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ABSTRACT

Geometric morphometric methods (GMM) make it pésgid study shape and size independently. Thess&fib8
adult specimens of different domestic breeds of @ere analysed by means of GMM in order to knashape and
size would allow their racial grouping. For this qmose, breeds were grouped a priori in four groggsording to
the general area of the origin of each breed: “WhHditerranean” (Fardasca breed, n=21), “Central Expe”
(German breeds, n=12, Friesland, n=3 and lle de mae, n=2), “East Mediterranean” (Karaguniko, n=5,
Kephalonia, n=1, Khios, n=2, and one unknown bréed of Greek origin) and “Hebrides Islands” (Hebgdn
breed, n=7). A picture on the lateral aspect ofteakull was taken and fourteen landmarks were plame each.
Skull variation was decomposed in both size (céhsize: CS) and shape components. No allometrganggd, and
size differences between groups were significaly for Eastern group (Greek breeds), probably doethe
influence of Asiatic breeds. Central Europe groupsented the highest variation, probably becausenitloses
different morphological breeds, such Friesland dfel de France. According to shape, significant efiféinces
appeared between groups except between West and/Edigerranean breeds for the discriminant funaoti®hape
differences were mainly focused on basilar aspéth® skull. 63.8% of the specimens were propddygsified a
posteriori, increasing only to 70.6% of proper ddkation when size was used. The results sugbgest rather
low discrimination among breeds appears and thad sioes not add much more information.
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INTRODUCTION

It has been said traditionally that the morpholagiand morphometric study of the skull does noty aeiflect
contributions of genetic and environmental compdsiém individual development but can also descgéeetic and
ecophenotypic variation. Traditional morphometusg distances and ratios to characterize morphabtye skull
from an ethnological point of view. However, suechapproach has some well-known deficiencies. Féedection
of variables is very arbitrary and can importaraffect the results obtained. The lack of an intéomally accepted
methodology, such as those existing for zooarcloggsib (the most commonly used being the monograghyon
den Driesch, [2]), would partially explain this. rBetimes, authors give different importance to défe parts,
depending on their hypothesis, or whether or needris horned. Second, direct distances are typicabre
correlated with the overall size of an organismkimg it impossible in practice to study size andsh separately.
Finally, even if ratios (between informative distan, the so-called “ethnological indexes”) wereduse an attempt
to correct the effect of size, such an approactiteasvn statistical problems. Therefore, it waglewt that classical
methods were imperfect to single out size and sFapgassifying breeds.

It was Sir D’Arcy Wentworth Thompson who first praged depicting changes in shape by using reference
deformations of an organism superimposed on a [dlidHowever, a general approach to solve this meag
guantitatively did not appear until shape coulddescribed by the coordinates of a set of well-afipoints or
landmarks [1]. The geometric morphometric (GM) taglies, which have been shown to be objective &ralemt
compared to traditional methods, can be used tlysamthe size and shape variation in the skullthefspecimens.
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The geometry of shape is captured by a configuraifatopographically corresponding landmarks [3jakhfinally
allow the comparison of geometrical forms of almasly structure. Size and shape are separated, hak s
differences can be visualized with deformation gjiiitdthe style of Thompson [4]. Then, differenaeshape among
individuals will be directly characterized by diféaces in these coordinates. See [1, 5 and 6] éoe metails. GM
links the geometry of the structure, the mathersaifadeformation and biological inference.

The main aim of this paper is to introduce the os&M techniques to some European groups of shesgdb in
order to know their “power” to characterize diffaces in skull shape and size.

MATERIALS AND METHODS

Samples

The skulls of 58 specimens of different domestieehis ofOvis were analyzed for the purpose of this study. The
material is housed in different private and publitlections. Breeds (Table 1) were grougeplriori in four groups
according to the general area of their origin (nafoe each group is just an author's decision): “Wes
Mediterranean” (Fardasca breed, n=21), “Centrabpeit (German breeds, n=12, Friesland, n=3 anddl€&rmnce,
n=2), “East Mediterranean” (Karaguniko, n=5, Kemimé, n=1, Khios, n=2, and one unknown breed buGi&ek
origin) and “Hebrides Islands” (Hebridean breed7n-An effort was made to include only mature spetis and

no distinction was made between male and femaleirseas, as the skulls included were chosen prigndoit
dental completeness and ontogenetic stage, althaumiyh one specimen did not include data on sex. Not
distinguishing between sexes could, however, intceda slight bias in some of the data, since pusvitudies have
demonstrated sexual skull dimorphisnuis genre.

Table 1.Area of origin, assigned group and collection of agin for the breeds studied (n=58).

Breed N Area of origin Assigned Collection
of the breed group of procedence
Fardasca 21Spain West MediterranearlL
German breeds16 Germany Central Europe 3
Karaguniko 5 Greece East Mediterranean 2
Kephalonia 1 Greece East Mediterranean 2
Khios 2 Greece East Mediterranean 2
Unknown 1 Greece East Mediterranean 2
Friesland 3 Britain Central Europe 2
lle de France 2 France Central Europe 2
Hebridean 7 Scotland Hebridas Islands 3

1: private collection (Sabaté Family of Rasquera)
2: Faculty of Animal Science and Aquaculture, Agjticral University of Athens
3: “Sektion Mammalogie und Osteologie Staatliches®&um fir Naturkunde Stuttgart”

Data gathering

Images involved taking a photograph of each skudirect lateral view. Fourteen landmarks were gdbon lateral
aspect. Landmarks were chosen to provide an adeqosaerage of the skull shape (Figure 1). A scake(B0 mm)
was placed on each image for rescaling purposes.imhges were then digitized using TpsDig softwagesion
2.16 [7] to obtain the x, y coordinates of the lamadks. The author was responsible for landmarkihgpecimens.
To ensure that the localization of the points delkevas accurate, Fardasca specimens (n=21) wadieated twice.
Mantel test, with 5,000 permutations, reflected R6@, p=0. The error for digitizing landmarks waerefore
considered to be negligible. To test if shape Wariais small enough to permit the use of approxiome in tangent
space, a correlation between specimen distancesmgent space and Procrustes space was perforniggs8mall
software version 1.20 [8]. The correlation was vhigh (r>0.996), indicating that no significant tition was
introduced by tangent space approximations. We phoseeded with subsequent analysis.

Morphometrics: size

Skull variation was decomposed in both size angasl@mponents. To quantify the size of a speciroentroid
size (CS) was computed from the raw coordinatehefandmarks [9] using the CoordGen6f softward.[C® is a
measure of geometric scale, calculated as the squoat of the summed squared distances of eactnirkdfrom
the centroid of the landmark configuration. Diffieces in sizes were studied according to Mahalardibiances of
In CS.

Shape

Body shape was analysed using landmark-based geometrphometric methods [1, 11]. Once the specsneere
aligned, the mean configuration of landmarks wasmated, and the specimens were projected to arlstesgpe
tangent space. The mean configuration is usuallleccahe consensus or reference shape becausetliteis
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configuration of landmarks that corresponds toghmt of tangency between the exact curved shapeesgnd the
approximating tangent space in which the lineartivariate statistical analyses are performed [R2,14].

Allometries, meaning size-shape covariances, atleeaheart of morphological change, and lend premntiy to its
complexity. Skeletal allometries accompany bothla@imnary change (“phyletic” allometries) and dey@inental
change (“developmental” or “growth” allometries)hus, a regression of skull shape on skull size ceensidered
necessary to determine the amount of shape varidtie to size changes.

Figure 1. Landmarks (14) used to capture cranial ge and shape irOvis skull. All landmarks were located on left lateralaspect in each
specimen. Two additional landmarks (not appearing &ére) were used on a scale bar for rescaling purpaseSee text for the exact
anatomical description of each landmark.

Statistical analysis

Canonical Variates Analysis (CVA) was applied tdait a scatter plot of specimens along the firgi banonical
axes, producing maximal and second to maximal séiparbetween all groups (multigroup discriminanalgsis).
CVA classifies the data, assigning each point gogtoup that gives minimal Mahalanobis distancé&(tated from
the pooled within-group covariance matrix, givindireear discriminant classifier). In addition, soss validation
statistical analysis was also accomplished by eel@me-out cross-validation (jackknifing) procedurais gives us
information about the chance of confusing two (@re) groups.

All statistical calculations were performed PASTkeage [15].
RESULTS AND DISCUSSION

Size did not explain a significant amount of vadatin shape using multivariate regression (Wilks0.212;
F2526=3.837, p<0.001). Size differences between groupe wignificant only for Eastern group (p<0.05) {lEa2
and Figure 2). Central Europe group presented itieebt variation (2.4%), probably because it eredadifferent
morphological breeds, such as Friesland and ll&rdace. According to shape, significant differenappeared
between groups except between West and East Medlitem breeds for the discriminant function (Wilks’
1=0.0067; kg4 81.654.185, P<0.005) (Figure 3). Only 63.8% of the smeas were properly classifie posteriori
increasing to 70.6% of proper classification whizme svas used. Shape differences were mainly focaeduhsilar
aspect of the skull.
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Table 2. Results of size (expressed as In Centrdiize) between breed groups studied. Significant #frences (p<0.05, in bold) only
appeared between East Mediterranean breeds and tteghers.

Central Europe East Mediterranean  West Mediterranea

Central Europe
East Mediterranean 0.0443
West Mediterranean 0.2678 0.0001
Hebridas Islands 0.6024 0.0198 0.8607

Figure 2. Box plot for In Centroid Size for the graips according to the general area of origin: “WesMediterranean” (W), “Central
Europe” (C), “East Mediterranean” (E) and “Hebrides Islands” (H).
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Figure 3. Representation of the first two principalcomponents in all specimens studied with no sizermponent (Wilks’ 2=0.0067;
Fga81.654.185, p<0.005). Breeds were groupedpriori in four groups according to the general area of agin: “West Mediterranean” (W),
“Central Europe” (C), “East Mediterranean” (E) and “Hebrides Islands” (H).

Axis 2

Differences between domestic sheep breeds are showifferent studies, using conventional analysésinear
distances measured on each specimen [16]. By empldgMM, it is clear that sheep skulls cannot prpe
classify breeds. The evolution of morphologicalustures by selection depends on the availabilitygefietic
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variation for the traits in question. Particulafdy multidimensional features such as shape, theamse to selection
depends critically on the patterns of genetic ahdnptypic variation. The differences in skull sixed shape
between groups have probably been driven both trneic factors (for instance adaptation for fegdom different
kinds of grasslands) and by intrinsic ones (a shdevelopmental pathway of the sheep breed diffit@mn, which
posed some biomechanical constraints on the direaif the evolution of sheep). It is clear that ti®ice of
landmarks for characterizing morphological form eaidently not reflect the “biologically importangkull shape,

or be a mere choice of researcher. Consequentlyeffomt must be made to unify methodologies between
researchers in order to obtain results with todahgarative possibilities.

CONCLUSION

- Size did not explain a significant amount of vdaatin shape

- Size differences between groups were significaht fam Eastern group.

- According to shape, significant differences appgal®mtween groups except between West and East
Mediterranean breeds

- Shape differences were mainly focused on basifz@aof the skull.
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