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Abstract
Obtaining coordinate data for geometric morphometric studies often involves the 
sampling of dry skeletal specimens from museum collections. But many specimens 
exhibit damage and/or pathologic conditions. Such specimens can be considered 
inadequate for the analyses of shape and are excluded from study. However, the 
influences that damaged specimens may have on the assessment of normal shape 
variation have only been explored in two-dimensional coordinate data and no stud-
ies have addressed the inclusion of pathological specimens to date. We collected 
three-dimensional coordinate data from the cranium and mandible of 100 crab-eat-
ing macaques (Macaca fascicularis). Tests typically employed to analyze shape varia-
tion were performed on five datasets that included specimens with varying degrees 
of damage/pathology. We hypothesized that the inclusion of these specimens into 
larger datasets would strengthen statistical support for dominant biological predic-
tors of shape, such as sex and size. However, we also anticipated that the analy-
sis of only the most questionable specimens may confound statistical outputs. We 
then analyzed a small sample of good quality specimens bolstered by specimens that 
would generally be excluded due to damage or pathologic morphology and com-
pared the results with previous analyses. The inclusion of damaged/pathologic speci-
mens in a larger dataset resulted in increased variation linked to allometry, sexual 
dimorphism, and covariation, supporting our initial hypothesis. We found that ana-
lyzing the most questionable specimens alone gave consistent results for the most 
dominant aspects of shape but could affect outputs for less influential principal 
components and predictors. The small dataset bolstered with damaged/pathologic 
specimens provided an adequate assessment of the major components of shape, but 
finer scale differences were also identified. We suggest that normal and repeatable 
variation contributed by specimens exhibiting damage and/or pathology emphasize 
the dominant components and shape predictors in larger datasets, however, the vari-
ous unique conditions may be more influential for limited sample sizes. Furthermore, 
we find that exclusion of damaged/pathologic specimens can, in some cases, omit 
important demographic-specific shape variation of groups of individuals more likely 
to exhibit these conditions. These findings provide a strong case for inclusion of 
these specimens into studies that focus on the dominant aspects of intraspecific 
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1  |  INTRODUC TION

Geometric morphometrics (GM) is a powerful statistical methodol-
ogy employed to study shape (geometry) with three-dimensional (3D) 
Cartesian coordinate data (Zelditch et al., 2004; Adams et al., 2013). 
This methodology is most often used to quantify morphological vari-
ation associated with environmental and/or evolutionary factors, and 
has surged forward over the last decade as a dominant feature in the 
toolkits of researchers who study form and function (Adams et al., 
2013; Cooke & Terhune, 2015). However, a common problem often 
experienced by GM researchers is access to adequate numbers of 
specimens to reach viable sample sizes (Cardini & Elton, 2007; Cardini 
et al., 2015).

Recently, there has been a push for larger samples in morpho-
metric analyses. Cardini et al. (2015) suggested a minimum of 15–20 
specimens for a given sample to generate more consistent estimates 
of mean shape, centroid size variance, and shape variance. However, 
reaching such numbers of specimens is not always simple. Robust 
GM datasets for studies that examine vertebrate skeletal morphol-
ogy often rely on dry bone specimens from museums. The number 
of specimens available from collections can be limited for some spe-
cies. Furthermore, collections may often exhibit a range of condi-
tions that can be considered deleterious to the reliability of shape 
data and its analysis. Typically, researchers will preferentially seek 
specimens with morphologies unaffected by damage, injury, or dis-
ease as these may be presumed to better represent normal variation. 
This can lead to many specimens being excluded, particularly those 
with missing landmark locations (Arbour & Brown, 2014; Strauss 
& Atanassov, 2006); and this can substantially reduce the size of 
datasets.

Specimens housed in museum collections can exhibit a range 
of conditions that could impact landmarking, including postmor-
tem and/or perimortem damage, and antemortem pathologies. 
Postmortem damage includes damage or missing elements/features 
due to breakage (e.g., shelf damage), perimortem damage refers to 
unhealed injuries incurred either during or close to time of death (e.g., 
bullet wounds or shotgun pellets still in situ) (see Wheatley, 2008), 
and antemortem pathologies may include healed injuries and evi-
dence of acute or chronic disease (Lovell, 1991). In a mammalian skull 
specimen, for example, a zygomatic arch may be cracked, broken, or 
missing (postmortem damage) (Figure 1a), bullet wounds (Figure 1b) 
or blunt-force trauma received close to or at the time of death may 
adversely affect the surrounding shape of the bone (perimortem 
damage), and antemortem pathologies, such as healed breaks, os-
teoarthritis, broken or lost teeth, dental caries and abscesses, and 

alveolar recession are often identified in representatives of many 
mammalian taxa (Figure 1b–f) (e.g. Cuozzo & Sauther, 2006; Dixon 
et al., 2000; Elgart, 2010; Fox, 1939; Fuss et al., 2018; Jurmain, 1989, 
1997; Lovell, 1990; Sone et al., 2004; Van Valkenburgh, 1988, 2009). 
Notably, a single specimen could potentially exhibit all three of these 
conditions, and at different severities. The crab-eating or long-tailed 
macaque (Macaca fascicularis) is an ideal taxon to examine the in-
fluence of these types of specimens on shape analyses, because 
museums often have a sizeable range of specimens available, and 
many exhibit examples of these postmortem, perimortem, and ante-
mortem conditions (Figure 1), which might often exclude them from 
GM analysis.

The influence that the inclusion of damaged/pathologic speci-
mens may have on the analysis of 3D coordinate data has never 
been explicitly tested. Arbour and Brown (2014) performed a range 
of geometric morphometric analyses to test the impact of damaged 
specimens with missing landmarks, however, these analyses were 
carried out on 2D data. Furthermore, true morphologies of spec-
imens with landmark coordinates impacted by antemortem dam-
age and/or pathology (i.e., landmarks that are present but may be 
shifted in position from such conditions) have not yet been assessed 
for their influence on statistical outputs. Although increased sample 
sizes are often important to morphometric analyses, the inclusion of 
specimens with various forms of damage/pathology may alter the 
range of variation in shape, confound principal components (PCs), 
and obscure the influence of important correlations and predicting 
factors. It is therefore possible that the inclusion of damaged/patho-
logic specimens in GM datasets may incur both benefits and costs.

Here, we analyze landmark data from the cranium and mandible 
of a large sample of M. fascicularis. A range of standard GM tests 
was performed to assess normal variation across several datasets 
with differing degrees of damaged/pathologic specimen inclusion. 
First, we tested whether a larger dataset can be bolstered with such 
specimens. We hypothesized that the normal variation established 
by numerous undamaged, non-pathologic specimens, and also pres-
ent in additional damaged/pathologic specimens, would overwhelm 
unique individual variation resulting from damage and/or pathology. 
If this hypothesis is supported, we expect that damaged/pathologic 
specimens will have little influence on known correlations associated 
with the allometry and sexual dimorphism previously established for 
M. fascicularis (Ito et al., 2011; Terhune et al., 2015; Yao, 2016), and 
that levels of covariation between the cranium and mandible would 
hold constant. We then performed these tests on a sample with 
only the most severely damaged and/or pathologic specimens. Here 
we hypothesized that these specimens, absent from the normal 

shape variation. However, they may present issues when testing hypotheses relating 
to more fine-scale aspects of morphology.
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variation established by the undamaged, non-pathologic specimens 
in the previous tests, would demonstrate some deviation in statis-
tical outputs from the initial datasets. Finally, we simulated a com-
mon scenario whereby a researcher is limited to a smaller number of 
good-quality specimens and must rely on the addition of damaged/
pathologic specimens to analyze an adequate sample size.

2  |  METHODS

Three-dimensional (3D) models were obtained from surface scan-
ning the cranium and mandible of 100 (47 females, 53 males) largely 
intact adult M. fascicularis, housed at the Field Museum of Natural 
History and National Museum of Natural History at the Smithsonian 
Institution. Adults were identified via fully erupted third molars. 
Surface scanning was carried out using an HDI 120 blue-LED scan-
ner (LMI Technologies) in the program FlexScan3D. At the time of 
scanning, any postmortem/perimortem damage (i.e., breaks, holes, 
missing regions) or antemortem conditions (i.e., antemortem tooth 
loss or breakage, pulp cavity exposure, dental abscess, skeletal evi-
dence for periodontal disease, craniofacial trauma, TMJ osteoarthri-
tis) were identified for each specimen (see Table S1 for specimen 
details).

Each cranium and mandible was scanned separately, and surface 
meshes exported as .ply files. Each mesh was then imported into 
Geomagic Studio (3D Systems) to be cleaned by filling in small sec-
tions of missing data with the “Mesh Doctor” and “Fill” functions. 
Cleaned meshes were then imported into Landmark Editor v. 3.6 
for landmarking. A total of 188 landmarks (84 fixed and 104 semi-
landmarks) were placed on the cranium and 110 (36 fixed and 74 
semilandmarks) on the mandible (Figure 2, Figure S1, Tables S2 and 
S3). Any landmarks representing postmortem/perimortem damage 
or missing regions were marked as missing data, while data for an-
temortem conditions were retained. For instances of antemortem 
tooth loss, the landmark representing the alveolus of the missing 
tooth was placed on the vacant diastema, but any landmarks rep-
resenting the occlusal surface of the tooth (i.e., I1, P4, or M2) were 
marked as missing data. If alveolar recession was present, landmarks 
representing the alveolar margins were placed at the margin of re-
ceded bone regardless of severity.

From the compiled shape data of all specimens, five datasets 
were generated, each including both cranium and mandible data, 
which were analyzed separately. The first three datasets were used 
to test whether the inclusion of damaged/pathologic specimens al-
ters statistical outputs of shape analyses. Dataset 1 included only 
specimens with all landmarks present and with no identified signs of 

F I G U R E  1  Examples of damaged/pathologic Macaca fascicularis specimens landmarked and analyzed in this study. (a) FMNH75598: 
postmortem damage (missing left zygomatic arch); (b) FMNH56493: perimortem damage (buckshot), and antemortem pathology (abscess 
fistulae associated with incisors); (c) NMNH114169: antemortem pathology (loss of an incisor, pulp cavity exposure of both maxillary canines, 
and heavy wear of the cheek teeth); (d) FMNH67720: antemortem pathology (abscess fistulae and alveolar recession of the cheek teeth); 
(e) FMNH56490: antemortem trauma (healed fracture of the zygomatic arch); (f) FMNH87428: antemortem pathology (loss of two incisors, 
a canine, and a premolar of the mandible with advanced alveolar resorption). Scale bar = 10 mm for all panels. Although specimen selection 
is always subjective, each specimen presented in this figure was considered, via consensus among the authors, to represent a severe case 
of pathology and/or damage and likely to be excluded from analysis. All are present in datasets 3, 4, and 5 (see Methods section for dataset 
selection criteria) [Colour figure can be viewed at wileyonlinelibrary.com]

(a)

(d) (e)

(f)

(b) (c)

www.wileyonlinelibrary.com
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damage or pathology; therefore “ideal” for landmarking to examine 
normal (i.e., non-pathologic) variation. For Dataset 2, two research-
ers (authors CET and CAK) independently assessed the quality of 
each specimen and designated which individuals had abnormalities 
minor enough to be adequate for landmarking (e.g., missing few teeth, 
minor osteoarthritis of the TMJ, etc.). All specimens independently 
considered adequate by both researchers, including those of 
Dataset 1, were included in Dataset 2. This represents a subjectively 
selected dataset most likely sampled by the typical GM researcher. 
Dataset 3 included all specimens, regardless of the presence and se-
verity of damage and/or pathology. To identify whether the analysis 
of severely damaged and/or pathologic specimens alone resulted in 
divergent statistical outputs, Dataset 4 included only the severely 
damaged/pathologic specimens that were excluded from Dataset 2 
but included in Dataset 3. Finally, Dataset 5 included 10 females and 
10 males from Dataset 1 (i.e., specimens with no damage/pathology) 
and an additional 10 females and 10 males from Dataset 4 (i.e., se-
verely damaged and/or pathologic). These were randomly selected 
using the ‘sample’ R base function. Because there were only nine 
females in Dataset 1, one additional female was randomly selected 
from dataset 2 to make a total of 10. This represented a hypotheti-
cal dataset with male and female numbers below the recommended 

number per group of 15–20 individuals (Cardini et al., 2015), which is 
bolstered by more severely damaged/pathologic specimens to reach 
20 specimens for each sex.

Landmark data were imported into R (R Core Team, 2018) and 
analyzed using the geomorph package (v. 3.2.1) (Adams and Otárola-
Castillo, 2013; Adams et al., 2020). Any missing landmarks (see Table 
S1 for details on missing landmarks for each specimen) were estimated 
via thin-plate spline interpolation using the “estimate.missing” func-
tion (Adams & Otárola-Castillo, 2013; Gunz et al., 2009). A general-
ized Procrustes analysis was performed using the “gpagen” function, 
to remove variation in the shape data attributable to scale, position, 
and orientation (Rohlf & Slice, 1990). Semilandmarks were slid by min-
imizing bending energy and size was represented by centroid size for 
each specimen. Statistical outliers were identified using the “plotOut-
liers” function. This function plots each specimen's Procrustes dis-
tance from the consensus shape. Specimens that fell above the upper 
quartile were subsequently removed from the dataset, and the super-
impositions performed again on the raw data of the remaining spec-
imens. These outliers were female specimens with exceedingly small 
temporal fossae and were not associated with any damage/pathologic 
conditions of interest in this study. We therefore removed these indi-
viduals to limit potential confounding factors associated with larger 

F I G U R E  2  Landmark configurations for the cranium and mandible of Macaca fascicularis: red = fixed landmarks, blue = semi-sliding 
landmarks (see Tables S2 and S3 for landmark descriptions) [Colour figure can be viewed at wileyonlinelibrary.com]

TA B L E  1  Sample size (n) for each dataset (cranium/mandible), and for the two-block partial least-squares (2B-PLS). 2B-PLS sample sizes 
represent only individuals with both cranium and mandible.

Dataset Description Female n Male n Total n 2B-PLS n

1 Only specimens with no damage/pathology) 9/15 26/29 35/44 32

2 No or only mild damage/pathology 31/33 39/40 70/73 69

3 No or only mild damage/pathology, and severe cases (all 
specimens)

40/45 53/53 93/98 92

4 Severe cases of damage/pathology only 10/12 12/11 22/23 22

5 20 specimens with no damage/pathology bolstered with 20 
specimens with severe damage/pathology

20/20 20/20 40/40 40

www.wileyonlinelibrary.com
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Procrustes distances and to maintain focus on the damaged/patho-
logic specimens. The definitions and final sample sizes for each data-
set are presented in Table 1.

For each dataset, principal component analysis (PCA) was per-
formed on the Procrustes residuals and the contribution of variation 
from the first five PCs and their corresponding shape associations 
were identified. Shape associations for each PC were investigated 
using the “plotRefToTarget” function. We then visually inspected vec-
tor displacements between corresponding landmarks of PC maxima 
and minima. Shape variation is only minimally described to identify 
consistencies among the datasets, since these details are specific to 
the taxon and arbitrary in the context of the hypotheses here.

Next, multivariate regressions were performed using the “procD.
lm” function to identify associations between shape (Procrustes re-
siduals), cranial or mandibular size (as represented by centroid size), 
and sex. Specifically, we examined the relationship between shape and 
size (~ln[centroid size]), then sex (~sex), and we also employed a model 
using sequential (Type I) Sum of Squares to examine the influence of 
sex when variation attributable to size is accounted for (Klingenberg, 
2016) (~ln[centroid size] + sex). Significance was assessed using per-
mutation tests with 1000 iterations.

Lastly, a two-block partial least-squares (2B-PLS) analysis (Rohlf & 
Corti, 2000) was performed on the cranial and mandibular Procrustes 
shape data for each dataset using the “two.b.pls” function. This anal-
ysis allowed us to examine the degree of covariation between cranial 
and mandibular shape. The sample sizes of some datasets were smaller 
for this test (Table 1), because this analysis only operates on speci-
mens for which there were both a cranium and a mandible present 
from each individual and some had been removed as outliers. From 
these tests, we obtained the correlation (r) between the two blocks 
(cranium and mandible) and significance was assessed using a permu-
tation test with 1000 iterations. The proportion of variation of each 
block associated with covariation was then determined by dividing the 
variance (squared standard deviation) of PLS1 by the total variance, 
for both Block 1 (cranium) and Block 2 (mandible). The RV coefficient 
was obtained by performing the 2B-PLS in the MorphoJ software 
(Klingenberg, 2011).

3  |  RESULTS

3.1  |  PC Analysis

The descriptions of the PCA results for each dataset are presented 
in Table 2. For all PCs, we briefly describe the most important ana-
tomical region driving shape variation along that axis; representative 
images of shape definitions and corresponding vector displacements 
are available in Tables S4 and S5. Although we provide these de-
scriptions and briefly discuss below, the most important result of 
this analysis is whether consistent components of shape variation 
are captured by the same PC axes across datasets.

Shape variation represented by PC1 of the cranium was consis-
tent across datasets and primarily reflected size of the temporalis 

attachment area. The proportion of variance for this PC axis ranged 
from 36.66% to 48.14%. All subsequent PCs for the cranium contrib-
uted 11.90% or less and often differed in their shape associations and 
order of importance (Table 2) depending on the dataset in question. 
The shape variation represented by the first four PCs of the cranial 
data were mostly consistent for Dataset 1 (specimens with no dam-
age/pathology), Dataset 2 (selected specimens), and Dataset 3 (all 
specimens). PC1 represented similar shape variation across each of 
these three cranial datasets, however, the additional individuals in 
Dataset 2 resulted in a rearrangement of the subsequent three PCs 
and an increase in the proportion of variation contributed by PC1. 
With the addition of the most questionable specimens, Dataset 3 pre-
sented only very minor differences to Dataset 2.

For Dataset 4 (the most severely damaged/pathologic speci-
mens) the first five PC axes of the cranial data had broadly similar 
shape associations to the previous datasets, with PCs 1, 2, 3, and 5 
having been identified in one or more prior datasets. However, PC4 
was defined by a novel shape association, the morphology of the 
temporalis attachment area. Dataset 5, consisting of a small num-
ber of good-condition specimens bolstered by damaged/pathologic 
specimens, was also largely consistent with the results of the other 
datasets but differed slightly. Of the first five PCs, four were consis-
tent with Dataset 2 and Dataset 3, however, PC4 instead matched 
the novel shape association introduced by Dataset 4, representing 
temporalis attachment shape.

For the mandible data, the proportion of variation (between 
21.31% and 32.02%) and shape associations represented by PC1 
was mostly consistent across all datasets. All subsequent PCs con-
tributed less than 15.76% variation. The first four PCs often demon-
strated similar shape associations, albeit in different order, across 
the datasets, but began to diverge more clearly at PC4–PC5.

The shape variation represented by the first five PCs was partly 
consistent between Datasets 1 and 2 for the mandibular data, but 
with some differences. For Dataset 1, PC1 primarily reflected gonial 
angle morphology as well as anteroposterior projection of the inci-
sors/canines. In contrast, for Datasets 2 and 3, PC1 largely reflected 
the mediolateral distance between the left and right ramus and 
gonial angles, as well as mandibular symphysis angulation. Overall, 
Dataset 1 was less similar than Datasets 2 and 3 were to one an-
other. For Dataset 4, the shape variation represented by PC1 of the 
mandible was more consistent with Dataset 2 and Dataset 3, while 
the subsequent PCs were more aligned with Dataset 1 in having as-
sociations with bigonial breadth width and anteroposterior ramus 
breadth. Lastly, the results of Dataset 5 for the mandibular data 
were mostly consistent with Datasets 1 and 4, though PC3, PC4, 
and PC5 varied in the aspects of shape variation they represented.

3.2  |  Procrustes Regressions

Results of the regression analyses are presented in Table 3. Both 
the cranial and mandibular data showed significant (p  ≤  0.005) 
relationships between shape and both size and sex under 
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TA B L E  2  Results of the principal component analysis showing shape variation associated with the first five PC axes for each dataset, 
including proportions of total variation (%). AP =anteroposterior, SI =superoinferior, ML =mediolateral.

% Cranium % Mandible

Dataset 1

PC1 36.66 Temporalis attachment 
area

25.19 ML distance between L and R ramus, Gonial 
angulation, incisor/canine AP projection

PC2 11.90 Bizygomatic breadth 13.14 Coronoid process SI projection relative to 
condyle, AP length of inferior margin of 
corpus

PC3 10.09 Facial prognathism 10.17 Development of gonial angle, genioglossal 
fossa depth

PC4 5.29 Premaxillary SI 
angulation

8.43 Ramus AP breadth

PC5 4.72 Premaxilla AP position/
projection

6.59 Bigonial ML breadth

Total 68.66 63.52

Dataset 2

PC1 48.14 Temporalis attachment 
area

26.77 ML distance between L and R ramus, 
mandibular symphysis angulation

PC2 7.62 Facial prognathism 11.37 Coronoid process SI projection relative to 
condyle

PC3 5.62 Premaxilla AP position/
projection

9.81 Development of gonial angle

PC4 5.51 Bizygomatic breadth 7.28 AP angulation of the ramus in the parasagittal 
plane

PC5 4.12 Short and anteriorly 
positioned  
postcanine toothrow/
zygomatic arch SI 
height

6.17 Genioglossal fossa depth, toothrow length

Total 71.01 61.40

Dataset 3

PC1 47.21 Temporalis attachment 
area

26.78 ML distance between L and R ramus, 
mandibular symphysis angulation

PC2 7.31 Facial prognathism 11.93 Coronoid process SI projection relative to 
condyle

PC3 5.89 Premaxilla AP position/
projection

8.96 Development of gonial angle

PC4 5.41 Bizygomatic breadth 6.78 AP angulation of the ramus in the parasagittal 
plane

PC5 3.89 Zygomatic arch SI height 5.80 Genioglossal fossa depth

Total 69.71 60.25

Dataset 4

PC1 45.83 Temporalis attachment 
area

32.02 ML distance between L and R ramus, incisor/
canine AP projection, ML width of 
posterior toothrow

PC2 9.66 Premaxillary SI 
angulation

13.65 Coronoid process SI projection relative to 
condyle

PC3 7.18 Bizygomatic breadth 9.38 Bigonial ML breadth

PC4 5.54 Temporalis attachment 
shape

8.22 Ramus AP breadth, genioglossal fossa depth

PC5 4.88 Premaxilla AP position/
projection

6.35 Development of gonial angle

Total 73.09 69.62

(Continues)
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independent tests, but R2 values differed considerably. For 
Datasets 1, 2, and 3, increased sample sizes resulted in increases 
to the amount of variation linked to both size and sex. This result 
was consistent regardless of the severity of damage/pathology 
exhibited by the included specimens and coincides with more 
dense clustering of individuals along the allometric trajectories 
with the inclusion of damaged/pathologic specimens (Figure 3). 
The influence of sex in the multivariate models, where size was 
also included as a factor, was consistently marginal in signifi-
cance in the cranial data for the first three datasets, with p-
values near to 0.05. Only Dataset 3 demonstrated a significant 
(p = 0.014) size-adjusted effect of sex in the cranium. Sex was a 
significant factor in the multivariate model for all mandible data-
sets (p ≤ 0.012).

Dataset 4, by contrast, did not follow the trends of the previ-
ous three datasets, as it was the dataset with the smallest sample 

size and yet demonstrated the highest R2 for size and sex. This was 
also the only dataset where there was no overlap between sexes 
in the regression plots (Figure 3) and a comparison of the centroid 
size distributions between datasets indicate that this is because the 
males of Dataset 4 consist of larger individuals with smaller standard 
deviation (Figure 4).

The proportion of variation linked to size and sex in Dataset 5 
were mostly consistent with Datasets 2 and 3 for the cranial data 
and most similar to Dataset 1 for the mandibular data. In addition, 
the multivariate regression indicated that the effect of sex was 
highly significant when adjusted for size (R2 = 0.078, p = 0.001), con-
sistent with the first three datasets. The allometric plots also show 
greater overlap between the sexes compared to Dataset 4 (Figure 3). 
The mean centroid size for males for both the cranium and mandible 
is smaller than Dataset 4 and has a larger standard deviation, more 
similar to Datasets 1–3 (Figure 4).

% Cranium % Mandible

Dataset 5

PC1 43.32 Temporalis attachment 
area/approximation of 
the temporal lines

21.31 ML distance between L and R ramus, incisor/
canine AP projection, ML width of 
posterior toothrow

PC2 9.20 Premaxillary SI 
angulation

15.76 Coronoid process SI projection relative to 
condyle

PC3 8.75 Bizygomatic breadth 11.15 Ramus AP breadth

PC4 5.74 Temporalis attachment 
shape

8.76 Development of gonial angle

PC5 4.51 Premaxilla AP position/
projection

5.91 Condylar SI projection, genial fossa 
development

Total 71.52 62.89

TABLE 2 (Continued)

TA B L E  3  Results of the Procrustes regressions of shape versus ln(centroid size) and sex showing samples size (n = cranium/mandible), the 
coefficient of determination (R2), and the significance of the regression (p).

Dataset 1 Dataset 2 Dataset 3 Dataset 4 Dataset 5

n = 35/44 n = 70/73 n = 93/22 n = 21/23 n = 40/40

R2 p R2 p R2 p R2 p R2 p

Cranium

~Size 0.190 0.001 0.329 0.001 0.338 0.001 0.375 0.001 0.334 0.001

~Sex 0.104 0.005 0.243 0.001 0.256 0.001 0.326 0.001 0.262 0.001

~Size+Sex

Size 0.190 0.001 0.329 0.001 0.338 0.001 0.375 0.001 0.334 0.001

Size-adjusted Sex 0.036 0.100 0.017 0.070 0.016 0.014 0.026 0.565 0.022 0.209

Mandible

~Size 0.154 0.001 0.160 0.001 0.175 0.001 0.260 0.001 0.132 0.001

~Sex 0.119 0.001 0.139 0.001 0.151 0.001 0.230 0.001 0.120 0.001

~Size+Sex

Size 0.154 0.001 0.160 0.001 0.175 0.001 0.260 0.001 0.132 0.001

Size-adjusted Sex 0.060 0.002 0.054 0.001 0.052 0.001 0.064 0.012 0.078 0.001
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F I G U R E  3  Allometry plots (shape ~ln[centroid size]) of the cranium and mandible for each dataset [Colour figure can be viewed at 
wileyonlinelibrary.com]
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3.3  |  Two-block partial least-squares

The results for the 2B-PLS between the cranium and mandible are 
presented in Table 4. For the first three datasets, the p-values re-
mained consistent (p  =  0.001), and the correlation (r) was high, 
ranging from 0.779 to 0.818. As with the regression models, the 
degree of covariation (r) between the cranium and mandible in-
creased with sample size. The proportion of variation contributed 
by each block (B1-cranium and B2-mandible) also increased along-
side sample size. A similarly steady increase relative to sample size 
is found for the RV coefficient (Table 4). However, Dataset 4 did 
not follow these trends, with the highest correlation (r  =  0.913) 
and the highest proportions of variation for all datasets found 
alongside the smallest sample size (Table 3). Dataset 5 also had 
a greater correlation between blocks (r  =  0.868) than Datasets 
1, 2, and 3, but the proportions of variation contributed by each 
block are consistent with those expected for sample size. In other 
words, all datasets except Dataset 4 demonstrate increases in co-
variation with an increase in sample size.

4  |  DISCUSSION

This study examined multiple datasets of M. fascicularis with differ-
ing degrees of inclusion of damaged/pathologic specimens. Our goal 
was to identify the effects that the inclusion of such specimens has 
on the analysis of shape variation. We addressed three main ques-
tions: (a) Does the inclusion of damaged/pathologic specimens into 
larger datasets appreciably impact statistical outputs? (b) Do speci-
mens with the most severe damage/pathology represent “normal” 
shape variation if tested alone? and (c) Can a dataset composed of 
a small number of typically ideal specimens bolstered by damaged/
pathologic specimens offer findings consistent with datasets that 
exclude damaged/pathologic specimens? Our findings present a 
strong case that morphometric analyses can benefit from the inclu-
sion of these specimens for hypotheses interested in the dominant 
aspects of intraspecific normal variation; however, there are some 
caveats to consider.

4.1  |  Including damaged/pathologic specimens in 
larger datasets

An obvious benefit to including damaged/pathologic specimens is 
the larger pool of potential specimens available for analysis, be-
cause larger sample sizes typically have higher statistical power 
and a lower chance of Type II errors (Smith, 2018). However, the 
introduction of new specimens into a dataset may also shift the 
orientation and influence of PCs (Adams et al., 2011), thus poten-
tially altering interpretations of the data. Specimens distorted by 
damage and/or pathology may therefore be expected to contrib-
ute deviations to normal shape variation that could generate new 
PC shape associations, or at least shift the importance of shape 
associations.

We found that the first three PCs were mostly consistent across 
our Dataset 1 (good condition specimens), Dataset 2 (selected spec-
imens), and Dataset 3 (all specimens) with regard to both their pro-
portions of total variation and their shape associations. This suggests 
that the first few PCs largely represent morphological changes in 
regions not affected by the damage/pathology. However, some dif-
ferences in how shape variation was distributed among the PC axes 
were found between our Datasets 1 and 2 and more pronounced 
differences were observed from approximately PC4 and into lower 
order PCs. It is therefore possible that only considering specimens 
without any pathology or damage may not as reliably represent pop-
ulation variation and could potentially skew shape variation unreal-
istically. In contrast, we found only very slight differences between 
Dataset 2 and Dataset 3. Because Dataset 2 was intended to repre-
sent the most likely specimens sampled by the average researcher 
(i.e., normal specimens plus those with relatively minor damage or 
pathology), these results further indicate that the inclusion of speci-
mens with the most severe conditions had little deleterious effect on 
shape associations or proportions of variation for the first four PCs, 
at least for larger datasets of these sample sizes.

F I G U R E  4  Boxplots of mean centroid sizes and SDs from each 
dataset
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TA B L E  4  Two-block partial least-squares (2B-PLS) results, 
including sample size (n), correlation coefficient (r), p-value (p), 
proportion of variation contributed by covariation in Block 1 for 
cranial data (B1) and Block 2 for mandibular data (B2), and the RV 
coefficient (RV)

Dataset n r p B1 B2 RV

1 32 0.779 0.007 0.302 0.129 0.437

2 69 0.796 0.001 0.447 0.240 0.502

3 92 0.818 0.001 0.446 0.243 0.536

4 22 0.913 0.001 0.445 0.265 0.691

5 40 0.868 0.001 0.422 0.193 0.565
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The regressions and 2B-PLS analysis showed that the propor-
tions of variation and correlation coefficients (R2 and r values, re-
spectively) attributable to dominant predictors of shape (size and 
sex) and covariation between the cranium and mandible increased 
with the addition of damaged/pathologic specimens and overall in-
creasing sample sizes. The greater proportions of variation found 
in both the Procrustes regressions and 2B-PLS for Dataset 2 and 
Dataset 3 suggest that the predominantly normal variation imparted 
by the most questionable specimens strengthens these relation-
ships, rather than the analyses being hindered by their damage and 
pathologies.

One caveat to this may be influences on shape that are statisti-
cally marginal in significance. Craniofacial size and sex are strongly 
correlated in the species studied here. Female shape and male shape 
share similar allometric trajectories, with most separation between 
sexes occurring due to differences in centroid sizes. The influence of 
sex after adjusting for size in the cranium was consistently marginal 
in significance across datasets, with p-values near to 0.05. However, 
the inclusion of the most questionable specimens in Dataset 3 rep-
resented the only case of significance when the p-value shifted from 
>0.05 to <0.05. The inclusion of these specimens was able to dis-
cern significance where Datasets 1 and 2 could not. Therefore, for 
marginal p-values that dwell around 0.05, interpretations may vary 
between researchers who are particularly stringent on the meaning 
of this arbitrary threshold for significance (see Smith, 2018).

The results of these initial tests demonstrate that including dam-
aged/pathologic specimens into an already sizeable dataset retained 
clearly significant relationships and increased the proportion of vari-
ation attributable to known biological predictors of shape, thereby 
supporting our initial hypothesis. The findings suggest that, rather 
than impeding tests on normal shape variation, these specimens can 
enhance the statistical merit of dominant shape predictors and more 
clearly define their influences on shape variation. However, marginal 
influences on shape, with p-values near to 0.05, may vary in signifi-
cance depending on sample composition and size.

4.2  |  Sampling damaged/pathologic specimens 
alone to examine shape variation

Dataset 4 included only the most severely damaged and/or patho-
logic specimens and identified a somewhat different pattern of re-
sults than the other datasets. The PCA found shape associations 
previously identified by the other datasets; however, lower order 
PCs demonstrated different shape associations, including a novel 
PC4 for the cranium. The R2 values of predictor variables were 
greater than all previous datasets, and covariation was also greater 
in the 2B-PLS. Given that this dataset had the smallest sample size, 
this finding countered the previously identified trend of increasing 
R2 values with increased sample size, indicating that analysis of these 
specimens alone, and in smaller numbers, may deviate R2 values from 
more expected estimates for the population as a whole. There was 
also greater sex disparity along the allometric trajectory in Dataset 

4, indicated by a lack of overlap between the sexes. An important 
consideration for Dataset 4 is that, despite adequate total sample 
size, numbers for each sex (n  =  12) are lower than suggested for 
consistent estimates of size and shape parameters (Cardini & Elton, 
2007; Cardini et al., 2015). This can bring into question the validity 
of sex-related findings for this dataset and so these are minimally 
discussed. However, what can certainly be noted from Dataset 4 is 
an inherent bias towards larger males, which isolated the sexes along 
the allometric curve. This bias is evidenced by the smaller standard 
deviations for male centroid sizes in Dataset 4, since randomly se-
lected datasets with sample sizes <30 should have relatively larger 
standard deviations (Cardini & Elton, 2007).

There are aspects of behavioral ecology for the species studied 
here that may have influenced the likelihood that these specimens 
would be considered inappropriate for sampling. Macaca fascicularis 
is known to exhibit considerable agonistic behaviors among males, 
including physical assault and biting (De Waal, 1977). Injuries are 
known to increase in number and severity with age among primates 
(Bramblett, 1967; Jurmain, 1997; Lovell, 1990), although prevalence 
can differ substantially between species (Jurmain, 1997; Lovell, 
1991). Larger and/or older individuals may therefore be more likely 
to exhibit more severe cases of antemortem tooth loss, extreme 
dental wear, and other trauma. Furthermore, larger, more aggres-
sive individuals may be preferentially shot or otherwise dispatched 
by museum collectors, resulting in perimortem damage. Damaged/
pathologic specimens may therefore be more common in particular 
groups of individuals and raises two important points for consider-
ation: (a) in potentially consisting of mostly larger individuals, the 
analysis of severely damaged/pathologic specimens alone could limit 
the representative range of variation and potentially obscure the in-
fluence of size-independent predictors; and (b) the omission of such 
specimens may inadvertently ignore important demographic contri-
butions to intraspecific variation. Thus, it is possible that the inclu-
sion of these larger male specimens was responsible for the shift 
in significance of size-adjusted sex differences in Dataset 3 crania.

4.3  |  Bolstering smaller datasets with damaged/
pathologic specimens

Dataset 5 was generated to simulate a scenario that can often occur 
when not enough undamaged, non-pathologic specimens are avail-
able in museum collections to produce acceptable sample sizes 
(Cardini & Elton, 2007; Cardini et al., 2015), while other specimens 
available may be considered too poor in quality and inadequate for 
representation of normal shape variation. This dataset simulated an 
extreme case by including only 10 specimens from each sex from 
Dataset 1 and bolstering the sample to 20 of each sex with speci-
mens randomly selected from Dataset 4. The first three PCs of this 
dataset were consistent with the initial three datasets, but PC4 was 
instead consistent with the novel shape association found for PC4 
of Dataset 4. This indicates that, at least in a small dataset, less in-
fluential PCs representing smaller scale shape associations can be 
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influenced by damage and/or pathology, or possibly morphologies 
more common to certain population demographics that exhibit these 
conditions. The regression analyses gave proportions of variation 
linked to size and sex more in line with the first three datasets and 
similar results were found for covariation in the 2B-PLS. Therefore, 
bolstering small sample sizes with damaged/pathologic specimens 
can provide an adequate means of assessing the dominant compo-
nents and highly significant predictors of shape, but lower-order PCs 
and marginal trends should be interpreted with caution.

Although these findings may be true for M. fascicularis, there are 
almost certainly differing degrees of the prevalence and severity of 
damage and lesions in other primate and mammalian species. This 
will likely result in differing degrees of their influence in geometric 
morphometric analyses and may also produce additional impacts in 
other taxa not observed here. Therefore, future studies would bene-
fit from considering damage and pathology when collecting data and 
interpreting results.

5  |  CONCLUSION

The collection of reliable landmark data is one of the most funda-
mental aspects of the GM methodology. However, specimen selec-
tion will always be subjective, and researchers must consider what 
morphologies constitute “normal” shape variation when choosing 
individuals to be included in their samples. By incorporating speci-
men condition into shape analysis of normal variation, our findings 
demonstrate four important points:

1. The inclusion of specimens with relatively mild pathologies 
and/or damage into larger datasets can further increase sam-
ple size and provide a more thorough representation of shape 
variation.
2. When sample sizes are larger with many ideal specimens also 
present, aspects of shape associated with damage and/or pathol-
ogy will likely be obscured by the dominant, consistent trends 
in shape variation. Damaged/pathologic conditions are often 
unique in morphology and, therefore, less likely to be repeated 
in coordinate data to a high enough degree to represent one of 
the major axes of shape variation.
3. The inclusion of damaged/pathologic specimens into smaller 
datasets may confound lower-order PCs and evidence for less 
influential variables, but the most influential factors will likely 
remain mostly consistent.
4. In some cases, specimens with evidence of damage/pathology 
could represent important aspects of variation across a species 
that may be missed if exempt from analysis. This is particularly 
true if certain population demographics, such as individuals of 
a given age, sex, or size, are predisposed to increased risks of 
damage, injury, or pathology that may see them excluded from 
sampling. Including specimens such as these may therefore be 
important for more accurately capturing shape variation within 

a species. However, this is probably less critical for studies of 
interspecific or intergeneric variation.
In summary, we suggest that the inclusion of damaged/patho-

logic specimens is likely adequate for assessing the dominant in-
fluences on normal shape variation, but results may vary for less 
influential factors. Therefore, careful consideration should be taken 
when selecting specimens that will adequately address a hypothesis, 
particularly for smaller sample sizes of a single species. In all cases, 
it is important for researchers to outline their sampling rationale and 
be clear about whether specimens with pathology and/or damage 
were included. The documentation and assessment of various pa-
thologies and/or damage may be especially important for under-
standing the limitations inherent in and interpretation of analyses 
of shape variation.
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