited
by the amount of topographic variations due to wear, and
hence age, but also individual diet (Renaud and Ledevin
2017).

Our study, however, showed consistent differences in
tooth topography between PW and SR mice, especially
regarding upper molars. Relief appeared to be mostly
driven by age-related variation and hence increased wear,
without displaying clear differences between strains. As
such, it appears of limited interest for ecological infer-
ences, but it may be useful to estimate the degree of wear
in wild populations, for which age is not controlled.

In contrast, PW and SR mice were characterized by
consistent differences in complexity and sharpness, PW
displaying lower values for both parameters. The signal
in sharpness was indeed affected by age-related wear, but
this was not sufficient to obliterate the between-strain dif-
ferences. Dental complexity was not affected by age/wear,
as was already observed for laboratory mice (Renaud
and Ledevin 2017). This suggests that mouse dentition
maintains its complexity with age, despite changes in the

shape of the cusps due to wear. This parameter may thus
be particularly relevant for comparing wild populations.

The greater complexity and sharpness of SR teeth com-
pared to PW teeth overall suggests a higher functional
performance of the molars of South Ronaldsay mice for
crushing food items, despite the fact that the additional
cusplet on the Papa Westray first upper molar can par-
ticipate to the comminution of food particles. Function-
ally relevant dental differences between these populations
could thus have arisen in a relatively short evolutionary
time-span (maximum ~ 1200 years since the Viking colo-
nization of Orkney).

How are Dental Differences Accommodated
by the Jaw?

The next question was to know whether these differences
in dental morphology were accompanied by differences in
the rest of the masticatory apparatus. The mandible being
the moving tool bringing teeth into occlusion, we quantified
mandible shape and its mechanical advantages. Bite force
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Zyg. infra.
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Fig.8 Masticatory muscles and mechanical advantages of the man-
dibles. a—¢ Masticatory muscles, represented on a CT-scan visualiza-
tion of a mouse skull (SR413): masseter in blue, temporal in pink,
zygomaticomandibularis in yellow, and pterygoid in green. Some
muscles (e.g. temporal and deep masseter) are composed of several
parts that were discernable on dissection but not on segmentation of
micro-CT images. These parts have been pooled for dissection and
quantification. d Mechanical advantages, with in-levers (distance
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Fig.9 Mechanical advantage of in-/-out-lever ratios in wild-trapped
PW and SR mice and their descendants in the lab. a Mechanical
advantage of the temporal/incisor complex. b Mechanical advantage
of the masseter/molar complex. Groups correspond, for the PW and

and the force of the main masticatory muscles were further
assessed. No differences could be demonstrated between PW
and SR mice, except for tenuous differences in mandible
shape and the performance of the temporal/incisor complex,
with lab PW displaying a lower temporal/incisor mechanical
advantage. Wild PW also tended to display a lower tempo-
ral/incisor mechanical advantage than wild SR. However, a
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Zyg. infra.

from the fulcrum to the point of muscle attachment; red dotted lines)
and out-levers (distance from the fulcrum to the bite point; white dot-
ted lines). D. Mass. deep masseter, Ext. Pte. external pterygoid; F ful-
crum; Inc incisor; Int. Pte. internal pterygoid, Mass. masseter; Mol
molar; Sup. Mass. superficial masseter; Temp. temporalis; Zyg. ant.
anterior part of the zygomaticomandibularis; Zyg. infra. infraorbital
part of the zygomaticomandibularis; Zyg. post. posterior part of the
zygomaticomandibularis
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lower mechanical advantage for the temporal/incisor com-
plex may be unfavorable to force output but more favorable
to speed at biting, as it is often the case in insectivorous taxa
(Fabre et al. 2017).

The limited number of PW and SR lab specimens con-
sidered here may have been insufficient to evidence subtle
fine-tuning of the masticatory apparatus to the important
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Fig. 10 Bite force, and force of the main masticatory muscles as a
function of age in PW and SR lab mice. a Bite force in newtons. b—e
Force of the main masticatory muscles, estimated from dissections

dental changes, but the results anyway show that differences
in molar morphology do not always have to be accommo-
dated by differences of the same magnitude in the jaw and
masticatory muscles. Indeed, a hammer can perform vari-
ous functions due to differences in its head shape, without
differences in the handle. Evidences of mosaic evolution
between molar and mandible shape have been provided by
wood mice populations from various islands (Renaud and
Michaux 2007), confirming the potential for uncoupling the
evolution of both features, despite the need for integration
of the jaw bone and the teeth (Zelditch et al. 2008) and evi-
dence of constraints exerted by the jaw on the developing
teeth (Renvoisé et al. 2017). This uncoupling may be favored
by the fact that the dental changes occurring in PW did not
affect the main pattern of propalinal occlusion, since the
additional cusplet on PW first upper molars is located ante-
rior to the occlusion with the lower molar. The rise of this
morphological unusual phenotype in the Papa Westray and
other Orkney populations (Ledevin et al. 2016) may thus
exemplify a dental diversification in a constrained functional

context, allowing for an increase of the surface of contact
with food items without requiring any further change of the
masticatory system.

Mandible divergence might have been reduced in our
study by the fact that all mice investigated were bred in the
same laboratory environment and were fed with the same
food. The mandible is constantly remodeled in response
to muscular action and external forces, leading to signifi-
cant differences between mice fed food of different con-
sistency (Anderson et al. 2014; Renaud et al. 2010). Mice
from PW and SR that have been bred at least for a part
of their life under laboratory conditions, thus consuming
the same food, displayed more similar mandible shapes
than mice sacrificed at capture. Laboratory descendants
seemed further shifted in a similar morphological direc-
tion, showing that disruptive selection for tooth morphol-
ogy (with or without additional cusplet) had no disruptive
effect on mandible morphology. Plasticity in response to
common breeding conditions may also have contributed
to the similar bite force and muscle force observed in the
two strains. Possibly, PW mice were more sensitive to the
environmental change represented by being in lab condi-
tions, and/or to the selection acting upon the strain. This is
suggested by the decrease in temporal/incisor mechanical
advantage observed in the laboratory descendants of this
strain, compared to both their wild ancestors and SR mice.
This effect may have a behavioral component, underlining
that behavior is part of a complex interplay involving also
muscles, teeth and bones and leading to a co-adapted feed-
ing apparatus (Anderson et al. 2014).

At this intraspecific level, plastic effects related to
remodeling, including the response to food but also
behavior and ageing, may be of the same magnitude as
interpopulation differentiation, making it difficult to
demonstrate consistent patterns. Breeding wild-derived
strains should help to further separate heritable differ-
ences from plastic effects on jaw shape (Boell and Tautz
2011).

Conclusion

The two wild-derived strains from Papa Westray and South
Ronaldsay exhibit important differences in tooth geometry.
These differences may be functionally relevant, since they
are associated with differences in dental complexity and
sharpness, and traces of wear. To our knowledge, this is
the first time that differences in functionally relevant topo-
graphic parameters are evidenced between populations of
the same species. With its additional cusplet and reduction
of the second and third molars, Papa Westray molar shape
is reminiscent of phenotypes occurring, for instance, in
some Nannomys pygmy mice such as Mus minutoides (Kan
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Kouassi et al. 2008), which includes a substantial part of
invertebrates in its diet (Happold 2013). The decrease of
dental complexity observed in PW mice matches the signal
associated, at a higher taxonomic level, with carnivorous
taxa (Evans et al. 2007). In contrast, SR tooth morphol-
ogy, displaying high complexity and high sharpness, seems
adapted to the consumption of various and challenging
food items. Differences in mandible morphology are small
and more difficult to interpret, because they may be due to
behavioral differences and plasticity in response to the lab
environment.

The adaptive interpretation of these differences remains
difficult because the two populations inhabit apparently
similar commensal habitats. On both Papa Westray and
South Ronaldsay, mice were trapped in commensal contexts,
mostly agricultural buildings. Agricultural practices may dif-
fer, however, with traditional cattle breeding being the most
important activity on Papa Westray whereas South Ronald-
say sustains more diverse exploitations including crop cul-
tures. This may expose mice to more abundant resources of
grain on South Ronaldsay. Not mutually exclusive, the two
populations may differ in their degree of commensalism,
and/or how they exploit human resources. Slight niche shifts
may for instance have occurred on Papa Westray due to the
coexistence of the mice with a potential competitor, the
wood mouse (Apodemus sylvaticus) (Ledevin et al. 2016),
but such interpretations remain hypothetical. Dental phe-
notypic changes as those evidenced on Papa Westray occur
in different insular contexts (Ledevin et al. 2016; Renaud
et al. 2011). Even if they may be occasionally mobilized by
the screening of selection, they may have appeared in the
populations due to random factors. Drift is likely increased
in relatively small and isolated populations, and all the more
on a small and remote island such as Papa Westray.

The evolution of Papa Westray mice may therefore
illustrate the rise of an unusual phenotype, possibly occur-
ring due to increased drift on a small and remote island.
Inbreeding can cause rapid and pronounced morphological
differentiation and even alter patterns of variance, covari-
ance and integration (Jamniczky and Hallgrimsson 2011;
Renaud et al. 2017) due to complex epistatic interactions and
silencing of (co)variance-generating processes. The fact that
the anterior elongation of the first upper molar, observed on
Papa Westray specimens, was repeatedly evidenced in differ-
ent contexts (insular evolution (Renaud et al. 2011) but also
hybridization (Renaud et al. 2017)) suggest that the occur-
rence of such phenotypes could be favored by developmental
lines of least resistance (Renaud et al. 2011).

Since the dental changes have a potential functional
significance, the unusual phenotypes may enter the screen-
ing of selection, and participate to adaptation to local food
resources. The evolution of these dental phenotypes was
probably facilitated by the fact that they do not interfere
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with the complex requirements of the propalinal chewing
movements and occlusion; hence, this dental evolution
does not require an adjustment of the whole masticatory
apparatus, including bones and muscles. The PW and SR
populations exemplify once more that islands are ‘labora-
tories of evolution’ (Berry 1996). The two corresponding
strains may help to get further insights into the evolution-
ary processes and mechanisms involved in this evolution.
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