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Abstract: Fluctuating Asymmetry (FA) in morphology is used as a proxy for developmental insta-
bility in response to stress factors. FA has important implications for understanding the impact
of differential environments and stressors on the skeletal phenotype. Here, we explore FA in the
mandibular morphology of wild and captive Macaca fuscata to detect differences induced by the
captive environment. We use two different approaches in Geometric Morphometrics to characterise
the degree and patterns of FA and Directional Asymmetry (DA) based on 3D mandibular landmarks.
Our results show that the wild and captive groups exhibit morphological dissimilarities in the sym-
metric component of shape while no significant degree of asymmetry (fluctuating or directional) was
detected. Based on our results and on previous literature on the subject, we suggest that (I) captivity
is likely to affect the mandibular morphology of M. fuscata; (II) FA may not be a suitable indicator to
detect stress in the conditions analysed; and that (III) the mandible may not be the ideal region to
study asymmetry because of its functional nature.

Keywords: primates; geometric morphometrics; mandible; environment; virtual anthropology

1. Introduction

The degree and modes of anatomical asymmetry have been extensively studied for
decades both in vertebrates and invertebrates [1-11]. In nature, we can observe principally
three different types of asymmetry:

e Directional Asymmetry (DA) occurs when one side of a structure is consistently
different (e.g., larger, smaller or differently shaped) than the other side [12]. DA in a bi-
ological structure might indicate that the deviating side serves a new specific function,
and it is being consistently selected by nature over time (lateralised behaviour) [13].

e Bimodal Asymmetry (also called anti-symmetry) [14] occurs when both sides deviate
from symmetry in equal proportions, creating a bimodal distribution. Biologically,
this means that both left and right deviations from symmetry are favoured in equal
proportions, with symmetric individuals being less frequent.

e  Finally, Fluctuating Asymmetry (FA) indicates that both sides deviate from symmetry
with no side preferred and with deviations that are random and non-directional [15].

FA has been used in the literature as a “measure of stress in populations or of individ-
ual quality” [4]. Following [16], we define stress as any condition that has the potential
of altering or limiting the range of natural expression of the individual development and
behaviour. Previous studies have linked the presence of FA in skeletal morphology with
the epigenetic environmental conditions occurring during development [17-21]. Different
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morphological traits have been linked to different sensitivity to FA and some anatomical
regions are more prone to become asymmetric [22]. This may occur because asymmetry
in certain anatomical regions could severely affect the ability of an animal to perform a
fundamental task, as is the case of limb proportions for locomotion [23]. In addition, sex
might influence the degree and modes of asymmetry. Indeed, in some animals, the male’s
morphology is more subject to asymmetric development, probably because of a faster and
more variable growth [24].

Recently, researchers have begun to explore the link between captivity and the pres-
ence of morphological asymmetry [25]. Inbreeding and the consequent loss of genetic
variability could explain, at least in part, the presence of FA in the skeleton [23], although a
recent study [14] compared the magnitude of FA in the mandible of outbred and inbred
mice and found no significant degree of FA in the latter. Alternatively, asymmetry could
be the effect of epigenetic changes caused by stress-inducing factors derived by living in
non-natural environments. Although modern zoo facilities work to achieve ever-growing
knowledge of captive animal welfare, we are not aware of the full impact that an enclosure
and its dynamics can have on the development of an individual. Changes in the natural
diet, contact with pathogens other than those encountered in the wild, and the inevitable
restrictions or alterations of the optimal habitat pose challenging conditions that can cause
an irregular development [26].

Much evidence exists about the impact of captivity on animal behaviour [27,28].
However, how living in a captive environment can influence an individual or a group’s
morphology is still unclear [29,30]. Fishes raised in captivity have shown significantly
higher levels of fluctuating asymmetry on different morphological traits, some of remark-
able functional importance, such as the length of the pectoral and ventral fins [31]. Ref. [29]
provides an extensive review of the studies that investigated FA in captive mammals and
birds, concluding that despite further and more conclusive studies are needed, FA is a
promising measure of animal welfare [32].

The aim of this work is to test and characterise FA in the mandible of captive pri-
mates, namely Macaca fuscata, and to detect differences in the asymmetry patterns in
wild and captive individuals that could indicate stress due to captivity. We chose the
mandible because it is a main actor in the interaction of an animal and its environment.
Few studies have tested the presence of FA in animals that were born or lived under
altered environmental or genetic circumstances, and even fewer focused on mandibular
morphology [14,33,34]. Functional alterations that derive from mandibular asymmetry
could have an impact on the masticatory behaviour of individuals. Therefore, it is im-
portant to understand if and to what extent the mandible of captive individuals could
become asymmetric under stressful conditions. We chose M. fuscata because this species
offers an ideal sample for studying the effects of captivity on the mammal skeleton. First,
a suitable sample of captive and wild specimens is made available by the Digital Mor-
phology Museum, KUPRI (http://dmm.pri.kyoto-u.ac.jp/dmm/WebGallery/index.html,
accessed on 20 March 2021); second, because M. fuscata was the subject of previous studies
regarding the effect of captivity on mandibular morphology [33], thus providing a baseline
for our investigation. Here, we hypothesise that the captive sample shows a higher degree
of FA than the wild group due to stressors associated with captivity.

2. Material and Methods
2.1. The Sample

A set of 28 3D landmarks (24 paired landmarks and 4 along the midsagittal plane)
were recorded on meshes of mandibles generated from CT-scans and belonging to the
species Macaca fuscata (Figure 1 and Table 1). The 3D models were obtained from CT-scans
via segmentation using the same Hounsfield threshold for the entire sample (the scans were
recorded in similar CT conditions). The CT-scans are available from the Digital Morphology
Museum, KUPRI (http://dmm.pri.kyoto-u.ac.jp/dmm/WebGallery /index.html, accessed
on 20 March 2021).
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Figure 1. Three-dimensional landmark configuration displayed on the mandible of an individual of
Macaca fuscata. The landmark numbers refer to the definitions in Table 1.

Table 1. List of landmark definitions used for the analyses of this study. The landmark type (I, I or
III) is reported. The landmarks 1-4 are along the midline, the others are both left and right.

Landmark Number Landmark Definition Type
1 The buccal point at the superior tip of the septum, I
between the mandibular central incisors.
5 The lingual point at the superior tip of the septum I
between the mandibular central incisors.
3 The lowermost point of the median lingual foramen. I
On the mid-sagittal plane, the most inferior and posterior
4 . . . I
point of the mandibular symphysis.
The buccal point at the superior tip of the septum distally
5-17 . I
to the canine.
6-18 The lingual point at the superior tip of the septum distally I
to the canine.
The most posterior point of the tooth row, distally to the
7-19 ) I
third molar.
The most posterior point on the rim of the mental
8-20 foramen—if multiple foramina present, consider the most I
anterior.
The most inferior point of the gonial region, at the inferior
9-21 . : I
margin of the masseteric fossa.
The most superior point of the gonial region, at the most
10-22 . . ) I
posterior margin of the masseteric fossa.
11-23 The most lateral point of the mandibular condyle. I
12-24 The medial point of the mandibular condyle. II
13-25 The lowermost point on the mandibular notch. I
14-26 The anterior end point of the mandibular notch. I
15-27 The most lateral point along the linea obliqua. II
16-28 The most infero-anterior point of the rim of the I

mandibular foramen.

The landmarking process was repeated twice to account for inter-observer error. Mul-
tivariate Procrustes ANOVA was used to determine if differences between observers were
lower than the differences between individuals, thus ensuring that the landmark positions
were reproducible and unlikely to affect the existing differences among individuals [6].

Two groups were identified: a captive group, consisting of 51 adult individuals
(25 males, 26 females), and a wild group, consisting of 51 adult specimens (26 males,
25 females). The sample only consists of mature specimens with fully erupted third molars.
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All the specimens are housed at the Primate Research Institute (PRI), Kyoto University,
Inuyama, Japan, and were scanned, digitised and uploaded into the Digital Morphology
Museum, KUPRL The captive specimens come from the enclosures of the Primate Research
Institute (PRI), Japan. These individuals were either born or spent at least a part of their
lives in captivity. The captive individuals were mainly fed monkey chow (AS; Oriental
Yeast Co., Ltd., Tokyo, Japan) and sweet potato. They all had been housed in an outdoor
enclosure, occasionally being transferred to a group or isolated cage for research or care.
The wild sample included specimens coming from different regions of Japan.

2.2. The Analytical Approach

Several procedures have been proposed to test for asymmetry in biological structures
using Geometric Morphometrics and multivariate statistics. As a preliminary step of all
these approaches, it is necessary to identify the type of symmetry under study. Symme-
try can be defined as ‘object symmetry’ (the symmetry within a structure) or ‘matching
symmetry’ (two separate mirrored copies of a structure). Our analysis focuses on ‘object
symmetry’ as this is the case of the mandible. In the ‘object symmetry’ case, the asymmetry
is quantified by comparing the object with its mirrored (reflected) counterpart. After the
step of reflection, the mirrored landmarks were relabelled to maintain homology with the
original configuration [6,35]. The original and the mirrored configurations were superim-
posed in a common Generalized Procrustes Analysis (GPA) [36], including the midline
unpaired landmarks (along the mandibular symphysis).

Following these preliminary transformations of the landmarks, two approaches were
adopted to quantify asymmetry. The first approach follows [35,37]. First, the differences
between each landmark configuration and its reflection were computed, obtaining the
individual asymmetric component. To explore the asymmetry visually, a modified PCA
was performed, in which the origin of the axes represents perfect symmetry. The princi-
pal components of the asymmetry vectors were calculated around the symmetric origin;
therefore, the asymmetry vectors represent the magnitude and direction of asymmetry
starting from an origin of perfect symmetry. This method allows immediate visualisation
of the degree (length of the vectors) and type (orientation of the vectors) of asymmetry
(whether it is directional or fluctuating). Fluctuating asymmetry can then be estimated as
the Procrustes distance between each individual and its relabelled mirrored version. The
proportions of directional and fluctuating asymmetry were then estimated using a sum-
of-squares decomposition of total asymmetry. Finally, following [35], we used the density
distribution of the PC1 and PC2 scores to assess the degree of directional and fluctuating
asymmetry. Additionally, PCA of the symmetric component was performed to visualise
the symmetric shape variations within the sample and the potential differences between
the captive and wild groups in the symmetric space. The symmetric shape was obtained by
averaging each landmark configuration and its superimposed relabelled counterpart [35].

The shape variations of the first and second Principal Component axes (PC1 and PC2)
were visualised using Thin-Plate-Splines (TPS) [38]. First, the 3D mesh of the mandible
showing the smallest Procrustes distance from the mean shape of the symmetric shape
space was chosen for the visualisation, and warped onto the mean shape. To visualise the
shape variations of the symmetric shape space, the mesh was warped onto the maximum
and minimum scores of the symmetric PC1 and PC2. Then, to visualise the asymmetric
shape variations, the maximum and minimum scores of the asymmetric PC1 and PC2
were added to the symmetric mean shape, using again TPS to warp the symmetric mean
shape mesh.

Multivariate Procrustes ANOVA was performed to test for symmetric and asymmetric
shape differences between the mandibles of captive and wild M. fuscata. We used the shape
(symmetric and asymmetric, in different ANOVA tests) as dependent variable and group
(captive/wild) and sex as independent variables, allowing for the interaction of group
and sex.
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In the second approach, we performed a Multivariate Procrustes ANOVA using the
overall shape as dependent variable (original and mirrored landmarks with no further
transformations). In this analysis, the overall shape was tested against individual, reflection
(a factor identifying the original and mirrored datasets), group (captive/wild groups), size,
and sex. Interactions were allowed among individual, reflection and group [39]. The
variation among individuals was quantified by the net effect of the variable “individual”.
Directional asymmetry was tested by looking at the significance of the net effect of the
variable “reflection”. Fluctuating asymmetry was evaluated by the interaction between
“individual” and “reflection” [40]. The interaction between “group” and “reflection” was
used to indicate differences in asymmetry between the wild and captive groups.

All the analyses were performed in the R programming environment [41]. For import-
ing landmark data into R, we used the package “Arothron” [42]; for landmark mirrorisation
and Principal Component Analysis, we used the package “Morpho” [43]; for performing
Procrustes ANOVAs and TPS warping we used the package “geomorph” [44]. All other
operations were performed in base R.

3. Results

To test for inter-observer measurement error, a Multivariate Procrustes ANOVA be-
tween the dependent variable of overall shape and the independent variables of “individ-
ual” and “replica” was performed. Results show a non-significant interaction between
replica and individual, thus indicating that there is no significant difference between repli-
cas of the same individuals (see Table 2). After verifying that there were no significant dif-
ferences among sets of replicas, a single set was chosen and used for the following analysis.

Table 2. Results of the Multivariate Procrustes ANOVA between the dependent variable of
overall shape and the independent variables of “individual” and “replica” and their interaction.
*** p-value < 0.001.

Overall Shape
F-Statistic R? p-Value
Replica 0.52 0.002 0.94
Individual 5.26 0.03 0.001 ***
Replica X Individual 0.08 0.0004 1.00

Results from the symmetric component of the PCA (Figure 2) show that the first two
com-ponents account respectively for 27% and 11% of the total variance. It appears that
wild and captive M. fuscata show differences in their mandibular morphology, with the
wild individuals shifted more toward negative values of the PC1 than the captive group
(Figure 2), despite a certain degree of overlapping. Within each group, females appear to
show lower PC scores than males along the PC1. The PC1 seems to record variations in the
orientation of the mandibular ramus and the anterior region of the mandible (Figure 3).
At positive values of the PC1, the ramus seems to project backward and to shorten, while
the symphyseal region of the mandible projects forward. Additionally, the PC1 records
a narrowing of the mandible, in particular the post-canine corpus and rami, going from
positive to negative values. The PC2 seems to describe variations of the coronoid process,
which projects forward at positive values, and the orientation of the gonial region, which
moves outward toward negative values.
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Figure 2. PCA of the symmetric component of the mandible in the captive (brown) and wild (green)
individuals. Males and females are represented by triangles and circles respectively. PC1 and PC2
explain 27% and 11% of the total variance, respectively. Convex hulls enclose group variability.

Figure 3. Surface warpings of the extremes of PC1 (top) and PC2 (below) of the symmetric PCA.
The grey surface indicates minimum (negative) values while the blue surface indicates maximum
(positive) values along the PCA axes.

To test if the morphological differences between groups (wild/captive) are significant
in the overall symmetric shape space, a Multivariate Procrustes ANOVA was performed.
Sex was included as a covariate and the interaction between sex and group was allowed
(Table 3). The results of Table 3 confirm that there are significant differences between
the symmetric shape of captive and wild M. fuscata as well as differences between the
two sexes but, within each group, there is no significant difference between males and
females, therefore differences between the two groups are not to be attributed to differences
between sexes.
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Table 3. Results of the Multivariate Procrustes ANOVA between the dependent variable of symmetric
shape and the independent variables of “group” (wild and captive) and “sex” and their interaction.
Asterisks indicate significance: * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001.

Symmetric Shape
F-Statistic R? p-Value
Group 17.50 0.14 0.001 ***
Sex 9.35 0.07 0.001 ***
Group X Sex 0.83 0.007 0.64

Figure 4 shows the PCA of the asymmetric shape, produced following [35]. The vectors
represent individual deviations from perfect symmetry (the origin of the graph). The
length of the asymmetry vectors is interpreted as the individual degree of morphological
asymmetry, independent of the direction of the vector, which specifies the morphological
variations and patterns of asymmetry.
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Figure 4. PCA showing the asymmetric vectors of variation departing from the origin (perfect
symmetry). The colours indicate the group: green for wild, brown for captive; PC1 and PC2 explain
17% and 12% of total variance, respectively.

The results of the asymmetric PCA (Figure 4, PC1 17%, PC2 12% of total variance)
suggest that there is lack of directionality in both wild and captive groups, because the
vectors look uniformly distributed both in length and direction between negative and
positive values along PC1 and PC2. Three-dimensional mesh warpings of the asymmetric
PCA along PC1 and PC2 are presented below (Figure 5). The asymmetric PC1 records a
left-right difference in the placing of the upper region of the rami, affecting the position of
the condyles, and in the relative left-right positioning of the gonial region. The PC2 seems
to record slight asymmetry in the anterior region of the mandible.
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Figure 5. Surface warpings of the extremes of PC1 (top) and PC2 (below) of the asymmetric PCA.
The grey surface indicates minimum (negative) values while the blue surface indicates maximum
(positive) values along the PCA axes.

Figure 6 shows the density distribution of the asymmetric PC scores of wild and
captive individuals along PC1 and PC2. The percentage of positive and negative values
was calculated to visualise and estimate directionality along the first two components.
Individuals are spread almost equally on either side of the PC scores along PC1 and PC2,
as shown by the percentages of data on either side of the distribution approaching 50%
for both captive and wild individuals. This indicates non-directionality in the asymmetry
patterns, as suggested by the PCA in Figure 4. In addition, the relative proportion of the
directional and fluctuating asymmetric components in a sum-of-squares decomposition of
total asymmetry was estimated to be as 0.03% and 99.97% respectively.

To test for differences among groups (wild/captive) and sex in the overall asymmet-
ric shape space, a Multivariate Procrustes ANOVA was performed between the depen-

dent variable of asymmetric shape and the independent variables of “group” and “sex”
(Table 4).
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Figure 6. Distribution of PC scores along the first two asymmetric PC axes. The percentages indicate the proportion of
individuals below and above zero (perfect symmetry) for captive (brown) and wild (green) individuals.

Table 4. Results of the Multivariate Procrustes ANOVA between the dependent variable of asymmet-
ric shape and the independent variables of “group” (wild and captive) and “sex” and their interaction.
Asterisks indicate significance: * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001.

Asymmetric Shape

F-Statistic R? p-Value
Group 0.65 0.006 0.86
Sex 0.88 0.008 0.60
Group X Sex 1.03 0.01 0.41

The results of Table 4 indicate that the asymmetric component of shape cannot be
discriminated based on sex, group or their interaction (non-significant p-values). This might
indicate that if fluctuating asymmetry is present, as the PCA in Figure 4, the distribution
plot of Figure 6 and the decomposition of variance seem to suggest, the wild/captive
condition does not influence it, nor possessing more masculine or feminine characteristics.

Last, following a traditional approach to the analysis of asymmetry, we performed a
Multivariate Procrustes ANOVA (Table 5). A series of independent variables were defined:
individual, reflection (intended as the original and reflected datasets), group (captive/wild),
size, and sex, and tested against the dependent variable of overall shape.

Table 5. Results of the Procrustes ANOVA between the dependent variable of shape and the
independent variables of “individual”, “reflection”, “group” (wild and captive), “sex”, “size” and the
joint effect of “individual per reflection” and “individual per group”. Asterisks indicate significance:

* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001.

Overall Shape F-Statistic R? p-Value Interpretation
Sex 34.41 0.13 0.001 *** Sexual dimorphism
Group 17.37 0.065 0.001 *** Environmental condition
Reflection 0.75 0.002 0.72 Directional asymmetry
Size 13.38 0.05 0.001 *** Allometry
Individual X Reflection 0.14 0.0005 1.00 Fluctuating asymmetry

Group X Reflection 0.21 0.0008 1.00 Group asymmetry
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Results from the Procrustes ANOVA (Table 5) shows that prevalently sex (p-value =
0.001 ***, R% = 0.13), but also group (wild/captive, p-value = 0.001 ***, R? = 0.065) and size
(p-value = 0.001 ***, R? = 0.05) impact on the overall mandibular shape, suggesting that
sexual dimorphism, allometry, and environmental conditions directly influence the way in
which the mandible develops and reach its final morphology. However, when the overall
mandibular morphology is put in relation to asymmetry, both directional (reflection),
fluctuating (individual x reflection) and group asymmetry (group X reflection) show
no significant results. These results suggest that the presence of fluctuating asymmetry
observed in the first two principal components of the PCA in Figure 4 does not have a
significant impact when the overall shape space is analysed.

4. Discussion

Fluctuating asymmetry has been used in recent and past literature as a way of mea-
suring the morphological fitness and wellbeing of an individual, a group or a population
in relation to the environment in which they live [5,18,45,46]. This article analyses the
differences in magnitude and patterns of FA in the mandible of wild and captive Macaca
fuscata to address the potential impact of captivity stressors on primate skeletal morphology.
Our hypothesis holds that the captive macaques show a significantly higher degree of FA
than the wild group due to the stress of an enclosed environment (with all its limitations
regarding diet, mobility, etc.). Conflicting results and differences in the methodologies
used in previous studies have led to uncertainty about the efficacy and consistency of FA in
registering developmental instability [32]. In this paper, we used a combination of methods
to address the presence and impact of FA on the morphology of captive individuals, thus
overcoming the ambiguities of previous literature.

Our results indicate that the mandibles of captive and wild M. fuscata show distinct
morphologies, as do the mandibles of male and female individuals. Such differences are
significant for the overall morphology (Table 5) and the symmetric component (Table 3).
The shape differences associated with sex and group (captive/wild) seem independent. If
captivity does affect mandibular shape, it appears that the impact is not differential between
females and males, whose mandibles vary independently from captivity. The anterior
region of the mandible and the rami appear to be the major source of morphological
variation in the symmetric component (Figure 3). These findings confirm the results
observed by [33] about a morphological difference in the mandible of captive and wild M.
fuscata. The most direct interpretation of our findings would be that the captive conditions
could influence the overall shape of the macaque mandible. Nevertheless, caution must
be applied because several potentially relevant factors were not tested in this work. For
example, a dissimilar age composition in the wild and captive samples may drive the
observed differences. We tried to limit the effect of age by only including individuals with
fully erupted third molar.

Asymmetry in the positioning of mandibular condyles and in the orientation of the
gonial region was highlighted by the PCA of the asymmetric shape (Figure 5). The presence
of fluctuating, instead of directional, asymmetry was suggested by the distribution of the
PC scores (Figure 6) along the first two principal components of the asymmetric shape,
and demonstrated by the decomposition of total asymmetry (99.97% of total variance
was attributable to FA). However, no significant difference in asymmetry (fluctuating or
directional) was found between the captive and wild M. fuscata, regardless of the approach
used [35,39]. The non-significant association between asymmetry, group (captive/wild)
and sex (Table 4), and the non-significant impact of FA on the overall morphology (Table 5),
suggest that FA is of negligible magnitude in the sample analysed.

Based on the findings above, three interpretations can be put forward:

(1) The stress associated with the captive conditions of the individuals analysed was
not strong enough to trigger a change in FA. In this case, captivity may not impose
sufficient environmental stress to trigger a response in the asymmetry pattern of
the mandible.
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(2) FAis not a good indicator to detect environmental stress, at least in the conditions
and for the species analysed.
(3) The mandible is not an ideal region to identify developmental stress using FA.

The shape differences observed here between captive and wild M. fuscata (when
overall shape and the symmetric components are analysed) suggest that captivity has
exerted pressures on development. In addition, even accounting for the limitations of our
analysis, morphological differences between captive and wild mammal species have long
been recognised [30], thus suggesting that captivity does have an impact on the developing
morphology. Whether captivity (or, in general, environmental stress) tends to affect only
the overall shape, skeletal symmetry, or both is still highly uncertain, although it has been
suggested that FA and phenotypic variance arise from at least partially overlapping pro-
cesses [21]. Based on these considerations, we would tend to discard the first interpretation,
that the negligible FA found here is due to lack of captivity stressors.

The other two interpretations may both provide a persuasive explanation for the
observed results. The use of FA as a universal measure of stress has been criticised on the
ground of controversial and case-dependent results [32], likely because the mechanisms
with which asymmetry develops are not fully understood and may not be extended to all
animals in all environmental conditions. Additionally, it has been suggested that highly
functional regions may be less prone to develop asymmetry because of the pressures to
maintain their practical utility [31]. Asymmetry has been shown to increase masticatory
stress in humans with mandibular deformities [47], which offers a partial indication that
mandibular asymmetry can reduce performance during mastication. Based on these
premises, the mandible of M. fuscata may not be a suitable region to be analysed when
studying asymmetry.

In summary, this work contributes to the debate about the efficacy of FA as an indicator
of environmental stress and suggests caution when inferring stress from FA measured on
functional regions. In addition, our findings suggest that captivity can provide stressful
conditions to alter the normal morphology of the mandible, although asymmetry (as
measured in this work) can be unaffected. Nevertheless, a cautionary approach must be
held when interpreting these results, and future studies should investigate other factors
(e.g., development, diet) to draw conclusive deductions.
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