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ABSTRACT

Sand dollars (Clypeasteroids) have developed a unique discoidal morphology
along the perimeter curvature or ambitus. The distinctive round and flattened mor-
phology appears adaptive to their shallow water habitat and appears in multiple spe-
cies throughout the group. This analysis applies geometric morphometric analysis to
fossil clypeasteroid specimens from the genus Dendraster from the western United
States coastline, California, and examines the following: (1) Quantifying morphologi-
cal, ontogenetic, and developmental variation between the clypeasteroid genera Den-
draster and Arachnoides; (2) Quantifying discoidal morphology, petaloid structures,
and posterior morphological variation within and between the examined genera; (3)
Assessing how regional endemicity may effect variation between and within the as-
sessed Clypeasteroids. This study begins to quantify how this distinctive morphology
developed in fossil and extant clypeasteroids and how morphological variation during
ontogeny compares between the two clypeasteroid genera. Variation is concentrated
at different loci with similar circular adult forms achieved through variable shifts in
morphology. Results demonstrate strongest ontogenetic trends occur in the aboral/
oral profiles for the landmark and semilandmark analyses of ambitus morphology
and curvature shape. Other morphologic traits including the petaloid structures and
posterior profile do not readily demonstrate ontogenetic trends. Interspecific varia-
tion or potentially morphological variation due to environmental controls appear to
play a larger role in observed morphological variation for these traits. This analysis
also demonstrates the utility of geometric morphometric analysis for clypeasteroid
genera; building a foundation for broader analysis of discoidal morphologies.

1. INTRODUCTION

The Clypeasteroida (Agassiz 1835) genus Dendraster,
family Scutellidae (Gray 1825), is well documented, among
the most common macrobenthic invertebrates of the north-
eastern Pacific Ocean of the United Stated, and has a rich
history of study due to a relatively high species diversity,
restricted paleogeographic distribution along the Western
North American coast line, and abundance of specimens
from the Gulf of California to southeastern Alaska (Beadle
1989, 1991; Mooi 1989, 1997). Though relatively geologi-
cally young, ranging from the Late Miocene/Pliocene to the
present, 25 species/sub-species are currently recognized
including at least four extant species (Agassiz 1872-1874;
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Mortensen 1948; Durham 1955; Raup 1956; Beadle 1989,
1991; Mooi 1997). The extensive Dendraster literature
covers a wide range of analyses ranging from descriptive,
population analyses, and examination of morphological
variation and functionality (O’Neill 1978; Seilacher 1979;
Chen and Hsieh 1994; Beadle 1995; Nakamura 1995; Col-
lin 1997; Mooi 1997). Though the group has a wide history
of analysis, including examination of the morphology of
Dendraster, minimal work examines or focuses on underly-
ing morphological variation within the group, particularly
utilizing statistically robust methodologies like geomet-
ric morphometric analysis. Morphometric and geometric
morphometric assessments of echinoid data sets have been
previously conducted, but analysis of clypeasteroids spe-
cifically are limited (Moore and Ellers 1993; Schmidinger
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2014; Sievers and Nebelsick 2014; Zachos 2015; Schliiter
2016). As observed in other clypeasteroids, Dendraster
has developed a distinctive discoidal/circular morphology
along the perimeter curvature or ambitus; though research
continues it appears that this distinctive morphology may
be adaptive for the high-energy, shallow intertidal settings
and a burrowing/current filter feeding life habitat that many
clypeasteriods inhabit (O’Neill 1978; Seilacher 1979; Stan-
ton et al. 1979; Telford 1981; Brown 1983; Kanazawa 1992;
Cabanac and Himmelman 1996; Saitoh and Kanazawa
2012). The feeding habit of some adult Dendraster species,
including D. excentricus, is complex. Earlier ontogenetic
stages and juveniles do not occupy this same niche or feed-
ing life habit as adults. Adult animals will partially burrow
in the sediment, with the test then acting as a hydrodynamic
wing so the animal can assume an inclined feeding posture
parallel to water flow. Test outline, height (camber), and
population density all effect the efficiency of the inclined
suspension/filter feeding position (O’Neill 1978).

This study builds from these foundational works and
attempts to more rigorously quantify ontogenetic and mor-
phological variation in Dendraster by applying geometric
morphometric methodologies developed for the exami-
nation of extant clypeasteroid echinoids, specifically the
genus Arachnoides, and applies them to fossil specimens
from the clypeasteroid genus Dendraster; the first applica-
tion of these methods using a fossil clypeasteroid data set
(Swisher and Lin 2019). The analysis also quantifies devel-
opmental, ontogenetic, and morphological variation within
clypeasteroid genera by comparing the previously analyzed
Arachnoides data set, with the newly assessed Dendraster
collections. This study also expands work on the previously
conducted Arachnoides research and furthers examination
of morphological and ontogenetic variation in clypeaster-
oids by presenting new examinations the posterior profile
for clypeasteroid data sets.

Interestingly, these two genera are endemic to and pa-
leogeographically isolated to separate sides of the Pacific
Ocean, with Dendraster isolated to the eastern Pacific along
the western coast of the United States, and Arachnoides is
isolated to portions of the western Pacific (McNamara et
al. 2017; Schultz 2017; Lee et al. 2019). This analysis will
also explore the role paleogeographic isolation plays on ob-
served morphological and ontogenetic variation within and
between the two genera.

The goals of this analysis are: (1) To demonstrate the
application of geometric morphometric methods to fossil
clypeasteroid data sets by using Dendraster as an example
set; (2) To assess and compare morphological, ontogenet-
ic, and developmental variation between the clypeasteroid
genera, specifically Dendraster and Arachnoides; (3) To as-
sess and compare how similar circular adult body morphol-
ogy is similarly or disparately developed between the two
clypeasteroid genera, and the implications for development

of this morphology in other clypeasteroids; (4) To assess
and compare how posterior morphologies vary between
clypeasteroid genera morphologically, ontogenetically, and
developmentally, using the afore mentioned data sets; (5)
To discern the role that geographic isolation, or regional en-
demicity, may play in observed morphological and develop-
mental variation between and within the two genera.

2. METHODOLOGY
2.1 Study Samples

This analysis quantifies ambitus curvature or outline
shape, petaloid shape, and posterior view curvature vari-
ation from the ambitus to vertical apex at the apical disc
through digitization of landmark and semilandmark points
for Dendraster ashleyi. It then compares morphological
variation between a previously examined and expanded
data set for Arachnoides placenta. The landmark and
semilandmark points used for the Arachnoides data set are
modified from previously reported data (Swisher and Lin
2019) for comparison with the new, fossil clypeasteroid,
Dendraster data set.

Geometric morphometric analysis is a set of math-
ematical approaches to quantify and describe the shape and
spatial relationship of an organism and its features based the
organism’s inherent geometry (Savriama 2018; Savriama
and Gerber 2018). This analysis uses a landmark and semi-
landmark based approach to describe an organism’s geom-
etry. Landmarks are Cartesian points in 2D or 3D that can
be identified without ambiguity repeatedly on a specimen
and across a data set; they are fixed, homologous features
or structures (Savriama 2018; Savriama and Gerber 2018).

The Dendraster ashleyi fossil data set consists of the
NTUG-EUS 2598 collections from the coast of California,
U.S.A., housed at the Department of Geosciences, National
Taiwan University, museum collections (NTUG). Two sets
were examined in this analysis, a smaller ontogenetic series
of pristine specimens requiring no preparatory work before
analysis and a larger ontogenetic series sampled from a bulk
collection that required further preparation before analysis.
The pristine ontogenetic series consists of 11 individuals.
A total of 39 specimens labeled EUS 2598-001 through
EUS 2598-039 were selected from the bulk collection for
preparation and analysis; comprising an ontogenetic series
from smaller juveniles to full adult morphotypes. Samples
range in size from approximately 1.4 cm in juvenile forms
to approximately 6 cm in adults. Specimens were selected
based on completeness and availability of morphological
traits required for the landmark and semilandmark based
analyses. Specimens examined in the analysis included at
least one complete half where landmark and semilandmark
data points could be digitized and no readily apparent tapho-
nomic distortion was present.

Information on the Arachnoides placenta data set
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(NTUG-SD-AP-101 to NTUG-SD-AP-126) housed at the
Department of Geosciences, National University of Taiwan
(NTUG) and used for geometric morphometric comparison
with the Dendraster ashleyi data set can be found in Swish-
er and Lin (2019). The current analysis expands on previous
Arachnoides research by including new digitization of the
posterior view for the NTUG data set.

Morphology terminology used in this study follows
standard practices as illustrated in Mooi (1989). Ambitus
curvature is the outline shape of the specimen in aboral or
oral view and can be thought of as the perimeter shape or cur-

vature outline of the specimen (Swisher and Lin 2019). This
is illustrated in Fig. 1 where data points follow along the am-
bitus outline or curvature of specimens. Methodologies and
landmark/semilandmark configurations follows procedures
previously described for the Arachnoides data set with some
modifications described below for comparative purposes
and the newly assessed posterior profile. Analyses of mor-
phological, ontogenetic, and ambitus curvature variation in
the Dendraster ashleyi and Arachnoides placenta data sets
were conducted using geometric morphometric procedures
presented in Bookstein (1991), Zelditch et al. (2004), and

Arachnoides Dendraster
n Aboral i
O

5

Fig. 1. Landmark and semilandmark configuration for geometric morphometric analysis of Arachnoides placenta, Dendraster ashleyi, and compara-
tive data sets, aboral and oral views. (a) Landmark data points for Arachnoides and Dendraster aboral view, ambitus curvature. (1) Anterior most
perradial and ambitus juncture in the ambulacral region (III); (2) - (4) anterior most adradial suture and ambitus intersection points with landmark 3
at the intersection of the ambitus and interradial suture in the interambulacral region (3); (5) lateral intersection of the ambitus and perradial suture
in the ambulacral region (IV); (6) - (8) lateral adradial suture and ambitus intersection points with landmark 7 at the intersection of the ambitus and
interradial suture in the interambulacral region (4); (9) posterior intersection of the ambitus and perradial suture in the ambulacral region (V); (10)
adradial suture on the left-side of the plate boundary in the interambulacral area (5); (11) posterior margin at the interradial suture (5); (12) midpoint
taken at the posterior end of the apical disc; (13) - (21) grey circles, are paired with homologous landmarks 2 - 10, white circles. (b) Landmark data
points for Arachnoides and Dendraster aboral view, petaloids. (1) Anterior most perradial and ambitus juncture in the ambulacral region (III); (2)
posterior margin at the interradial suture (5); (3) midpoint taken at the posterior end of the apical disc; (4) - (13) paired landmarks indicating the
distal pore pairs in the ambulacral areas; (14) - (23) grey circles, are paired with homologous landmarks 4 - 13, white circles. (c) Landmark data
points for Arachnoides and Dendraster oral view. (1) Anterior most perradial and ambitus juncture in the ambulacral region; (3) posterior margin at
the interradial suture; (2) posterior margin of the oral opening.
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Webster and Sheets (2010) and implemented in Swisher and
Lin (2019). For aboral view analysis specimens were orient-
ed parallel to the bilateral plane of symmetry with periproct
positioned posteriorly for digital photography (Figs. la - ¢).
For lateral analysis specimens were oriented perpendicular
to the bilateral plane of symmetry with periproct positioned
to the left for digital photography (Fig. 2a). For posterior
analysis specimens were oriented parallel with the bilateral
plane of symmetry with periproct positioned towards the
lens for digital photography (Fig. 2b).

TpsDig 2.31 software was used to digitize landmark
and semilandmark data points in aboral, and posterior views
(Rohlf 2015, 2018). Landmark points were chosen fol-
lowing methodologies outline in Swisher and Lin (2019)
to maximize observable morphological variation at plate
boundaries, summarize ambitus curvature, quantify petaloid
shape, and allow homologous point comparison between
the Arachnoides and Dendraster data sets.

Shape variation of the D. ashleyi data set and compari-
sons made with the A. placenta data set are quantified and
visually compared through principal component analysis
(PCA) and generated thin-plate spline deformation grids
(Rohlf 1990; Bookstein 1991; Zelditch et al. 2004). This
analysis also focused on applying previously developed
methodologies for comparisons between fossil and ex-
tant clypeasteroid data sets. Tests for asymmetry between
clypeasteroid data sets is currently beyond the scope of the
analysis.

Similarly to the previous Arachnoides analysis,
(Swisher and Lin 2019) this study only assesses morpho-
logical and ontogenetic variation present within the two ex-
amined genera and compares between the data sets. This
analysis does not assess asymmetry within the data sets due
to assumed approximate bilateral symmetry for this com-
parative analysis (Zelditch et al. 2004). Asymmetry exists,
to some degree, in all biological data sets; this study does
not dispute that asymmetry is present in even the approxi-

mately bilaterally data sets examined here, but focuses on
generic level comparison of morphological and ontogenetic
variation. Therefore, assessment of asymmetry within the
data sets in beyond the scope of this study. As further de-
scribed in the procedures below, the left sides in aboral view
were primarily used unless specimen were otherwise dam-
aged or incomplete. With landmarks primarily taken from
the left side, when applicable, any potential asymmetry
effects were reduced. Landmark and semilandmark points
digitized for the analysis in aboral, oral, and posterior views
are described (Figs. 1 - 2). Descriptive and comparative as-
sessment of ontogenetic and morphological variation within
and between the data sets was conducted through principle
components analyses (PCA) of landmark and curvature data
and visual comparison of thin-plate warp spline deformation
grids for examined profiles (Figs. 3 - 10). Digitized land-
mark and ambitus curvature data were examined using Inte-
grated Morphometrics Package (IMP) software CoordGen8
and PCAGen8 (Sheets 2001; Zelditch et al. 2004, 2012).
Specimens from the EUS 2958 Dendraster ashleyi
required preparation using brushing and abrasive papers
to remove surrounding sand and reveal morphologic traits.
Due to the abrasive sanding procedure used to observe mor-
phological features in the Dendraster data and the risk of
damaging fossil material only the left sides of specimens
were typically prepared completely for observation and
quantification for landmark and semilandmark analysis.
The preparation procedure was used to clearly identify ho-
mologous points, margins, plate boundaries, structures, and
podial pore features for analysis. This procedure reduced
the potential for breakage and damage to the specimen,
while providing a complete suite of landmark based mor-
phological features for analysis due to the assumed bilateral
symmetry in the Dendraster data set. Approximate bilateral
symmetry is assumed for the Dendraster and Arachnoides
data sets due to the approximate bilaterally nature of the
test; asymmetry does exist to some degree within the data

Arachnoides Dendraster
Lateral
Posterior Anterior  Posterior Anterior
" m . m
Posterior

" (_ﬁ)\ o (—0\

Fig. 2. Landmark and semilandmark configuration for geometric morphometric analysis of Arachnoides placenta, Dendraster ashleyi, and com-
parative data sets, lateral and posterior views. (a) Landmark and semilandmark data points for Arachnoides and Dendraster, and lateral view. (1)
Anterior most juncture with anterior margin curvature; (2) posterior most juncture with anterior margin curvature. (b) Landmark and semilandmark
data points for A. placenta, and D. ashleyi posterior view. (1) Apex of aboral surface along mid-line body axis of bilateral symmetry; (2) lateral
most juncture with lateral margin curvature.
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sets but the focus of the analysis remains on morphologi-
cal shape change during ontogeny and broad comparisons
at a generic level between the genera, not higher resolution
intra-specific morphological variation due to asysmmetry.
Similar to asymmetry, intra-specific variation is also present
to some degree, as with any biological data set; the sample
sizes used for the analysis help to average and minimize the
impact of these factors for the broader comparisons exam-
ined in this study. This methodology is in part implemented
when both sides of the specimens were available for digi-
tization and quantification; landmark points on both sides
of the axial plane were mirrored across the axis following
procedures outlined in Zelditch et al. (2004) and Zelditch
(2005) since they cannot be regarded as independent. This
analysis focuses on shape and curvature variation within
Dendraster and generic level morphological comparisons
between the Dendraster and Arachnoides data sets and not
on asymmetry between data sets; as such including informa-
tion on both the left and right sides of approximately bilater-
ally symmetrical specimens would be redundant and beyond
the scope of the current morphological analysis (Zelditch et
al. 2004). Defined landmarks to assess ambitus curvature
shape change/outline shape variation are based on broadly
define homologues features present between the examined
genera; specifically, the ambitus and its intersection with
the ambulacral and interambulacral suture. These intersec-
tions are broadly defined fixed homologous points chosen
for generic level comparison in this analysis and to facilitate
future comparative studies with other clypesteroid genera as
they can be readily identified throughout the group.

The mirroring procedure averages any variations pres-
ent between the right and left halves of the specimen. While
some degree of asymmetry is typical for biological data sets
and asymmetry between the right and left halves can present
strongly in some clypeasteroid data sets, strong test abnor-
malities were excluded from this study (Collin 1997); future
studies will attempt to quantify asymmetry between data
sets, species, and other clypesteriod genera, but at this time
is beyond the scope of the current study of morphological
variation comparison between the examined genera.

2.2 Landmark Analysis of Aboral Surface

A total of 12 landmarks were digitized in aboral view
(Fig. 1a): 3 landmarks along the axis (points 1, 11,and 12 in
Fig. 1a); 9 paired ambitus landmarks on the left side of the
axis (points 2 - 10 in Fig. 1a); Point 1 is at the junction of the
perradial suture with ambitus in ambulacral region III. Point
11 is at the junction of the interradial suture with ambitus in
interambulacral region 5. Point 12 is placed at the posterior
margin of the apical disc. Points 2, 4, 6, 8, 10 are placed at
the junction of the adradial sutures with ambitus. Points 3
and 7 are placed at the junction of the interradial sutures
with ambitus. Points 5 and 9 are placed at the junction of the

perradial sutures with ambitus.

2.3 Landmark Analysis of Aboral Surface, Petaloid
Structures

A total of 11 landmarks were digitized in aboral view
(Fig. 1b): Point 1 is placed at the posterior margin of the
apical disc. Points 2 - 11 are placed at the distal positions of
the petaloids based on the last distinguishable podial pore
pairs (Fig. 1b). Previous quantitative work supports that the
petaloid structures of clypeasteroids maintain relative bi-
lateral symmetry, even if asymmetry is present within the
structure, and petaloid points have been successfully used
and assessed in a previous geometric morphometric analysis
(Lawrence et al. 1998; Swisher and Lin 2019).

2.4 Semilandmark Analysis of Oral Surface

A total of 3 landmarks were digitized in aboral view
(Fig. Ilc), utilizing the ambitus landmark configuration
described in the aboral view landmark analysis (Fig. 1a).
2 landmarks along the axis (points 1 and 2 in Fig. 1c). A
total of 40 semilandmarks were digitized, along the ambi-
tus for summarization of specimen curvature; bounded by
landmark data points (Fig. 1c). All semilandmark data are
bounded by landmark data points, landmarks 1 - 2 (Fig. 1c¢).
The semilandmark analysis was based on data collected
from the left side of the specimen for comparison with land-
mark analyses and between clypeasteroid data sets.

2.5 Semilandmark Analysis of Posterior View

A total of two landmarks were digitized in posterior view
(Fig. 2). Point 1 is placed at the apex or, maximum height
of the aboral surface along the body axis mid-line (Fig. 2).
Point 2 is placed at the left lateral edge of the specimen, at the
base of anterior ambitus curvature along the horizontal oral
surface plane (Fig. 2). A total of 60 semilandmarks were digi-
tized, along the aboral margin in posterior view. All semila-
ndmark data are bounded by landmark data points, landmarks
1 - 2 (Fig. 2). The semilandmark analysis was based on data
collected from the left side of the specimen for comparison
with landmark analyses and between clypeasteroid data sets.

3.RESULTS

Quantified morphological variation of the Dendrster
ashleyi data set and comparisons made with the Arachnoides
placenta data set were conducted through Principal Compo-
nent Analysis (PCA) for the digitized ontogenetic series of
the D. ashleyi and A. placenta data sets for the landmark
analyses in aboral views, and semilandmark analyses in ab-
oral and posterior views are presented in Tables 1, 2, and
illustrated in Figs. 3 - 10.
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Table 1. Principle Component Analyses percentages for Dendraster ashleyi.
PC1 - PC3 and sum of variation for landmark, petaloid, and semilandmark
analyses.
Dendraster PC1 PC2 PC3 Sum
Landmark, left side ambitus 278% 211% 11.6%  60.5%
Landmark, left side petaloid 403%  21.6% 156%  17.5%
Semilandmark analysis, posterior view  62.6%  28.9% - 91.5%
Table 2. Principle Component Analyses percentages for comparative analyses
of Arachnoides placenta and Dendraster ashleyi. PC1-PC3 and sum of varia-
tion for landmark, petaloid, and semilandmark analyses.
Arachnoides vs Dendraster PC1 PC2 PC3 Sum
Landmark, left side ambitus 92.7% 1.9% - 94.6%
Landmark, left side petaloid 95.3% 1.6% - 96.9%
Semilandmark analysis, posterior view  642%  17.8% - 82.0%
3.1.3 PCA of Landmark Analysis of Petaloid Structure
3.1 Dendraster

3.1.1 PCA of Landmark Analysis of Aboral Surface

The plot of PC 1 vs. PC 2 quantifies an ontogenetic
clustering controlled by PC 1. PC 1 differentiates smaller
specimen towards the right and larger specimen towards
the left of the plot. PC 2 and PC 3 are more randomly dis-
tributed, with no apparent ontogenetic trends. Deformation
depicted in PC 1 is concentrated along the ambitus at the
lateral perradial sutures (Fig. 3b). Deformation depicted in
PC 2 is again concentrated along the ambitus at the lateral
perradial sutures and interradial sutures, with deformation
developed more strongly anteriorly (Fig. 3¢). Deformation is
also depicted along the lateral, posterior facing, adradial su-
ture and along the posterior ambitus margin (Figs. 3c, e, f).
Deformation depicted in PC 3 is strongly developed along
the posterior ambitus margin and interiorly (Figs. 3d, e, f).

3.1.2 PCA of Semilandmark Analysis of Oral Surface

PC 1 vs. PC 2 plots ontogenetic clustering controlled
by PC 1. PC 1 clusters smaller specimens to the left and
larger specimens towards the right of the diagram. PC 2 and
PC 3 are more randomly distributed, with no apparent on-
togenetic trends. Deformation depicted in PC 1 is concen-
trated along the axial mid-line/line of bilateral symmetry,
with slight deformation noted along the lateral most mar-
gins (Fig. 5b). Deformation depicted in PC 2 is concentrated
posteriorly, interiorly (Fig. 5c). PC 3 also depicts deforma-
tion concentrated posteriorly, but more strongly developed
along the posterior ambitus margin (Fig. 5d).

PC 1 vs. PC 2 quantify a small ontogenetic trend dif-
ferentiated by PC 1. PC 1 positions the smallest specimen
towards the right and largest specimen towards the left of
the plot, with intermediate specimens showing no apparent
differentiation (Fig. 4e). PC 2 and PC 3 are more randomly
distributed, with no apparent ontogenetic trends (Fig. 4f).
PC 1 depicts strongest deformation at the lateral-most podial
pore pairs, with deformation also noted at the posterior-most
podial pore pairing; deformation is perpendicular towards
the center of the specimen (Fig. 4b). PC 2 depicts strongest
deformation at the lateral-most podial pore pairs, with de-
formation also noted at the posterior- and anterior-most po-
dial pore pairing; deformation is tangential to the center of
the specimen (Fig. 4c). PC 3 depicts strongest deformation
at the posterior-most podial pore pairing, with deformation
also noted at the lateral-most podial pore pairing (Fig. 4d).

3.1.4 PCA of Semilandmark Analysis of Posterior View

Data plots for PC 1 vs PC 2 shows apparent partitioning
based on relative body size. Smaller specimens plot towards
the right of PC 1 with larger specimen plotting to the left
(Fig. 6d). The partitioning of PC 2 is more widely distrib-
uted and does appear related to relative body size (Fig. 6d).
PC 1 is strongly controlled by lateral margin deformation,
with minor deformation along the aboral surface, with the
strongest aboral deformation adjacent to the beginning of the
lateral margin curvature (Fig. 6b). Deformation in PC 2 is
similar to PC 1, but more strongly concentrated along the
aboral surface approaching the lateral margin (Fig. 6¢).
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3.2 Comparative Analysis of Dendraster and
Arachnoides

3.2.1 PCA of Landmark Analysis of Aboral Surface

When PC 1 vs. PC 2 is plotted two distinct clustering
in the data are quantified. PCA 1 separates the Arachnoi-
des and Dendraster data sets, to the left and right respec-
tively (Fig. 7b). PCA 2 distinguishes morphological varia-
tion within the genera, with Dendraster showing a larger
scattering morphological variation (Fig. 7c). Deformation
along PC1 is widely spread across the ambitus, with con-
centrations at the interradial sutures perpendicular towards
the specimen center, and at the adradial/perradial ambitus
margins tangential to the ambitus (Fig. 7d). PC2 deforma-
tion is similar, but more weakly developed, with deforma-
tion at the adradial/interradial ambitus margins tangential to
the ambitus more distinctly developed than perradial defor-
mation (Fig. 7d).

3.2.2 PCA of Semilandmark Analysis of Oral Surface

The PC 1 vs. PC 2 plot distinguishes two clusters in the
data set, through PC 1, though not as widely separated or
distinctive as clusters in other comparative analysis between
the Arachnoides and Dendraster data sets (Figs. 9b, e).
The PC 2 plot shows wider dispersion in the Dendraster
data set while the plot of PC 3 shows wider distribution in
the Arachnoides data set. Deformation presented in PC 1 is
concentrated along the axial mid-line/line of bilateral sym-
metry and along the lateral most margins between perradial
sutures (Figs. 9b, e). Deformation in PC 2 is again concen-
trated along the axial mid-line/line of bilateral symmetry,
but with strong deformation also depicted along the anterior
margin (Figs. 9c, e). Deformation in PC 3 is concentrated
laterally and anteriorly at distinct points along the ambitus
at suture junctions (Figs. 9d, f).

3.2.3 PCA of Landmark Analysis of Petaloid Structure

The plot of PC 1 vs. PC 2 depicts two distinct cluster-
ing with PCA 1 separating the Arachnoides and Dendraster
data sets, to the right and left respectively (Fig. 8b). PCA
2 distinguishes morphological variation within the genera,
with Dendraster show wider dispersion in morphological
variation (Fig. 8c). Deformation along PC1 concentrated
along the lateral margins of the petaloids, relatively uni-
formly (Fig. 8d). PC2’s deformation pattern is with stronger
deformation within the petaloids, particularly the lateral and
posterior petals (Fig. 8d).

3.2.4 PCA of Semilandmark Analysis of Posterior View

The plot of PC 1 vs. PC 2 shows two distinct cluster-
ing in the data. PCA 1 separates the Arachnoides and Den-

draster data sets, to the left and right respectively (Fig. 10b).
PCA 2 distinguishes morphological variation within the gen-
era, with Dendraster show wider dispersion in morphologi-
cal variation (Fig. 10c). Deformation along PC1 is widely
spread, with distinct deformation at the lateral margin and
in regions of the aboral surface approaching the lateral mar-
gin and midline apex (Fig. 10b). Deformation along PC2 is
again widely spread, but most strongly concentrated at the
curvature along the lateral margin (Fig. 10c).

4. DISCUSSION

Morphological and developmental variation is concen-
trated at different loci between the two genera examined in
this analysis. Dendraster has a more complex developmen-
tal and morphological shape change throughout ontogeny
when compared with the Arachnoides data set. These results
are of particular interest for understanding the complex evo-
lutionary history within and between clypeasteroids. This
suggests other clypeasteroids may have independently ob-
tained a discoidal morphological outline. Understanding
where convergence has occurred vs. where a true shared
evolutionary history of discoidal morphology exists in the
clade is an important evolutionary question for clypeaster-
oids and worth further study. Looking specifically at this
study, the observed Dendraster data set also appears to
have higher levels of intraspecific variation when compared
with the observed Arachnoides dataset, particularly in the
“middle” ontogenetic series size ranges, with generally a
wider dispersion of data in PCA plots. As a result, the signal
for ontogenetic variation in Dendraster is less distinct and
harder to distinguish, particularly of the “middle” ontoge-
netic size ranges when compared with the Arachnoides data
set. Larger degrees of morphological variation are reported
through the PCA results of the Dendraster data set of the ab-
oral landmark and semilandmark analysis when compared
with the Arachnoides data set. Individual PCs (Principle
Components) account for smaller percentages of observed
morphological variation and more PCs are reported for the
Dendraster data set. This suggests that there is a wider skew
of morphological variation for the Dendraster data, and
while PC 1 recovers an ontogenetic trend, other PC’s report
this wider degree of observed morphological variation.

The results of this analysis suggest circular or discoidal
ambitus and body morphology are variably obtained, or at
least secondarily modified, across the clypeasteroid clades
in this study, based on comparisons between the Dendraster
and Arachnoides data sets. Deformation is strongly concen-
trated in Arachnoides at suture junctions, particularly the
adradial sutures in the interambulacral regions, with stron-
ger deformation anteriorly during ontogeny. Deformation is
most apparent in shifts in lateral morphology in Dendraster,
but strong deformation is also detected at the perradial su-
tures. Though both genera obtain discoidal ambitus outlines
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they are derived from completely disparate and distinct on-
togenetic paths for ambitus outline shape, with disparately
positioned loci for morphological variation. Dendraster is
initially more elongate in early ontogeny, becoming nearly
circular or discoidal during the middle and later phases of
ontogeny, at the latest ontogenetic stages mild lateral expan-
sion is observed in the largest reported specimens, skew-
ing the discoidal shape slightly. The examined Arachnoides
data set is initially pentagonal in outline, but during ontog-
eny deformation at the sutures shifts ambitus morphology
to a distinctive circular or discoidal outline. Morphological
variation or deformation during ontogeny at sutures margins
accompanied with stronger, non-isometric growth patterns
anteriorly, appears to be more important for observed adult
discoidal shape in Arachnoides, while broader curvature
change concentrated at the perradial sutures and due to con-
tinued lateral expansion is more important for the observed
adult outline in Dendraster. Analysis of the posterior view
for Dendraster, Arachnoides, and between the two genera
suggests that ontogenetic development had little discernable
control on observed morphological variation for the two
genera. Intra-specific variation appears to dominate mor-
phological variation in these profiles, while observable on-
togenetic trends in morphological variation is distinct in the
aboral and oral views. This suggest ambitus or body outline
in the aboral/oral views may be more adaptive/selectively
controlled for due to trends in morphological development
towards similar adaptive shapes, in this case a discoidal out-
line. Morphological variation in the posterior view appears
less selective, with a wider range of morphological varia-
tion across ontogeny with no discernable ontogenetic trend,
suggesting intra-specific variation, or eco-phenotypical
controls may play stronger roles in observed morphological
variation in these profiles. Understanding how these factors
controlled morphological development and evolutionary
history in clypeasteroids provides exciting avenues for fu-
ture work.

5. CONCLUSION

This analysis and its results demonstrate that discoi-
dal ambitus outlines are derived from disparate and distinct
ontogenetic pathways, with distinct variation in where and
how shape changes during ontogeny and with disparately
positioned loci for morphological variation in the assessed
clypeasteroid genera Arachnoides and Dendraster. These
results raise important questions about the evolutionary ori-
gins of this unique morphology within clypeasteroids. What
modes of development are present within clypeasteriods and
to what degree have other clypeasteriods obtained similar
discoidal outlines through distinctive evolutionary origins
and disparate methods of morphological variation ending
in a similar discoidal/circular ambitus outline? Over-all, the
results of this analysis suggest that body outline in aboral/

oral views is highly selected for throughout ontogenetic
development in clypeasteroids, particularly for the adult,
circular/discoidal morphology. The notable exception is the
posterior view analysis for the Dendraster data set, where a
strong ontogenetic trend is quantified. This apparent trend
follows observations in O’Neill (1978), suggesting Den-
draster’s profile is highly adapted for hydrodynamic feed-
ing behaviors that shift during ontogeny. This suggests that
hydrodynamic shifts during ontogeny, at least in this profile,
are more highly adaptive in Dendraster than Arachnoides,
and points toward more specialized niche partitioning dur-
ing ontogeny between the genera. This result is congruent
with observations of the relatively unique, up-right feeding
position of adult Dendraster specimens and the observed
niche partitioning between some extant adult and juvenile
Dendraster specimens.

To better understand clypeasteroids, the complex evo-
lutionary radiation within, and independent development
of discoidal ambitus across clypeasteroids clades it is im-
perative that detailed morphometric analyses, such as the
ones presented in this analysis, are continued for the group.
Clypeasteroids provide a unique opportunity to examine
many facets of evolutionary processes, including evolu-
tionary convergence, environmental controls on adaptive
morphology in a geologic context, and paleobiogeographic
controls like regional edemicity, vicariance, and dispersal;
all in a group with a rich geological history, distinctive
and quantity morphological traits, and extant members for
comparison with extinct fossil taxa. These assets mean that
clyapeasteroids can provide a rich source for evolutionary
analyses and scientific inquiry that should be taken advan-
tage of to the utmost by researchers.

The circular/discoidal outline appears in multiple
clades within clypeasteroid clades, supporting a perceived
selective/adaptive importance. The results of this analy-
sis suggests that though the circular/discoidal outlines ap-
pear similar in clypeasteroids, they may be independently
derived due to dissimilar ontogenetic development trends,
at least between the two genera examined in this analysis.
While this appears true for the circular/discoidal morpho-
logical trends in the examined clypeasteroid data sets, how
these trends compare with other clypeasteroids adult mor-
phologies/ambitus outlines beyond circular/discoidal shapes
is currently unknown and presents an avenue for future com-
parative analysis. This also raises the question, how variable
is the development of discoidal morphology across clypeast-
eroids? Future analyses will look at address if the develop-
ment variation of this distinctive circular morphology, as ob-
served through geometric morphometric techniques in this
analysis, agrees with the current phylogenetic understanding
of the clypeasteroid clade; assessing the reasons why or why
not developmental patterns agree with phylogenetic hypoth-
eses and the implications of independent development of
discoidal morphology across the clypeasteroid clade. This
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analysis demonstrates the utility of geometric morphometric
applications for differentiating morphological variation and
broader generic variation between clypeasteroids, providing
a tool set for future comparative analyses between fossil and
extant clypeasteroid data sets.

Lastly, the role that paleobiogeography plays in and
contributes towards the observed disparate trends in mor-
phological variation between Dendraster and Arachnoides
should be explored and quantified further. Specifically, the
two genera occur in disparate regions of endemicity, the
western Pacific for Arachnoides, and eastern Pacific re-
gions for Dendraster that may have contributed, in part, to
observed ontogenetic and morphological variation. The two
genera are members of distinct suborders within Clypeaste-
rioda with disparate evolutionary development that likely
plays the largest defining role in the observed morphologi-
cal and ontogenetic trends. However, parsing out to what
degree, if any that, that paleobiography, and extend geo-
graphic isolation, plays in the observed trends in morpho-
logical variation and ontogenetic development within these
two genera as well as the observed differences between the
genera should continue to be explored.
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