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Abstract

The existence of sexual dimorphism in the White Rasquera goat breed has long been known, with males
being larger than females. However, no study so far has explored this dimorphism separately in its size and shape
components. Here we analysed twenty-three skeletonized skulls from adult animals (11 males and 12 females)
belonging to this breed by means of geometric morphometric (GM) methods using 7 landmarks on dorsal aspect.
Differences observed between the sexes are size related, with males bigger than females. Shape is also an important
component separating males from females. The difference in skull form between sexes may be interpreted in relation
to extensive management styles of the animals: being under a low anthropogenic infuence they tend to reinforce
their natural sexual size dimorphism. This being the frst known study to apply GM to a domestic goat breed, we
advocate for further GM research in domestic breeds in order to have the possibility of comparing populations and

easily exchanging information between research centres.
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Introduction

In recent years, functional studies incorporating geometric
morphometric (GM) analyses have become increasingly common [1-
3]. Since GM techniques have been discussed at length elsewhere [4-7],
a detailed discussion is considered not necessary here.

GM analyses the relative positions of anatomical landmarks and
sets of points used to approximate curves (outlines) and surfaces to
quantify size and shape [8].  ese techniques o er an advantage over
traditional analyses of linear morphometrics in that the geometric
shape space presents all various shape configurations of designated
landmarks [1,4,9]. e geometric information of shape di erences
is preserved, statistical power is increased [10] and patterns can be
visualized using image rendering and a variety of other diagrams
[11]. In taxonomy and other elds, genetics and morphometrics can
fruitfully interact as complementary tools to understand the origin of
phenotypic di erences [12]. e rise in publications using GM outside
biology has been exponential and pays testament to the success of this
set of methods but this type of analysis has not yet been extensively
performed in domestic mammals.

Goats are sexually dimorphic animals, with a general pattern of
males being larger than females. Most of the research on this species
has been done on a purely biometric basis of linear measurements, so
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individual. In order to avoid redundant information only the right
side of cranium was used (Figure 1): (1) akrokranion (medial point on
the os supraoccipitale), (2) ectorbitale (point of the greatest width in os
frontale), (3) facial crest, (4) facial tuberosity, (5) premaxilla (widest
part), (6) nasion (the intersection of the frontal bone and two nasal
bones), and (7) prosthion (the most anterior point in the midline on the
alveolar process of the maxilla). Two additional landmarks spaced 40
mm apart were also included for scaling (Table 1).

We used the so ware TpsUtility 1.50 [16] to organize the images.
Landmarks were digitized using TpsDig 2.04 [17]. Shape variables
were obtained as linear combinations of the original landmark
coordinates a er standardizing size and removing artifactual variation

Figure 1: Landmarks used in the analyses (numbers correspond to
defnitions in text). Chosen landmarks represented different points
from the neurocranium and viscerocranium (facial skeleton) and were
selected because of the ease of their location on fxed bony points;
moreover they were not “masked” by the large horns that characterize
this breed. In order to avoid redundant information only the right side of
cranium was used.

PC Eigenvalues % Variance Cumulative %
1 0.00097662 34.246 34.246
2 0.00083573 29.306 63.551
3 0.00029333 10.286 73.837
4 0.00023396 8.204 82.041
5 0.00013243 4.644 86.685
6 0.00012426 4.357 91.042
7 0.00007830 2.746 93.788
8 0.00006535 2.291 96.079
9 0.00005350 1.876 97.955

10 0.00002215 0.777 98.732

11 0.00001125 0.394 99.126

12 0.00000912 0.320 99.446

13 0.00000667 0.234 99.680

14 0.00000465 0.163 99.843

15 0.00000185 0.065 99.908

16 0.00000144 0.050 99.958

17 0.00000071 0.025 99.983

18 0.00000049 0.017 100.000

Table 1: Eigenvalues from a Principal Component Analysis treating the skulls
(n=24) as the object of interest and the lineal measurements as the variables. None
of the Principal Components (PC) presented an eigenvalue >1.

due to di erent positions of the specimens during the process of data
collection (generalized Procrustes analysis). Landmark positions
were converted to scaled x and y coordinates using CoordGen6f [18].
CoordGen6f was also used to translate and rotate images. We saved
centroid size (CS) to be used as a measurement independent of shape
[19], which is the square root of the summed distances between each
landmark coordinate and the centroid of the landmark con guration
[20]. Shape di erences were visualized with deformation grids, where
one object (reference) is deformed into another (target) and shape
features can be described in terms of deformation grids depicting the
di erences between objects [11]. e thin plate spline algorithm was
used to compute the deformation grid with the least bending energy
between the reference and target landmark con gurations.

Landmarks were digitized twice. Pro le plots of the landmark
coordinates were used to detect landmarks with relatively large
variations between repetitions. e two repeats tend to cluster together;
bit correlation between the matrices of Procrustes distances from each
of the repetitions was very high (Mantel test r=0.723, p=0). Digitizing
error was considered, therefore, negligible.

Toassessdi erences in shape between sexes, principal-components
analysis (PCA) on the covariance matrix and discriminant function
analysis (DFA) were performed. PCA was used to display variation
within a sample, to characterize the main features of shape variation
and as an ordination method. Shape variables were regressed onto the

rst two PCA axes to illustrate shape changes along them. DFA was
used to separate sex groups. It provides an ordination that maximizes
the separation of the group means relative to the variation within
groups and emphasizes the degree of separation of the groups and not,
as in canonical variate analysis, the relative arrangement of multiple
groups. Accordingly, more emphasis is placed on the probability
of correct and incorrect classi cation of observations. In order to
compare sizes (CS) between sexes, values were log-transformed. e
Mann-Whitney U test was used for signi cant di erences in log CS
medians between sexes and the Kolmogorov-Smirnov D test for overall
equal distribution of two sex samples (for both cases using CS, as it does
not assume normal distribution). Multivariate ANOVA (MANOVA)
was done in order to compare shape between sexes. As size a ects the
skull and can in ate measures, we explored the e ect of allometry by
computing a multivariate regression of shape on log CS. To adjust for
size-shape di erences we repeated the analyses using the residuals
of the multivariate regression CS was considered the independent
variable. is regression allowed us to correct for the e ects of size
on shape (allometry). e Mann-Whitney U test was used to test for
signi cantdi erences in allometric slopes and intercepts between sexes
and the MANOVA to test di erences in regression scores between
sexes. Using the residuals from a regression of shape on centroid size
was the method to correct for the e ects of allometry. Signi cance was
accepted at p 0.05 level.

Numerical statistical analysis

Data were analysed using MorphoJ [21] and PAST-"Paleontological
Statistics So ware Package for Education and Data Analysis" [22]
so ware.

Ethics statement

No speci ¢ permits were required for this study as it did not involve
neither slaughtering animals nor collecting endangered or protected
organic parts.
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Results

e rst component, PC1, accounted for 41.7% of the variation. 718
Viscerocranium saggital points (landmarks 6 and 7) made the
largest contribution to the total variance. e second component, T34
PC2, accounted for 33.5% of the variation and was a measure of 77 _'_
viscerocranium points, too (Figure 2). . ..

e log CS was di erent between the sexes (U=31, p<0.05), being E:’ 723
larger in male skullsthan infemales (Figure 3),and also their distribution _

was di erent (D=0.659, p<0.05). Apart from size, there appeared to be
shape di erences between the sexes (Wilks A=0.130, df1=14, df2=8,
p<0.05). Inter-individual allometry was signi cant (p=0.02) although
it explained a small percentage (12.7%) of shape di erences according
to size (Figure 4). When size e ect was already removed signi cant
di erences were still present between the sexes, so the di erences here
observed were not only in shape. Post-hoc comparisons between the

&

r

Figure 2: Principal Component Analysis for PC1 and PC2. PC1,
accounted for 41.7% of the variation. Viscerocraniumsaggital points
(landmarks 6 and 7) made the largest contribution to the total variance.
The second component, PC2, accounted for 33.5% of the variation and
was a measure of viscerocranium points (landmarks 5 and 6).

Figure 3: Boxplot for centroid size for males and females. The 25-75
percent quartiles are drawn using a box. The median is shown with a
horizontal line inside each one. The minimal and maximal values are
shown with short horizontal lines ("whiskers"). Log centroid size (CS)
was not different between the sexes.

Figure 4: Multivariate regression of the shape variables on log centroid size.
Inter-individual allometry was signifcant (p=0.02) although it explained a small
percentage (12.7%) of shape differences according to size.

sexes found neither di erences in their allometric slopes as regressed
onto head shape (U=86.5, p=0.613) nor in the intercepts (U=97.0,
p=0.981), but regression scores for both sexes were di erent (p<0.05)
being larger for males than for females.

Discussion

We can draw some preliminary conclusions as to the level of
signi cance of shape and size variations in White Rasquera adult
animals. First of all, the very small error demonstrated that the proposed
landmarks can be located with precision and images were acquired
with accuracy despite the lack of atness of the dorsal cranial plane. e
analyses of the univariate size measurements and multivariate shape
data clearly show that the breed is sexually dimorphic for head size
and shape, having males a larger skull. Allometry reveals that shape
di erences are not simply due to allometry. e anatomical separation
of the skull into viscerocranium and neurocranium is due to functional
separations within both regions (i.e. the facial skeletal morphology
develops and responds to visual, olfactory and masticatory so tissues
and functions, whereas the neurocranium mainly responds to CNS
growth and vascularization while functioning to protect the brain) and
being the face where most sexual changes appear.

Sexual dimorphism (SD) is a widespread phenomenon in di erent
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animal taxa, including the subfamily of goats and sheep (Caprinae),
which belongs to the most dimorphic mammalian groups [23]. Rensch's
rule describes the pattern of sexual dimorphism, claiming that larger
species generally exhibits higher male to female body size ratio [23,
24]. Agreement with Rensch's rule has been manifested by slope of the
allometric relationship between male and female skull size exceeding
one. e existence of SD in the White Rasquera breed has long been
known, males being larger than females [13], perhaps due to the fact
that being under a low anthropogenic in uence they tend to reinforce
their natural sexual size dimorphism. However, no study so far had
explored this dimorphism separately in its size and shape components
and focused on skull. Here, we exploited both size and shape to gain
insights into skull SD for his breed. An interesting side issue to our
study is that if size is excluded from the analysis, individuals may be
grouped for sex.

isisthe rst known study to apply GM to a domestic goat breed,
so comparisons of our data to other published sources are not possible.
We advocate for further GM research in domestic breeds in order to
have the possibility of comparing populations and easily exchanging
information between research centres.
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