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Abstract

Diversification of animal vocalizations plays a key role in behavioral evolution and speciation. Vocal organ morphology
represents an important source of acoustic variation, yet its small size, complex shape, and absence of homologous landmarks
pose major challenges to comparative analyses. Here, we use a geometric morphometric approach based on geometrically
homologous landmarks to quantify shape variation of laryngeal cartilages of four rodent genera representing three families.
Reconstructed cartilages of the larynx from contrast-enhanced micro-CT images were quantified by variable numbers of three-
dimensional landmarks placed on structural margins and major surfaces. Landmark sets were superimposed using generalized
Procrustes analysis prior to statistical analysis. Correlations among pairwise Procrustes distances were used to identify the
minimum number of landmarks necessary to fully characterize shape variation. We found that the five species occupy distinct
positions in morphospace, with variation explained in part by phylogeny, body size, and differences in vocal production
mechanisms. Our findings provide a foundation for quantifying the contribution of vocal organ morphology to acoustic

diversification.

Keywords Source-filter theory - Bioacoustics - Rodents - Ventral pouch - Vocal production

Introduction

Divergence in acoustic signals that mediate mate recognition
and social interactions is thought to play an important role in
the diversification of many animals (Bradbury and
Vehrencamp 2011; Wilkins et al. 2013). In mammals, different
factors contribute to acoustic variation. First, central nervous
system control of respiration and movement of the larynx and
vocal tract determines how aerodynamic energy is converted
into sound (e.g., Jirgens 2009). In addition, laryngeal and vo-
cal tract morphology influence acoustic properties by deter-
mining how sound transfers in the vocal tract and radiates from
the lips or nares (e.g., Titze 2000). Identifying the relative
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contributions of each component to acoustic variation is critical
to understanding the evolution of vocal communication
systems.

The larynx is located at the crossroads of the alimentary
and respiratory tract and serves multiple functions including
respiration and sound production. The cartilaginous frame-
work of the larynx (Negus 1949; Harrison 1995) plays an
important role in vocal fold tension and positioning control
(Hunter and Titze 2005). In particular, laryngeal muscles
move thyroid, cricoid, and arytenoid cartilages in order to
regulate vocal fold posture and length, two variables that de-
termine fundamental frequency (Riede 2013; Titze et al.
2016). Although the diversity of laryngeal morphology within
(Schild 1984; Ajmani 1990; Eckel et al. 1994; Eckel and Sittel
1995; Sprinzl et al. 1999; Tayama et al. 2001; Jain and Dhall
2008; Jotz et al. 2014; Loth et al. 2015) and between species
(Negus 1949; Schneider 1964; Denny 1976; Harrison 1995)
has been described, its functional association with species-
specific vocal behavior is understudied. Previous attempts to
quantify laryngeal morphology have been hampered by its
complex structure and the absence of discrete landmarks that
can be identified across taxa. The geometric morphometrics
approach quantifies shape from corresponding curves and
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surfaces (Rohlf 1999; Klingenberg 2008; Adams et al. 2013),
and facilitates comparative analyses even with few homolo-
gous landmarks. Herein, we present the first application of
geometric morphometric techniques to investigate larynx
functional morphology to enhance current efforts using linear
dimensions (Storck and Unteregger 2018).

Many new discoveries highlight the importance of vocal
behavior in social interactions of rodents (e.g., Shelley and
Blumstein 2004; Pasch et al. 2011; Rieger and Marler 2018).
Furthermore, rodents represent the most speciose mammalian
order (Macdonald and Norris 2001) and are model organisms
in biomedical research (e.g., Shu et al. 2005). While rodents
represent one of the most widely tractable mammalian groups,
their vocal organ is complex and relatively small in size.
However, recent developments in imaging technology have
made such structures accessible to morphological reconstruc-
tion (Metscher 2009; Clarke et al. 2016; Riede et al. 2017).
The goal of this work is to investigate shape variation of a
complex morphological structure within a comparative
framework.

Acoustic features of vocalizations are often more similar in
closely related species (e.g., Cap et al. 2008; Luo et al. 2017,
Miller and Engstrom 2012). Thus, we explored whether
acoustic similarities among muroid rodents are associated
with variation in laryngeal shape. We used landmark analysis
to quantify laryngeal shape in five rodent species that differ in
properties of their social vocalizations (Fig. 1). We acquired
three-dimensional (3D) landmarks and semilandmarks from
the laryngeal cartilages to quantify homologous curves and
surfaces (Gunz and Mitteroecker 2013). As our study is the
first landmark-based analysis of larynx shape, we also evalu-
ated the minimum landmark / semilandmark density required
to quantify the primary variation in each of the four major
laryngeal cartilages (McLeod 2015). Our study represents an
initial step in a larger investigation of the form-function rela-
tionship between larynx shape and vocalizations. As this is a
novel approach to larynx morphology, the goals are in part
exploratory — identifying shape features that discriminate
among species — and in part practical — establishing a
workflow that can be applied to a larger comparative sample
of rodents.

Methods
Animals and Micro-CT Imaging

Investigations were performed in two murid species (four
house mice, Mus musculus, CD1 strain, two/sex; and four
laboratory rats, Rattus norvegicus, Sprague Dawley strain,
two/sex), two cricetid species (four male grasshopper mice;
two Onychomys arenicola, two O. leucogaster), and one
heteromyid species (four kangaroo rats; Dipodomys ordii;
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two/sex). All specimens were processed at Midwestern
University, Glendale, AZ. Experimental procedures were in
accordance with the National Institutes of Health guidelines
for experiments involving vertebrate animals and were ap-
proved by the Institutional Animal Care and Use Committee
at Midwestern University, Glendale, AZ (protocol #2478).
Grasshopper mice and kangaroo rats were captured with ap-
proval from the Arizona Game and Fish Department
(#SP763978).

Larynges were dissected and fixed in 10% buffered forma-
lin phosphate (SF100—4; Fisher Scientific) for 24 h. Each
specimen was stained with iodine (Riede et al. 2017).
Stained specimens were placed in a custom-made acrylic tube
and scanned in air with 59 kV source voltage and 167 pA
intensity using a Skyscan 1172 (Bruker-microCT, Kontich,
Belgium). Projection images were recorded with an angular
increment of 0.4° over a 180° rotation. Voxel size in the re-
constructed volumes was 5.03 um per pixel. Reconstructed
image stacks were then imported into AVIZO software (ver-
sion Lite 9.0.1). Laryngeal cartilages and the border between
the airway and soft tissues of the larynx in the CT scans were
traced manually to provide an outline of the cartilaginous
framework. Derived three-dimensional (3D) surfaces (STL
format) and video animations of all specimens are available
on Morphobank (O’Leary and Kaufman 2012), project 2686
(Riede et al. 2017).

Landmark Selection

Each 3D landmark is comprised of a set of x, y, and z coordi-
nates acquired from a location that can be identified reliably
across individuals and taxa. A classic categorization of land-
marks recognizes three main types (Bookstein 1991). Type I
landmarks are biologically homologous points located at the
juxtaposition of tissue types (e.g., intersection of cranial su-
tures). Type II landmarks are geometrically defined at local
maxima or minima (e.g., tip of a bony or cartilaginous pro-
cess). Finally, Type III landmarks are extremal points defined
by the position of other landmarks or an external coordinate
system and thus have at least one ‘deficient’ coordinate.
Semilandmarks are Type III landmarks positioned along ho-
mologous curves or surfaces where discrete landmarks cannot
be identified (Bookstein 1997; Gunz and Mitteroecker 2013;
Wirmlénder et al. 2019). In this study, both Type II and IIT
landmarks were utilized to define the shape of laryngeal car-
tilages (Table 1 and Fig. 2).

How many landmarks are necessary and sufficient to de-
scribe the geometric form of a larynx? There is a minimum
number of landmarks and/or semilandmarks required to cap-
ture the desired level of biological detail (i.e., comprehensive
coverage; Roth and Levine 1993). While more landmarks and
semilandmarks provide additional shape information, too
many semilandmarks, which are geometrically deficient,
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Fig. 1 Representative Mus
laryngeal cartilages from each of
the four rodent genera as well as N
information about their -
vocalization and body size
audible sounds: 1-5kHz
ultrasonic whistles: 30-100 kHz
body mass: 35-45g
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cartilage

Cricoid

cartilage

Arytenoid

cartilage

Epiglottis

may disproportionately influence the analysis (e.g., Zelditch
et al. 2004). Moreover, there are likely diminishing returns in
the amount of information gained by adding more
semilandmarks. Therefore, we also evaluated how in-
creasing the number of landmarks / semilandmarks af-
fected the pattern of shape similarity among individuals
by calculating pairwise distances for increasingly dense
(semi)landmark sets (Fig. 2).

Shape Analysis

We first analyzed shape using only fixed landmarks and
curve semilandmarks, and subsequently added surface
semilandmarks to the analysis. All landmarks and
semilandmarks were placed on surface renderings generated
from the CT data in the ‘geomorph’ package, Version 3.0.5.
(Adams et al. 2017) for the R software package (R
Development Core Team 2017). Fixed landmarks (explained
in Table 1) were supplemented by an increasing number of
sliding curve semilandmarks that were placed along the carti-
lage border between the fixed landmarks. Both types of curve

Rattus Onychomys Dipodomys
= Y.
I ‘.“)
"5
0.6 - 3 kHz up to 15 kHz unknown
20 -90 kHz 30-80 kHz none
300-500g 25-409 70-170g

cranial process

’_ V.
N~

caudal process

cranial process
~N

N

muscular process \
vocal process

landmarks were placed manually (“digit.fixed” function in
‘geomorph’) and surface semilandmarks were placed with
help of an interactive function to build a template of 3D sur-
face semilandmarks (“buildtemplate”). All semilandmarks
were ‘slid’ into positions of geometric homology across spec-
imens by minimizing the bending energy matrix with regard
to the reference based on the assumption that the underlying
morphology is homologous, even if individual points are not
(Bookstein 1997; Bookstein et al. 2002; Gunz and
Mitteroecker 2013).

The coordinate data were superimposed using generalized
Procrustes analysis (GPA) for each set of (semi)landmarks
analyzed (Gower 1975; Rohlf and Slice 1990). The GPA pro-
cess removes variation related to position, size, and orienta-
tion by a) translating specimens’ centroids (geometric center)
to the origin, b) scaling all configurations to unit centroid size
(defined as the square root of the sum of Euclidean distances
from all landmarks to the centroid), and c) rigidly rotating the
data to minimize distances across all corresponding landmarks
in an iterative procedure (e.g., Baab et al. 2012). The
superimposed coordinates reflect differences in shape that

@ Springer



J Mammal Evol

Table 1 Definition of type II, i.e. fixed curve landmarks on laryngeal
cartilages. Sliding semilandmarks (type III) were added between those
landmarks

Thyroid cartilage
1 Posterior most point on rostral margin of left cranial process
2 Midline point on cranial margin
3 Posterior most point on cranial margin of right cranial process
4 Posterior most point on caudal margin of right caudal process
5 Midline point on caudal margin

6 Posterior most point on caudal margin of left caudal process
Cricoid cartilage

1 Posterior most point on cranial margin

2 Most left point on cranial margin

3 Anterior most point on cranial margin

4 Most right point on cranial margin

5 Posterior most point on caudal margin

6 Most left point on caudal margin

7 Anterior most point on caudal margin

8 Most right point on caudal margin
Arytenoid cartilage

1 Most distal point on cranial process

2 Most distal point on vocal process

3 Most distal point on muscular process
Epiglottis

1 Most cranial point along midsagittal line

2 Most left point on lateral margin

3 Most caudal point along midsagittal line

4 Most right point on lateral margin

are invariant with regard to position, orientation, and size, but
exist in a non-Euclidean shape space. Thus, the data were
projected onto a Euclidean tangent space in order to utilize
standard multivariate statistical approaches. Procrustes dis-
tance, calculated here as Euclidean distance in the tangent

curve fixed
3 landmarks

curve semi-
landmarks

6 5 4

space (Rohlf 1999), summarizes shape differences between
two superimposed landmark configurations.

We generated 120 pairwise Procrustes distances among all
16 specimens based on a small number of landmarks and
semilandmarks. These distances were re-calculated based on
incrementally increased numbers of (semi)landmarks, and
Pearson correlation coefficients among these distances were
used to evaluate the optimal number of (semi)landmarks. The
higher the correlation coefficient, the less additional informa-
tion was gained by additional landmarks. A correlation coef-
ficient of 1.0 indicates identical distances among landmark
configurations and thus no additional shape information was
gained. We analyzed curve and surface semilandmarks sepa-
rately alongside the fixed curve landmarks.

Statistical Analysis

We employed a series of principal components analyses
(PCA), an effective data reduction technique, to summarize
the main patterns of shape variance in the data. We also pres-
ent PCAs for different numbers of landmarks to illustrate their
effect on the interpretation of among-species differences.
Shape variation along PC axes were generated by first identi-
fying the specimen closest to the mean shape and then
warping it to the mean shape using the “warpRefMesh” func-
tion in Geomorph. The loadings for each PC axis were added
and subtracted from the mean shape to produce the shapes at
the positive and negative ends of each axis, respectively, using
the “PlotTangentSpace” function in ‘geomorph’. We used
single-linkage clustering of species mean scores from the first
two PCs to compare the pattern of among-species shape sim-
ilarities across cartilages and visualized these using
dendograms (calculated in SPSS), and performed multivariate
analysis of variance (MANOVA) on the PC 1 and PC 2 score
for each cartilage to determine whether species were statisti-
cally distinguishable on the basis of cartilage shape.

surface semi-
landmarks

Fig. 2 Exemplary image of a thyroid cartilage with six curve fixed landmarks (1 through 6, for definitions see Table 1), 24 curve semilandmarks and
some of the 100 surface semilandmarks. Curve semilandmarks were free to slide along their curve
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Data Availability

The datasets analyzed during the current study (stl files of all
cartilages) are available in the Morphobank repository, https://
morphobank.org/index.php/Projects/ProjectOverview/
project_1d/2686.

Results

Number of Landmarks

The curve semilandmarks are defined for each cartilage in
Table 1. The correlation coefficients of pairwise Procrustes

Fig. 3 Pairwise Procrustes
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distances based on increasing numbers of curve land-
marks are presented in Fig. 3a-d. The curve landmarks
were doubled in three steps. Correlations increased at first and
then plateaued.

The correlation coefficients of pairwise Procrustes dis-
tances based on increasing numbers of surface landmarks (5,
10, 20, 30, 40, 50, 100) are presented in Fig. 3e-h. As expect-
ed, correlation coefficients became saturated as more
semilandmarks were added. The correlation coefficients of
the Procrustes distances surpassed 0.90 with 20 landmarks
and leveled off at about 0.97 with >40 semilandmarks for
the thyroid, cricoid, and arytenoid cartilages (Fig. 3a-d).
There was not much new shape information gained beyond
24 semilandmarks for the thyroid cartilage. For the epiglottis,

Thyroid cartilage

e
1
L]
0.9 Scm o _______.
y = 0.7857x 0.0494
R?=0.7719
0.8
0.7
20 25
Cricoid cartilage
f
1
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09 tocceeee-- @ % T
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R2=0.7182
0.8
0.7

30 40
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R?=0.5098

0.8

0.7

30 40

Epiglottis

0.9

0.8

0.7

y = 0.5348x 0.1121
R2=0.2577

0.6

0.5

30 40 0 25 50 75 100

Number of Surface Landmarks
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Fig. 4 Ordination of PC scores of Procrustes shape coordinates using 3
(a), 6 (b), 12 (¢), and 24 (d) curve landmarks (LM) on the thyroid carti-
lage. Note that kangaroo rats (Dipodomys) separate from the three muroid

the coefficient barely reached 0.90 using 20 surface
landmarks and remained below 0.90 when larger num-
bers of landmarks were used.

We also performed PCAs to visualize how varying num-
bers of semilandmarks would affect the position of individuals
in morphospace. The results are exemplified for curve
semilandmarks of the thyroid cartilage in Fig. 4. Results of
the PCA analyses of different curve landmark numbers indi-
cated that kangaroo rats (Dipodomys) clustered separately
from the three muroid rodents even with only three landmarks.
Different patterns of interspecific variation among the three
muroid rodents were apparent on PC 2 in the 6 versus the 12
and 24 landmark sets (Fig. 4b, c). Group differences stabilized
at 12 landmarks, but were clearest when 24 landmarks were
used (Fig. 4d). Results for cricoid and arytenoid cartilages
were similar — larger landmark numbers improved species
separation. The epiglottis shape variation showed fewer
species-specific patterns.

Interspecific Morphospace Variation
Next, we investigated how the 16 specimens clustered in

morphospace using the optimal number of curve and surface
semilandmarks based on the previous assessment (Fig. 5). The
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rodents even with three landmarks. Differentiation among the three
muroid rodents increases as more landmarks are used

five species exhibited strong separation of their thyroid shape
along the first principal component (PC) (Fig. 5a). The four
kangaroo rats clustered on the positive end of PC 1 opposite
from the muroid rodents, likely due to a laterally widened
cartilage and very narrow and pointed rostral horn (Fig. 6a).
The second PC for the thyroid cartilage analysis separated the
two larger species (Rattus and Dipodomys) from the two
smaller muroids (Mus and Onychomys) (Fig. S5a, b). The larger
species had a more obtuse angle between the caudal processes
and the laminae, which allows greater rotation of the thyroid
around the crico-arytenoid joint.

The first and second PCs of the cricoid cartilage differen-
tiated the three muroid rodents from each other (Fig. 5c, d).
The kangaroo rat specimens clustered near the origin on both
axes. The shape of the cross-sectional area of the air column
appears “pinched” dorsally and there was a reduced cranio-
caudal height of the dorsal lamina and lateral surface in spe-
cies that scored high on PC 1 (Mus and Rattus) (Fig. 6d). High
scoring species on PC 2 (Rattus) had a dorsoventrally elon-
gated cross-section, an oblique dorsal lamina, and a vertically
short lateral surface (Fig. 6¢). The third PC describes variation
of the length of the dorsal lamina such that a long caudal
projection (below the facet for the thyroid cartilage) was char-
acteristic of high-scoring specimens (mostly Ratfus) (Fig. 6f).
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Fig. 5 Principal component
analysis of the Procrustes shape
coordinates from curve and
surface semilandmarks. Each
point represents the cartilage
shape of an individual. The first
and second principal components
(PC) (a, ¢, e, g) and second and
third PCs (b, d, f, h) are shown.
Note that axis scaling differs be-
tween cartilages
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Fig. 6 a-f Warped cartilage images showing shape changes. Images represent shape changes associated with the minimum and maximum extents of
PC1, PC2, and PC3 for the thyroid (a-c), cricoid (d-f), arytenoid (g-i) cartilages and epiglottis (i-1)

Grasshopper mice and kangaroo rats were most distinct
in the subspace of the first two PCs of the arytenoid car-
tilage shape (Fig. Se, f). Grasshopper mice, situated at the
negative end of PC 1, were characterized by a long dorsal
process and a relatively shorter distance between vocal
and muscular processes (Fig. 6g). The arytenoid body is
relatively large at the negative end of PC 2 (kangaroo rat)
but smaller on the positive end (laboratory rat and
mouse). The third PC captured less then 10% of the var-
iation, but provided some additional separation between
laboratory rats and mice.

@ Springer

Next, we investigated whether any particular laryngeal car-
tilage represented a more sensitive indicator of interspecific
differences. The results of the MANOVA indicated that the
four genera were statistically distinguishable in their thyroid
(F4. 16=47.2, p<0.001; Wilk’s A =0.007; partial n°=0.91),
cricoid (F4, 16=18.9, p<0.001; Wilk’s A =0.026; partial

n2=0.84), arytenoid (F4, 16=11.7, p<0.001; Wilk’s A=

0.057; partial n2 =0.76), and epiglottis (F4, 16=3.2, p=0.02;
Wilk’s A =0.28; partial ° =0.46) shape. Partial n*> values
suggest that the epiglottis does not discriminate among species
as well as the other cartilages.
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Fig. 6 (continued)

We clustered groups based on their dissimilarity scores for
each cartilage (Fig. 7). The first two PCs always separated
kangaroo rats from the muroid rodents, reflecting phylogenet-
ic relationships and functional differences. The proximity and
topology of shape similarity within muroid rodents differed
among the four cartilages, which may reflect functional trade-
offs for breathing and/or vocal production. Arytenoid topolo-
gy reflected phylogenetic relatedness, but thyroid and epiglot-
tis topologies were consistent with body size (Fig. 7).
Interestingly, the dissimilarity score was much lower for the
cricoid cartilage than the other three cartilages, indicating
strong constraints. The lower dissimilarity scores for the

cricoid cartilage is consistent with the observation that the
PC 1 scores fall in a tighter range for this cartilage compared
to the other cartilages. The lower dissimilarity scores for the
cricoid cartilage compared to the other three cartilages sug-
gests that cricoid shape is more constrained, at least for the
two primary dimensions of shape.

In order to inform the structure-function association, we
compared the orientation of three of the cartilages relative to
each other. We found a more pinched dorsal cricoid in grass-
hopper mice. Fig. 8 demonstrates the position of the arytenoid
cartilage in 3D models of segmented larynges. The arytenoid
cartilage articulates with the cricoid cartilage in a similar
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Fig. 7 Pair-wise dissimilarity of laryngeal cartilages among four genera of
rodents. The vertical axis of the dendrograms represents the dissimilarity
score between the four genera (M, Mus musculus; R, Rattus norvegicus; G,

fashion in all four genera. The cartilage sits cranially on the
cricoid and does not point more or less dorsally in any species.

Discussion

Our findings indicate that mice have species-specific mor-
phologies of laryngeal cartilages. Interestingly, the greatest
divergence in laryngeal morphospace was between species
that commonly produce ultrasonic vocalizations and one that
rarely does (Randall 1994; Holy and Guo 2005; Brudzynski
2005; Pasch et al. 2017). This result is seemingly at odds with
Roberts’ (1975) conclusion that ultrasonic vocal production is
not associated with laryngeal specializations. Furthermore,
species differences in laryngeal anatomy among the muroid
rodents diverged in a manner that corresponds with
structural characteristics of vocalizations. We discuss
our findings in relation to our ultimate goal of linking mor-
phology and function.

Number of Landmarks

Our results indicate a saturation effect with increasing num-
bers of morphological landmarks. Twenty landmarks recov-
ered the same major patterns of species differentiation as the
full landmark set and distances among individuals measured
with the reduced and full landmark sets were highly positively
correlated. However, small protrusions or depressions with
potential functional importance may be undersampled by the
sliding landmarks method and thus represent an ongoing chal-
lenge (e.g., Botton-Divet et al. 2015). For example, the artic-
ular facet of the caudal thyroid horn sits on a prominent lateral
process of the cricoid cartilage in the muroid rodents but is flat
on the lateral lamina of the cricoid in the kangaroo rat (Fig. 1).
The warping image shows that this feature is not incorporated
into any of the shape variation axes (Fig. 6d-f). Instead, a
prominent process like in muroid rodents is visible on all three
axes. We infer that an equal distribution of sliding surface
landmarks has led to an under-sampling of functionally

@ Springer

R M G K M G R K

Onychomys spp.; K, Dipodomys ordii). Dendrograms were generated from
species centroids of the first and second principle component using nearest
neighbor clustering

relevant areas. Moving forward, we suggest that one possible
solution is to add fixed landmarks on key areas (e.g., the center
of the articular facet for the caudal thyroid horn) to facilitate
comparative analyses.

Interspecific Morphospace Variation

The four rodent genera showed considerable variation in the
shape of laryngeal cartilages. Landmark-based analysis effec-
tively captured morphological differences in all four cartilages
that separated muroid larynges from that of a heteromyid ro-
dent. Distinct characters included a pointed dorsal process of
the thyroid cartilage, a smaller and rounder cross-section
of the intralaryngeal airway, and the absence of promi-
nent lateral process on the articular facet of the caudal
thyroid horn in the kangaroo rat (Fig. 1). The pairwise
dissimilarity measures for each cartilage revealed differ-
ent associations among the three muroid rodent species
(Fig. 7). As all three muroid rodents produce both audible and
ultrasonic vocalizations (Pasch et al. 2017), we hypothesize
that a large laryngeal morphospace facilitates similar function-
al outcomes.

Functionally, the broad rostral horn (Fig. 6a, ‘lateral view’) and
greater dorso-ventral length of the thyroid cartilage (Fig. 6a, ‘top
view’) creates a relatively large supraglottal space for the ven-
tral pouch of muroid rodents. The ventral pouch is a laryngeal
air sac rostral from the vocal folds and is formed by soft tissue
whose entrance is reinforced by the alar cartilage. This pouch
is critical for ultrasonic vocalizations produced by a whistle
mechanism as airflow passes through the glottis and interacts
with the alar edge of the entrance hole of the ventral pouch
(Riede et al. 2017; Riede 2018). In contrast, the heteromyid
rodent has a pointed rostral horn, a relatively small dorsoven-
tral length, and a small supraglottal space that does not
contain a ventral pouch. The smaller supraglottic space
and absence or underdevelopment of the ventral pouch
correlates with the lack of ultrasonic vocalization in the
heteromyid rodent, thus supporting a link between la-
ryngeal cartilage morphology and vocalization.
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The primary axis of variation of the cricoid cartilage differen-
tiated laboratory rats and mice from grasshopper mice. Such
shape variation within muroid rodents is associated with a

Fig. 8 The arytenoid cartilage articulates with the cricoid cartilage
through the crico-arytenoid joint. A dorsal rotation of the arytenoid by
contraction of the dorsal crico-arytenoid muscle would elongate and ten-
sion the vocal fold (white dashed line). Shape differences in the cricoid
and thyroid cartilage of grasshopper mice (Onychomys spp.) result in a
more dorsally pinched laryngeal airway associated with a more dorsal
position of the articular facet. Reconstructions in all four genera suggests
a similar orientation of the arytenoid cartilage. STL files for all cartilages
and the airway can be viewed on Morphobank

functional difference. All three muroid species produce ultrasonic
whistles but differ in their vocal repertoire below 20 kHz.
Whereas Rattus and Mus produce few audible sounds that are
neither complex nor loud (Jourdan et al. 1995), Onychomys pro-
duce long-distance calls that are exceptionally loud and reach into
an unusually high fundamental frequency range of up to 15 kHz
(Pasch etal. 2017). Such calls are novel because vocal folds need
to be actively positioned and stretched to very high tension in
order to reach high vibration rates (Titze et al. 2016; Brown and
Riede 2017). Thus, cricoid cartilage shape may contribute to a
more robust laryngeal framework (Hunter et al. 2004) that helps
support the production of high vocal fold tensions and ultimately
high-pitched, loud audible sounds. We hypothesize that the great-
er dorsal orientation of the aryteno-cricoid facet could facilitate
movement of the arytenoid cartilage by orienting more dorsally
(i.e. “pull back™) in order to achieve high vocal fold tension (e.g.,
Frable 1961; Von Leden and Moore 1961; Sellars and Keen 1978;
Storck et al. 2011). Although the arytenoid cartilage articulation
appears similar among the four genera based on 3D geometry of
laryngeal cartilage in situ, formalin fixation may alter such posi-
tioning. Thus, future studies would benefit from segmentation of
the surrounding musculature to better inform biomechanical ca-
pabilities. Inaddition, in vivo scanning could aid in understanding
the dynamic character of such laryngeal movements (e.g.,
Unteregger et al. 2017).

Future Directions

While the results presented herein provide interesting
patterns, our small sample size and relatively narrow
comparative framework prohibits robust interpretations.
Inferring vocal function from laryngeal shape requires
consideration of the larynx as a complex multi-
segmented structure that integrates different functions
related to breathing and feeding. For example, the kan-
garoo rat larynx has a long, pointed cranial horn and a
large, lateral thyroid laminae that provide an attachment
surface for extrinsic laryngeal muscles. The articular
facets for the caudal thyroid horns on the cricoid carti-
lage are not prominent in both groups. Although the
kangaroo rat larynx has no known vocal function, its
unique mode of locomotion (bipedal saltation;
Bartholomew and Caswell 1959) may impose mechani-
cal constraints that require locomotor-respiratory

@ Springer



J Mammal Evol

integration (Bramble and Carrier 1983). Vertebral mod-
ifications such as a shortening and compaction of the
cervical region, a pronounced hyperextension of the
neck, and a partial fusion of the anterior neck vertebrae
(Hatt 1932) may also be associated with adaptations of
the laryngeal valve. Similarly, the laryngeal skeleton is
suspended cranially by muscles and ligaments from the
hyoid framework and the base of the skull, and caudally
by the trachea, bronchi, lungs, and muscles from the
sternum. Extrinsic laryngeal musculature acts like a
frame in which the larynx is suspended (Vilkman
et al. 1996), and stresses generated by vertical respira-
tory excursions and musculature during swallowing and/
or locomotion may stabilize the larynx position and
constrain the shape of the thyroid and cricoid cartilages.

Likewise, facial and cranial features may influence laryn-
geal position and shape (e.g., domestic dogs; Plotsky et al.
2016), indicating that selection unrelated to vocal production
may impose fundamental constraints. In rodents, cranial mor-
phology is highly adapted to feeding ecology (Samuels 2009;
Pergrams and Lawler 2009). Grasshopper mice possess elon-
gated skulls (Langley 2008) and enlarged coracoid and ptery-
goid processes that serve as attachment sites for muscles that
enable greater bite forces required for their predatory, carniv-
orous lifestyle (Bailey and Sperry 1929; Satoh and Iwaku
2006; Williams et al. 2009). Thus, future comparative efforts
will need to incorporate diet and other ecological factors into
multiparametric space to control for their potential indirect
effects on laryngeal morphology and vocal repertoire.

In addition to biological considerations, technical im-
provements of our approach are needed to improve
strength of inference. First, segmentation of laryngeal
cartilaginous and other soft tissue in small, complex
organs remains labor intensive and cost-prohibitive,
leading to a relatively small sample size. Furthermore,
our findings are restricted to only cartilaginous tissue.
Future work would benefit from simultaneous analysis
of soft laryngeal tissue including intrinsic muscles and
the vocal ligament. Nevertheless, the present study dem-
onstrates the feasibility and benefits of a 3D landmark
approach compared to traditional linear measurements in
understanding the functional morphology of the larynx.

Conclusion

Laryngeal morphology offers a unique opportunity to study
the relationship between form and function in relation to di-
versification of acoustic signals. When paired with computa-
tional simulations (Hunter and Titze 2005; Moisik and Gick
2017), virtual exploration of the morphospace (Palaparthi
et al. 2014) promises to provide important insight into the
anatomy and mechanisms underlying vocal specialization

@ Springer

and divergence. Indeed, one fascinating question arising from
the current investigation lies in understanding the substantial
differences in intraspecific variation among species; whereas
inbred laboratory mice exhibited little individual variation in
the first three axes of variation for the thyroid, cricoid, and
arytenoid cartilages (Fig. 5a-f), the other three wild-captured
species showed much larger variation. Understanding the rel-
ative contributions of genetic background and the environ-
ment on larynx development and morphology (e.g., Tabler
et al. 2017; Laitman et al. 2017) will greatly benefit from a
novel geometric morphometrics approach (Beasley De et al.
2013; Klingenberg 2015).

Funding The study was supported by the National Science Foundation
(award number 1754332).
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