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Abstract: Based the anatomical premise that in bovines, the medial (inner) claw is larger than the 8 
lateral (outer) one in the forelimb, we hypothesized that it implies a phalangeal form difference. To 9 
test this hypothesis, we studied asymmetries of the forelimb acropodia (phalangeal series) on 10 
calves belonging to Brown Pyrenean breed, a meat breed managed under extensive conditions in 11 
NE Spain. Dorso-palmar radiographies were obtained for each acropodium and form (size+shape) 12 
in a sample of 34 forelimbs (17 right and 17 left) from 17 animals. Images were studied by means of 13 
geometric morphometrics on medial and lateral acropodial series (III and IV series respectively) for 14 
each left and right forelimb. Shape coordinates were computed by Generalized Procrustes 15 
Analysis. Acropodial series resulted similar in size, but their shape expressed an especially high 16 
directional asymmetry, with distal phalanges (pedal bones) being abaxially oriented. Such 17 
morphological adjustments may be an important reconsideration of “normal” radiographic 18 
acropodial evaluation. 19 

Keywords: digital bones; directional asymmetry; laterality; locomotion; Pyrenean Brown 20 
 21 

Introduction 22 

In bilaterally symmetric structures, size and shape can differ between sides [1] [2]. Bilateral 23 
asymmetries can be expressed as fluctuating asymmetry and as directional asymmetry [3] [4] [5]. 24 
Fluctuating asymmetry (FA) is generally the result of genetic or environmental stress [6] [7] [8] [9] 25 
and is considered a negative indicator of the ability to resist random and small developmental 26 

accidents [3] [10]. Directional asymmetry (DA) occurs when there is a consistent form difference 27 
between sides [11] [5] [12] and generally it has a genetic basis [13], usually not being considered to be 28 
due to environmental or developmental stress [12]. 29 

The cattle metacarpus is composed of the two totally fused third and fourth metacarpal bones 30 
[14] [15]. This composite bone, colloquially known as “cannon bone”, provides two separate 31 
epiphyses for the third and fourth digits [14] [15]. Although cattle has four digits, the abaxial series 32 
(II and V) are vestigial and incomplete [14] [15] whereas axial series (III and IV) are composed of 33 
three primary (distal -the pedal bone-, middle, and proximal phalanxes, the acropodia) and three 34 
secondary (one navicular and two sesamoids) bones [16] [15]. 35 

Like most bone skeletal structures, digits are generally assumed to be bilaterally symmetrical. 36 
The lateral (outer, IV) vs medial (inner, III) symmetry of acropodial series corresponds to matching 37 
symmetry, e.g. III and IV separated series appear as mirror images of each other [17]. The object 38 
symmetry, in contrast, is referred to a single structure which is identical according to a given or 39 
selected plane, such as mid-sagittal one [17]. 40 

Use of traditional (linear) morphometrics in studies of bilateral asymmetry has some limitations 41 
[18]. For instance linear distances omit information about relationships involving the shape [18]. 42 
Geometric morphometrics (GM) is based on a set of Cartesian coordinates points (x,y) that are 43 
homologous across individuals [19]. In contrast to traditional linear methods, GM preserves the 44 
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geometry of the measured landmark configurations, and statistical results can thus be represented as 45 
shape deformations [19] [20] [18]. Moreover, morphometric methods are very helpful in 46 
standardizing and separating the different sources of asymmetry [19] [21]. Analysis of asymmetries 47 
in appendicular (such as the autopodes) or in axial skeletal elements are very scarce in cattle [22] [23] 48 
[24] [25]. In cattle the surface of lateral and medial hooves is no equal [14] [26] but GM has never 49 
been applied to limb asymmetry research in bovines before. The aim of this study was to determine 50 
asymmetries in acropodial series in calves based on radiographs as to our knowledge, radiographic 51 
geometric morphometric analyses of digits have not previously been used for cattle. Study has been 52 
centered on forelimbs, which take on a lesser role in propulsion [14] and so less prone to change 53 
according to substrates. As the chosen sample belonged to animals not subjected to foot care it is 54 
expected to describe “natural” acropodial asymmetries, at least among young animals similar to 55 
studied breed. 56 

Materials and methods 57 

A sample of 34 forelimbs from 17 Pyrenean Brown abattoir calves (9-15 months and 212-282 kg 58 
carcass weight as standard values) [27] was selected and labelled in a commercial slaughterhouse (17 59 
right forelimbs and 17 left forelimbs). The animals were selected randomly and were clinically sound 60 
according to ante mortem abattoir official veterinary inspection. None of them had been had previous 61 
trimming. Individual information was not possible for samples, therefore sex and carcass weight for 62 
each animal could not be considered, although there were no castrated animals. The limbs were 63 
identified as the feet came off the slaughter line. Each set of 2 paired feet was then placed in a 64 
uniquely identified plastic bag. The feet were brought back to the Department of Animal Science and 65 
stored in plastic bags at -18°C until processing. 66 

Images were obtained using a computed radiographic system (Potro DR® ) following standard 67 
procedures [28]. The exposure factor for dorso-palmar view were 60 kV and 3.2 mAs with each 68 
defrosted foot to be examined with the x-ray beam centered approximately to the 69 
metacarpophalangeal joint (Figure 1). The cassette was vertically positioned as close as possible to 70 
the metacarpus. A total of seven landmarks occurring on both sides (axial and abaxial) of the 71 
acropodial joints (6 landmarks), abaxial distal metacarpal epiphysis (1 landmark) and one axial on 72 
distal metacarpal epiphysis were used (Figure 1). These landmarks were chosen in order to have a 73 
good representation of the overall acropodial shape and to detect important features of asymmetry. 74 
The captured images were transformed to TpsUtil v. 1.40 software [29] and landmarks recorded 75 
using TpsDig v. 2.26 software [30]. 76 
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Figure 1. Dorso-palmar view of acropodium on which seven landmarks occurring on both sides of 79 
the acropodiums joints (2 to 4, and 6 to 8), disto-abaxial metacarpal epiphyseal bands (1) and one 80 
axial (no. 5 on the distal metacarpal epiphysis) were located. Bar is 3 cm long. For each limb the x-ray 81 
beam centered approximately to the metacarpophalangeal joint.  82 

To obtain the shape data, landmark configurations were superimposed using the generalized 83 
Procrustes method, based on a generalized least-squares minimization of the distance between 84 
corresponding landmarks [31]. Landmark configurations were compared by this superimposition, 85 
which is achieved by translating, rotating and scaling all configurations to a common reference 86 
system (the mean) [21]. As a proxy for size we used the centroid size (CS), which corresponds to the 87 
squared root of the sum of the squared distances from each landmark to the centroid [31]. 88 

Statistical analyses  89 

We used TpsSmall v. 1.33 software [32] to test whether the observed variation in shape was 90 
sufficiently small that the distribution of points in the tangent space could be used as a good 91 
approximation of their distribution in shape space [31]. Size differences were analyzed with an 92 
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ANOVA (ANalysis Of VAriance). Procrustes coordinates were assessed for asymmetry of shape in 93 
relation to individuals (symmetric component of variation), asymmetric component of variation 94 
(Directional Asymmetry DA and Fluctuating Asymmetry FA), and measurement error. FA was 95 
interpreted as the “individual*side” interaction effect, while DA as the “side” effect. This was done 96 
with a two-way NPMANOVA (Non Parametric Multivariate ANalysis Of VAriance), using 97 
“individuals” and “sides” as factors. Allometry was studied by means of a multivariate regression 98 
using CS (log-transformed) as independent variable and shape (expressed as Procrustes coordinates) 99 
as dependent variable. A subsequent shape analysis was done by a Principal Component Analysis 100 
(PCA) to simplify descriptions of differences between series. PCA was calculated from the var-covar 101 
matrix of the variables. Canonical Variate Analysis (CVA) was used to ordinate specimens to 102 
maximise separation of four series. We used regression scores for PCA and CVA. Finally, a 103 
representation of bending energy (thin plate spline) allowed to appreciate shape changes as forces 104 
acting on a coloured mesh that deforms according to the direction. The bending energy represents 105 
the idealized energy that would be required to bend the shape change plate so that the landmarks 106 
were lifted or lowered appropriately. 107 

Analyses were done with MorphoJ v. 1.07a [33] and PAST v. 2.17c [34].  108 

Results 109 

First analyses indicated that an excellent correlation between the tangent and the shape space 110 
existed, as the correlation (uncentered) between the tangent space Y regressed onto Procrustes 111 
distance was 0.9995. 112 

Size asymmetries 113 

ANOVA reflected that III and IV acropodial series presented no size differences between them 114 
for both limbs (F3,132=0.156; p=0.925).  115 

Allometry 116 

There appeared no significative regression of CS versus Procrustes coordinates (F16, 119=0.719, 117 
R2=0.0076, p=0.769), so there was no allometric effect of acropodial size versus its shape. 118 

Shape asymmetries 119 

Procrustes ANOVA for assessing measurement error showed that the mean square for 120 
individual variation (71.4%) exceeded the measurement error (6.1%), thus, the measurements were 121 
deemed reliable. There appeared directional asymmetries (DA, “side” effect) and fluctuating 122 
asymmetries (FA, interaction effect) for both series in each right and left forelimb. Net asymmetry 123 
(DA+FA) accounted for more than 90% of total variation, being DA more than twenty times bigger 124 
the value of FA (Table 1). In the PCA the first two principal components represented a 92.43% of 125 
total shape variability, with PC1 accounting for the most significant variance (76.17%) (Figure 2). 126 
There was a gradual decrease in percent variance with a drop between PC1 (76.17%) and PC2 127 
(16.26%) (Figure 3) so PC2 and PC3 were ignored to describe shape features as they contributed little 128 
to the overall variation. The primary shape characteristic of the dataset as represented by the first PC 129 
may be interpreted as a horizontal displacement of distal landmarks -on distal phalanx- showed the 130 
highest contribution to variance (Figure 4). CV1 explained 98.6% of variation in the analyzed 131 
material and it clearly separated each group, with significative differences between them (Pillai’s 132 
trace=2.67, F48,357=60.17, p<<0.001). It was clear a shape closeness between left lateral-right medial, and 133 
right lateral-left medial series (Figure 5). 134 

Table 1. Procrustes ANOVA for shape of right and left forelimbs of Pyrenean Brown calves (n=34), 135 
with a significant effect of “Side” (directional asymmetry) and interaction effect (fluctuating 136 
asymmetry) (9,999 permutation rounds). Sums of squares (SS) and mean squares (MS) are in units of 137 
Procrustes distances (dimensionless). Measurement error showed that MS for individual variation 138 
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exceeded the measurement error. There appeared directional asymmetries and fluctuating 139 
asymmetries, for both right (n=17) and left (n=17) forelimbs. Sums of squares and Mean squares are 140 
in units of Procrustes distances (dimensionless).  141 

1/ Right forelimb (n=17) 142 

Source Sum of squares Df Mean square F p 

Individual 0.032029 16 0.0020018 32.306 0.0001 

Side 0.027964  1 0.0279640 45.128 0.0001 

Interaction 0.018533 16 0.0011583 18.693 0.0002 

Residual 0.021068 34     0.0006196 
 

Total 0.099594 67 
   

 143 

2/ Left forelimb (n=17) 144 

Source Sum of squares Df Mean square F p 

Individual 0.033277 16 0.0020798 40.677 0.0001 

Side 0.028572  1 0.0285720 55.881 0.0001 

Interaction 0.019052 16 0.0011908 23.289 0.0001 

Residual 0.017384 34     0.0005113 
 

Total 0.098285 67 
   

 145 

Figure 2. Principal Component Analysis for left and right forelimbs belonging to 17 Pyrenean Brown 146 
calves. The first two PCs were statistically meaningful and portrayed a 92.43% of total shape 147 
variability, with PC1 accounting for the most significant variance (76.17%). Empty dots: right medial 148 
acropodial series; empty squares: left lateral acropodial series; stars: right lateral acropodial series; 149 
filled squares: left medial acropodial series. 150 
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 151 

Figure 3. Screen plot showing the proportion of the total shape variance explained by each PC for 34 152 
distal limbs belonging to 17 Pyrenean Brown calves. There was a gradual decrease in percent 153 
variance with a drop between PC1 and PC2. Note: the first three shown PCs accounted for all 154 
variation. 155 

 156 

Figure 4. Loadings for the first PC which accounted for a 76.17% of the total observed variance for 157 
each of the 8 studied landmarks (expressed in x, y Cartesian coordinates).  158 
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 159 

Figure 5. Canonical Variate Analysis of asymmetric shapes for left and right forelimbs belonging to 160 
17 paired limbs from 17 Pyrenean Brown calves. Acropodial shapes appear plotted in 161 
two-dimensional space formed by the scores of the first two Canonical Variate. CV 1 explained 98.6% 162 
of the variance. Empty dots: right medial acropodial series; empty squares: left lateral acropodial 163 
series; stars: right lateral acropodial series; filled squares: left medial acropodial series. 164 

In the representation of bending energy (contraction, bluish coloration and expansion, reddish 165 
coloration) it was observed a left (axially) displacement of distal phalanges in left lateral and right 166 
medial series, while this displacement was towards right (axially, too) for right lateral and left 167 
medial series. (Figure 6). In other words, and abaxial displacement for paired pedal bones. 168 
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2/ Left medial and right lateral series 

Figure 6. Representation of bending energy (contraction, bluish coloration and expansion, reddish 169 
coloration) for 17 paired limbs from 17 Pyrenean Brown calves (dorsal views). It was observed 170 
displacements of distal phalanges with a tendency towards abaxial displacement for paired 171 
acropodial series. 172 

Discussion 173 

In this study we analysed acropodial asymmetries in young domestic cattle using radiographic 174 
images by means of geometric morphometric techniques. It appeared an undeniable presence of 175 
shape asymmetry in the studied sample. In cattle it has been described the medial hoof being the 176 
larger hoof in the forelimb [14] [26]. But this is not reflected on bones, as acropodial sizes are similar 177 
between medial and lateral series. 178 

But this asymmetry was present in shape. Once net asymmetry of the studied sample was 179 
decomposed into directional asymmetry and fluctuating asymmetry, it was found that most of the 180 
variation in asymmetry was explained by directional asymmetry alone. Directional asymmetry 181 
refers to non-pathological differences between sides of the body which result from lateralized 182 
behaviours and biomechanical pressures [18]. 183 
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The directional asymmetry can be a product of genotype as well as of lateralization in the 184 
muscle load or other functional demands [35]. The most probable explanation for the observed 185 
average asymmetry in acropodial bones is that it results from a functional splay. The distal phalanx 186 
-pedal bone- is in indirect contact with the ground through the hoof [14] [36]. The abaxial 187 
displacement imbalance on two paired pedal bones load would directly modulate their external 188 
morphology. So, detected directional asymmetry can be largely attributable to differential 189 
mechanical loading due to digital splay. This is consistent to the main vertical axis supporting the 190 
body weight in limbs, where the phalanges would tend to fall distally in it, so being differently 191 
developed, e.g. different shaped [37]. Radiographically it can be seen as an abaxially oriented of 192 
medial and lateral apexes of the hoof [36] [38]. 193 

In summary, our results showed significant differences in the paired shape -but not size- of the 194 
medial and lateral acropodia with a clear abaxial-biased distal asymmetry, which had to be seen as 195 
an important “normal” feature of acropodial conformation, at least in the studied breed. Now it 196 
would be interesting to study if this asymmetry is expressed sexually dimorphism and its behaviour 197 
in more aged animals, and to detect if this uneveness coincides with both kinetic and kinematic 198 

asymmetrical locomotor differences. 199 

Author contributions: PMPC designed the study and directed implementation and data collection. LCN and 200 
KJC performed radiographies and collected data. PMPC, LCM and KJC analysed the data and drafted the 201 
manuscript. 202 

Acknowledgements: The authors acknowledge all the facilitations offered by abattoir Mafriseu SL and its 203 
official Veterinary Miquel À ngel Alberton. We also thank anonymous referees for their careful reading of the 204 
manuscript and helpful comments. 205 

Conflict of Interest: The authors declare that there are no competing interests regarding the publication of this 206 
paper. There were no funders in study design, data collection and analysis, decision to publish, or preparation 207 
of the manuscript. It was not required an animal ethics committee approval from the Ethics Committee as we 208 
used remains of an animals that were killed for commercial purposes totally unrelated to this study (“DECRET 209 
214/1997, de 30 de juliol, pel qual es regula la utilització d'animals per a experimentació i per a altres finalitats 210 
científiques”. 211 

References 212 

[1] C. Sforza, G. Michielon, N. Fragnito, F. Virgilio, and V. F. Ferrario, “Foot asymmetry in healthy adults: 213 
Elliptic fourier analysis of standardized footprints,” J. Orthop. Res., vol. 16, no. 6, pp. 758–765, 1998, doi: 214 
10.1002/jor.1100160619. 215 

[2] S. Mancini, S. L. Sally, and R. Gurnsey, “Detection of symmetry and anti-symmetry,” Vision Res., vol. 45, 216 
no. 16, pp. 2145–2160, 2005, doi: 10.1016/j.visres.2005.02.004. 217 

[3] J. H. Graham, D. C. Freeman, and J. M. Emlen, “Antisymmetry, directional asymmetry, and dynamic 218 
morphogenesis,” Genetica, vol. 89, no. 1–3, pp. 121–137, 1993, doi: 10.1007/BF02424509. 219 

[4] J. C. Auffray, V. Debat, and P. Alibert, “Shape asymmetry and developmental stability,” in On growth and 220 
form: spatio-temporal pattern formation in biology, no. 1, J. C. M. Mark A.J. Chaplain, G.D. Singh, Ed. New 221 
York: John Wiley and Sons Ltd, 1999, pp. 309–324. 222 

[5] M. Costa, R. P. Mateus, and M. O. Moura, “Constant fluctuating asymmetry but not directional 223 
asymmetry along the geographic distribution of Drosophila antonietae (Diptera, Drosophilidae),” Rev. 224 
Bras. Entomol., vol. 59, no. 4, pp. 337–342, 2015, doi: 10.1016/j.rbe.2015.09.004. 225 

[6] C. L. Alados, T. Navarro, J. Escós, B. Cabezudo, and J. M. Emlen, “Translational and fluctuating 226 
asymmetry as tools to detect stress-adapted and nonadapted plants,” Int. J. Plant Sci., vol. 162, no. 3, pp. 227 
607–616, 2001, doi: https://doi.org/10.1086/320130. 228 

[7] M. V. Angelopoulou, V. Vlachou, and D. J. Halazonetis, “Fluctuating molar asymmetry in relation to 229 
environmental radioactivity,” Arch. Oral Biol., vol. 54, no. 7, pp. 666–670, 2009, doi: 230 
10.1016/j.archoralbio.2009.04.008. 231 

[8] A. Blackburn, “Bilateral asymmetry of the humerus during growth and development,” Am. J. Phys. 232 
Anthropol., vol. 145, pp. 639–646, 2011. 233 

[9] S. Niemeier, J. Müller, and M. O. Rödel, “Fluctuating asymmetry – Appearances are deceptive. 234 
Comparison of methods for assessing developmental instability in european common frogs (Rana 235 

reviewer
Highlight
with

reviewer
Sticky Note
You are suggesting bone remodeling, so you might as well mention it.



Vet. Sci. 2019, 6, x FOR PEER REVIEW 11 of 12 

 

temporaria),” Salamandra, vol. 55, no. 1, pp. 14–26, 2019. 236 
[10] P. Alibert, S. Renaud, B. Dod, F. Bonhomme, and J. C. Auffray, “Fluctuating asymmetry in the Mus 237 

musculus hybrid zone: A heterotic effect in disrupted co-adapted genomes,” Proc. R. Soc. B Biol. Sci., vol. 238 
258, no. 1351, pp. 53–59, 1994, doi: 10.1098/rspb.1994.0141. 239 

[11] C. M. Berns, The Evolution of Sexual Dimorphism: Understanding Mechanisms of Sexual Shape Differences. 240 
IntechOpen, 2013. 241 

[12] S. Ginot, S. Agret, and J. Claude, “Bite Force Performance, Fluctuating Asymmetry and Antisymmetry in 242 
the Mandible of Inbred and Outbred Wild-Derived Strains of Mice (Mus musculus domesticus),” Evol. 243 
Biol., vol. 45, no. 3, pp. 287–302, 2018, doi: 10.1007/s11692-018-9450-2. 244 

[13] A. J. R. Carter, E. Osborne, and D. Houle, “Heritability of Directional Asymmetry in Drosophila 245 
melanogaster,” Int. J. Evol. Biol., pp. 1–7, 2009, doi: 10.4061/2009/759159. 246 

[14] S. Sisson and G. D. Grossman, Anatomía de los animales domésticos. Tomo I. Barcelona, 1985. 247 
[15] R. Barone, Anatomie Comparée des mamifères domestiques. Tome 1. Ostéologie. Paris, 1999. 248 
[16] L. L. Mills and D. H. Leach, “A revised/proposed nomenclature for the external anatomical features of the 249 

bovine foot,” Can. Vet. J., vol. 29, no. 5, pp. 444–447, 1988. 250 
[17] J. A. Cocilovo, H. H. Varela, and S. Quevedo, “La asimetría bilateral y la inestabilidad del desarrollo,” Rev. 251 

argentina Antropol. Biol., vol. 8, no. 1, pp. 121–144, 2006. 252 
[18] A. M. Kubicka, P. Lubiatowski, J. D. Długosz, L. Romanowski, and J. Piontek, “Directional asymmetry of 253 

upper limbs in a medieval population from Poland: A combination of linear and geometric 254 
morphometrics,” Am. J. Hum. Biol., vol. 28, no. 6, pp. 817–824, 2016, doi: 10.1002/ajhb.22873. 255 

[19] M. Webster and H. D. Sheets, “A practical introduction to landmark-based geometric morphometrics,” in 256 
Quantitative Methods in Paleobiology, J. A. and G. Hunt, Ed. The Paleontological Society, 2010, pp. 163–188. 257 

[20] D. C. Adams, F. J. Rohlf, and D. E. Slice, “A field comes of age: geometric morphometrics in the 21st 258 
century,” Hystrix, vol. 24, no. 1, pp. 7–14, 2013, doi: 10.4404/hystrix-24.1-6283. 259 

[21] C. P. Klingenberg, “Analyzing Fluctuating Asymmetry with Geometric Morphometrics: Concepts, 260 
Methods, and Applications,” Symmetry (Basel)., vol. 7, pp. 843–934, 2015, doi: 10.3390/sym7020843. 261 

[22] C. Cerveny, “Anatomical Characteristics on the Ossa Sesamoidea Phalangis Proximalis in Cattle (Bos 262 
primigenius F. taurus Linné 1758),” Acta Vet. Brno, vol. 54, no. 1–2, pp. 3–22, 1985. 263 

[23] C. J. C. Phillips, C. Dewi, J. Whitaker, and S. J. Patterson, “Volume assessment of the bovine hoof,” Res. Vet. 264 
Sci., vol. 61, no. 2, pp. 125–128, 1996. 265 

[24] M. K. Ocal, F. Sevil, and U. Parin, “A quantitative study on the digital bones of cattle,” Ann. Anat., vol. 186, 266 
no. 2, pp. 165–168, 2004, doi: 10.1016/S0940-9602(04)80034-7. 267 

[25] C. J. C. Phillips, H. Oevermans, K. L. Syrett, A. Y. Jespersen, and G. P. Pearce, “Lateralization of behavior 268 
in dairy cows in response to conspecifics and novel persons,” J. Dairy Sci., vol. 98, no. 4, pp. 2389–2400, 269 
2015, doi: 10.3168/jds.2014-8648. 270 

[26] J. E. Nocek, “Bovine Foot Anatomy: A Functional and Practical Perspective,” Prof. Anim. Sci., vol. 2, no. 1, 271 
pp. 1–4, 1986, doi: https://doi.org/10.15232/S1080-7446(15)32412-8. 272 

[27] P. M. Parés-Casanova, “Data of beef carcasses belonging to the ‘Vedella dels Pirineus Catalans’ label 273 
produced in Cataluña (Spain),” Redvet, vol. X, no. 2, pp. 1–13, 2009. 274 

[28] S. E. Hoey, A. H. Biedrzycki, M. J. Livesey, and R. Drees, “Radiographic anatomy of juvenile bovine 275 
limbs,” Vet. Rec., vol. 179, no. 21, p. 546, 2016, doi: 10.1136/vr.103689. 276 

[29] F. J. Rohlf, “The tps series of software,” Hystrix, vol. 26, no. 1, pp. 9–12, 2015, doi: 277 
doi:http://dx.doi.org/10.4404/hystrix-26.1-11264. 278 

[30] F. J. Rohlf, “Digitalized Landmarks and Outlines,” Stony Brook: Department of Ecology and Evolution, 279 
State University of New York, New York, 2.26, 2010. 280 

[31] F. L. Bookstein, Morphometric Tools for Landmark Data: Geometry and Biology. Cambridge, 1991. 281 
[32] F. J. Rohlf, “TpsSmall v. 1.33.” http://life.bio.sunysb.edu/morph/., 2015. 282 
[33] C. P. Klingenberg, “MorphoJ: An integrated software package for geometric morphometrics,” Mol. Ecol. 283 

Resour., vol. 11, no. 2, pp. 353–357, 2011, doi: 10.1111/j.1755-0998.2010.02924.x. 284 
[34] Ø. Hammer, D. A. T. Harper, and P. D. Ryan, “PAST v. 2.17c,” Palaeontol. Electron., vol. 4, no. 1, pp. 1–229, 285 

2001. 286 
[35] C. P. Klingenberg and G. S. McIntyre, “Geometric morphometrics of developmental instability: analyzing 287 

patterns of fluctuating asymmetry with procrustes methods,” Evolution (N. Y)., vol. 52, no. 5, p. 1363, 1998, 288 
doi: 10.2307/2411306. 289 



Vet. Sci. 2019, 6, x FOR PEER REVIEW 12 of 12 

 

[36] T. Gitau, S. M. Mbiuki, and J. J. McDermott, “Assessment of bovine hoof conformation and its association 290 
with lameness, animal factors and management practices on small-scale dairy farms in Kiambu district, 291 
Kenya,” Onderstepoort J. Vet. Res., vol. 64, no. 2, pp. 13–140, 1997. 292 

[37] C. K. W. Mülling and P. R. Greenough, “Functional synergism of the biomechanical systems of the bovine 293 
claw,” in 15th International Symposium & Conference on Lameness in Ruminants, 2008, pp. 7–9. 294 

[38] L. J. Laven, L. Wang, C. Regnerus, and R. A. Laven, “Measuring claw conformation in cattle: Assessing the 295 
agreement between manual and digital measurement,” Animals, vol. 5, no. 3, pp. 687–701, 2015, doi: 296 
10.3390/ani5030379. 297 

 298 

 

©  2020 by the authors. Submitted for possible open access publication under the terms 

and conditions of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

 299 




