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Abstract

Irregular echinoids, particularly clypeasteroids or “sand dollars”, have obtained highly adaptive morphologies
suited to their life habitats. Specimens (n = 26) of a clypeasteroid echinoid Arachnoides placenta were examined to
understand how these adaptive morphologies were ontogenetically and developmentally obtained. Ontogenetically,
early post-larval juvenile specimens have a pentagonal morphologic outline (known as ambitus) that shifts to a
circular or a sub-circular morphology observed in the largest adult specimens. Circular morphology appears
optimized for the adult life habitat or niche. Both landmark and semilandmark geometric morphometric
methodologies were applied to quantify shape change, ontogenetic variation, and developmental morphology in A4.
placenta. Ambitus change is concentrated along the interambulacral regions with broader curvature variations
occurring across both ambulacral and interambulacral regions. Circular adult morphology was a result of non-
isometric shape change concentrated anteriorly with minor variation around posterior margin/periproctal furrow.
Interior morphologic change of the petaloids and periproct was also quantified, mainly impacting posterior outline
morphology. Minimal deformation of the basicoronal plates was detected, indicating stability during ontogeny.
Results indicated that complex, non-isometric allometric shape change, both along the ambitus and interiorly, is
required to morph from a pentagonal outline in post-larval juveniles to a circular or sub-circular ambitus
morphology in adults. This analysis demonstrates the advantages of both landmark and semilandmark geometric
morphometric analyses for quantifying developmental change and shape variation in Clypeasteroida.
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Introduction

Evolution of clypeasteroids is relatively young geologically. Clypeasteroida (Agassiz 1872) and members of
the family Clypeasteridae (Agassiz 1835) are first recorded in the late Paleocene, continuing into the present
(Kier 1982). Morphologically, clypeasteroids have obtained variable shapes ranging from elongate, strongly
bilateral appearances, to nearly circular and sub-circular outlines, with morphology strongly optimized for life
habitats (Durham 1955; Seilacher 1979). This study examines Arachnoides placenta (Linnaeus 1758) to better
understand how a distinctive, near circular outline is obtained. Arachnoides placenta is one of the most
common sand dollar in the Indo-West Pacific (McNamara et al. 2017; Schultz 2017; Lee et al. in press).
Ontogenetically, post-larval juveniles become readily apparent at approximately 3mm in length in an open
marine setting (Chen & Hsieh 1994). Strong allometric shape change during ontogeny is readily apparent for
the A. placenta data set examined in this analysis (Fig. 1). Smallest post-larval juveniles appear to have an
outline morphology less adaptive to the adult life-style habitat, with a strongly pentagonal outline (Figs. 1a,
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1c), while the largest adult samples of A. placenta obtain a distinctive circular outline while retaining
remnants of bilateral symmetry (Figs. 1b, 1d). The pentagonal outline develops early in post-larval juveniles
and is visible in specimen at approximately Smm in length (Seilacher 1979). Previous studies on irregular
echinoids support the hypothesis that clypeasteroids have more specialized morphologies adapted for high-
energy, shallow intertidal settings (Brown 1983; Kanazawa 1992; Cabanac & Himmelman 1996; Saitoh &
Kanazawa 2012). This study utilizes geometric morphometric analyses to assess ontogenetic development of
circular morphology and developmental variation in clypeasteroid echinoids. While some holistic
morphometric and geometric morphometric work has been conducted using echinoid data (Moore & Ellers
1993; Sievers & Nebelsick 2014; Zachos 2015; Schliiter 2016), this analysis focuses on developing, testing,
and expanding the application of geometric morphometric methodologies for clypeasteroids exemplified by
A. placenta. The goal of study is to examine how A. placenta obtained a circular to sub-circular ambitus
during post-larval ontogeny.

FIGURE 1. Ontogenetic morphological and outline shape variations between smaller juveniles and adult morphologies in
Arachnoides placenta. A, C, Smaller juvenile A. placenta specimen (NTUG-SD-AP-105) exhibiting a stronger bilateral
symmetry and a sub-pentagonal outline, aboral view in A, oral view in C. B,D, Large, adult A. placenta specimen (NTUG-SD-
AP-101) exhibiting a circular/sub-circular outline, with reduced bilateral symmetry, aboral view in B, oral view in D. Scale bars
=1cm.
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Methods

Study samples

The analysis quantifies ambitus curvature, the distal edges of the basicoronal plates, and petaloid shape
through digitization of landmark and semilandmark points based on the historical clypeasteroid collections
housed at the Department of Geosciences, National University of Taiwan (NTUG). A total of 26 individuals
(from NTUG-SD-AP-101 to NTUG-SD-AP-126) were examined, comprising an ontogenetic series from
smaller juveniles to full adult morphotypes. Specimen range in size from approximately 3 cm to 5.5 cm in
length. Standard morphologic terminologies follow the illustrated key in Mooi (1989). Analyses of
developmental and ontogenetic shape variation in Arachnoides placenta were conducted using geometric
morphometric methodologies outlined in Bookstein (1991), Zelditch et al. (2004), and Webster & Sheets
(2010). Specimens were oriented for photography parallel to the bilateral plane of symmetry with periproct
positioned posteriorly in both oral and aboral views (Fig. 2). Landmark and semilandmark data were digitized
using TpsDig 2.31 software (Rohlf 2015; Rohlf 2018). Landmark data was collected in both oral and aboral
views, while semilandmark data was only collected in aboral view because ambitus curvature is the same in
both aboral and oral views. Among 26 specimens, four specimens (NTUG-SD-AP-109, NTUG-SD-AP-110,
NTUG-SD-AP-113, and NTUG-SD-AP-121) were excluded from the analysis due to test damage or
developmental abnormalities. A total of 20 specimens was included for the oral view landmark analysis
(NTUD-SD-AP-108 and NTUD-SD-AP-122 excluded); 22 specimens were used for the aboral view
landmark analysis; and 20 specimens were used for the semilandmark analysis NTUD-SD-AP-103, NTUD-
SD-AP-122 excluded). Landmark points were chosen to maximize observable variation within and between
growth plates while providing an optimal summary of ambitus curvature, the distal edges of basicoronal
plates, and petaloid shape. Landmark data was digitized on both sides of the axial plane as mirrored pairs.
Paired landmark data was averaged following methodologies outline in Zelditch et al. (2004) and Zelditch
(2005) since they cannot be regarded as independent. Because this is an analysis of shape and curvature
variation only, and not an analysis of asymmetry within the data set including information on both the left and
rights of approximately bilaterally symmetrical specimen would be redundant for the presented geometric
morphometric analysis (Zelditch et al. 2004). Asymmetry within sand dollars during ontogeny has previously
been reported (Collin 1997); future studies will attempt to quantify asymmetry between data sets, species, and
clypeasteroid groups, but at this time is beyond the scope of the current analysis. Digitized landmark and
semilandmark points for the aboral and oral views are illustrated (Figs. 2a—2c). Principle components analyses
(PCA) were performed to observe and quantify shape variation in the 4. placenta data was and through
subsequent visual comparison of produced thin-plate warp spline deformation grids (Figs. 3—5). Because this
was an initial study with the goal of developing methodologies for landmark and semilandmark analysis for
both extant and fossil clypeasteroid irregular echinoid data sets, only observable ontogenetic growth change
and developmental variation in the A. placenta was examined currently. Collected landmark and
semilandmark data were analyzed using Integrated Morphometrics Package (IMP) software CoordGen8 and
PCAGen8 (Sheets 2001; Zelditch et al. 2004; Zelditch et al. 2012).

Previous work (Schliiter 2016) has applied geometric morphometric methodologies to examine
fluctuating asymmetry and ecophenotypic variation in the spatangoid Micraster (Gibbaster) brevis. As this
analysis of Arachnoides placenta only examines one collection we are unable to assess at this time to what
degrees, if any, fluctuating asymmetry and ecophenotypic variation exists between and effects the
morphology of Arachnoides populations; this however does present an intriguing opportunity for future
comparative research.

Landmark analysis of oral surface

A total of 26 landmarks were digitized in oral view (Fig. 2a): 4 landmarks along the axis (points 1, 11, 12, and
24 in Fig. 2a); 9 paired ambitus landmarks on opposite sides of the axis (points 2—10 and 13-21 in Fig. 2a);
and 2 paired interior landmarks on opposite sides of the axis placed at the tips of the basicoronal plates (points
22,23, 25, 26 in Fig. 2a). Point 1 is at the junction of the perradial suture with ambitus in ambulacral region
II1. Point 11 is at the junction of the interradial suture with ambitus in interambulacral region 5. Point 12 is
placed at posterior end of peristome. Point 24 is placed at the posterior end of the basicoronal plate. 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. Points 22 and 23 are placed at the distal tips of basicoronal plates. Mirrored points are
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shaded in Figure 2a. Among the 26 points, 22 paired landmarks were averaged along the axis and plotted on
the left side of the test, resulting in a total of 15 landmark points illustrated in analyses (Fig. 3).

3 I Oral

Aboral 106 Semilandmarks (SLM)

FIGURE 2. Landmark and semilandmark configuration for geometric morphometric analysis of Arachnoides placenta data.
Landmarks are indicated by numbers in circles. A, Landmark data points for 4. placenta, oral view. Landmarks 1-11 and paired
homologous landmarks 13-21, grey circles, are analogous to those described in aboral view (see Fig. 2b); 12, midpoint taken at
the posterior end of peristome along the axis; 22-24, basicoronal plates surrounding the peristome, taken at the distal tips of
basicoronal plates. 25-26, grey circles, are paired with homologous landmarks to 22—23, white circles. B, Landmark data points
for A. placenta, aboral view. 1, Anterior most perradial suture in the ambulacral region (I11); 2, 4, 6, 8, 10, adradial sutures; 3, 7,
interradial sutures; 5, 9 perradial sutures; 11, posterior margin of interradial suture in the interambularal region (5); 12,
periproct, taken at the posterior periproct margin along the axis; 13, midpoint taken at the posterior end of the apical disc along
the axis at the junction with the interradial suture; 14-22, grey circles, are paired with homologous landmarks 2—10 (indicated
by white circles); 23—32, paired landmarks indicating the distal pore pairs in the petaloids; 33—42, grey circles, are paired with
homologous landmarks 23-32 (indicated by white circles). C, Semilandmark data points, bounded by landmark data points for
A. placenta, aboral view. 1, Anterior most perradial suture in the ambulacral region (III); 2, 3, 5, 6, 8, adradial sutures; 4, 7,
perradial sutures; 9, posterior notch in the interambulacral region (5); 10, midpoint taken at the posterior end of the apical disc
along the axis. Semilandmarks are indicated by smaller, unnumbered circles that summarize the curvature from the anterior
midpoint to the posterior midpoint, left side.
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FIGURE 3. Warp-spline deformation grids (Procrustes) and PCA plots from the PCA (principle components analysis) for the
landmark data of Arachnoides placenta, oral view. PCA 1, PCA 2, and PCA 3 presented are accounting for 71.9% of observed
morphological variance within the data set. Landmark configuration is presented in Figure 2a. A, Landmark data plot for 4.
placenta specimens (Procrustes). B, Warp-spline deformation grid for PCA 1, 34.6% of total variance explained. C, Warp-
spline deformation grid for PCA 2, 21.8% of total variance explained. D, Warp-spline deformation grid for PCA 3, 15.5% of
total variance explained. Scaling factor 0.1 for all deformation grids (Procrustes). E, PCA plot for PCA 1 (x-axis) vs PCA 2 (y-
axis). F, PCA plot for PCA 1 (x-axis) vs PCA 3 (y-axis).

Landmark analysis of aboral surface
A total of 42 landmarks were digitized in aboral view (Fig. 2b): 4 landmarks along the axis (points 1, 11, 12,
and 13 in Fig. 2b); 9 paired ambitus landmarks on opposite sides of the axis (points 2—10 and 14-22 in Fig.
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2b); and 10 paired interior landmarks on opposite sides of the axis placed at the distal most podial pore pairs
of the petaloids (points 23—32, and 33—42 in Fig. 2b). 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 periproct margin with the interradial suture. Point
13 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. Points 23-32 are placed at the
distal positions of the petaloids based on the last distinguishable podial pore pairs. Previous quantitative work
supports that the petaloid structures of A. placenta and other clypeasteroids maintain bilateral symmetry,
suggesting petaloid structures are suitable features and points for landmark analysis (Lawrence et al. 1998).
Mirrored points are shaded in Figure 2b. Among the 42 points, 38 paired landmarks were averaged along the
axis and plotted on the left side of the test, resulting in a total of 23 landmark points illustrated in analyses

(Fig. 3).

Semilandmark analysis of aboral surface

A total of 10 landmarks were digitized in aboral view (Fig. 2c¢), utilizing the ambitus landmark configuration
described in the aboral view landmark analysis (Fig. 2b). For the analysis landmark points at the interradial
sutures (Points 4 and 7, Fig. 2b) were excluded to maximize curvature data captured by digitized
semilandmark points. A total of 106 semilandmarks were digitized, along seven marginal ambulacral and
interambulacral curves (Fig. 2c). All semilandmark data are bounded by landmark data points (Fig. 2¢). The
semilandmark analysis was based on data collected from the left side of the specimen for comparison with
landmark analyses.

For the semilandmarks analysis 18 points between landmarks 1-2 (Fig. 2¢) were taken for summarizing
the ambitus curvature in the ambulacral region (III). 8 points between landmarks 23 (Fig. 2¢) were taken for
summarizing ambitus curvature in the interambulacral area (3). 18 points between landmarks 3—4 (Fig. 2¢)
were taken for summarizing ambitus curvature in the anterior portion of the ambulacral region (IV). 18 points
between landmarks 4-5 (Fig. 2¢) were taken for summarizing ambitus curvature in the posterior portion of the
ambulacral region (IV). 8 points between landmarks 5—6 (Fig. 2¢) were taken for summarizing lateral ambitus
curvature in the interambulacral area (4). 18 points between landmarks 6—7 (Fig. 2c) were taken for
summarizing posterior-lateral ambitus curvature in the ambulacral region (V). 18 points between landmarks
7-8 (Fig. 2¢) were taken for summarizing posterior ambitus curvature in the ambulacral region (V).

Shape variation in the A. placenta data set is quantified and visually compared through principal
component analysis (PCA) and generated thin-plate spline deformation grids (Rohlf 1990; Bookstein 1991;
Zelditch et al. 2004). As this analysis focused on developing methodologies for landmark and semilandmark
analysis for Arachnoides, only observable ontogenetic growth change and developmental variation between
species was tested at this time. Tests for asymmetry between specimens was not studied because it was
beyond the scope of the analysis.

Results

Morphological shape variations within the observed ontogenetic series of Arachnoides placenta for the
landmark analyses in oral and aboral views, and the semilandmark analysis in aboral view are summarized in
Table 1 and present in Figures 3—5 respectively.

Broadly, ontogenetic morphology change is most strongly observed through shape and ambitus change
from a juvenile pentagonal outline to an adult circular outline with remnants of bilateral symmetry. Geometric
morphometric analyses of 4. placenta indicate that growth patterns are not isometric, with shape change
concentrated anteriorly and to some extent laterally. During ontogeny deformation occurs at the
interambulacral regions at both the junctions with the adradial sutures and the interradial sutures with the
ambitus, accompanied by reciprocal deformation in the ambulacral regions of the ambitus, leading to the shift
from a pentagonal outline in smaller juveniles, to a more circular morphology in adult specimen. Rounding of
the outline is concentrated anteriorly, with interambulacral deformation more strongly developed anteriorly.
Outline morphology shifts during ontogeny are further supplemented by curvature change along the ambitus
of the enlarging ambulacral regions, again concentrated more strongly anteriorly. Deformation of the adradial
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and interradial sutures, accompanied by curvature change within the ambulacral regions appears to happen
relatively late during ontogeny as only the largest specimens exhibit a distinctive circular outline. Internal
shape variation of the petaloid structures and periproct suggests internal outward plate expansion occurred
throughout ontogeny, however these growth patterns appear to have minimal effects on adult outline
morphology and ambitus curvature. Minimal deformation is observed at the basicoronal plates.

TABLE 1. Summary of PCA and warp-spline deformation grids for the landmark analyses of the oral and
aboral surfaces and the semilandmark analysis of the aboral surface.

PCA 1 PCA 2 PCA 3 Sum
Landmark analysis of oral 34.6% 21.8% 15.5% 71.9%
surface (Fig. 3)
Landmark analysis of 43.8% 22.8% 8.7% 75.3%
aboral surface (Fig. 4)
Semilandmark analysis of 44.8% 26.7% 9.1% 80.6%

aboral surface (Fig. 5)

Discussion

Landmark analysis of oral surface

PCA 1 relates to ambitus curvature change and deformation in the 4. placenta data set (Fig. 3b). Deformation
is concentrated at the interradial sutures and adradial sutures of the interambulacral regions. Though less
pronounced and more uniformly dispersed, deformation is also noted along the ambitus margins of the
ambulacral regions, occurring in junction with deformation at the adradial sutures and interradial sutures.
PCA 2 is largely related to posterior deformation along the axis, posterior to the basicoronal plates, but
anterior and internally to the posterior margin (Fig 3c). Minor interior deformation around the peristome and
adjoining plates is noted. Subtle deformation occurred along the ambitus, again more highly concentrated
within the interambulacral regions at the adradial sutures. PCA 3 is related to ambitus deformation, minor
deformation at the basicoronal plates, and shape change within the ambulacral regions (Fig 3d). Deformation
is concentrated within the ambitus and at the perradial sutures. Deformation occurs also within the basicoronal
plates, but is relatively minor compared to deformation at along the ambitus.

PCA of Landmark analysis of oral surface

When PCA 1 vs. PCA 2 are plotted for the data set PCA 1 shows a progression from larger specimens
(left) to smaller specimens (right) (Fig. 3e). Similarly, PCA 2 shows a grouping of larger specimens (bottom)
to smaller specimen (top) (Fig. 3e). For both PCA 1 and PCA 2 larger specimens clustering more closely
together while medium and smaller specimen show a much wider spread in distribution; particularly with
PCA 2 (Fig. 3e).

The plot of PCA 1 vs. PCA 3 demonstrates a similar trend of larger specimens clustering more closely
together while medium and smaller specimens show a wider spread in distribution, though with reduced
spread compared to the PCA 1 vs. PCA 2 plot. PCA 3 has a much weaker control on specimen distribution,
with only a few smaller specimens strongly controlled by PCA 3 (Fig. 3f).

Landmark analysis of aboral surface

PCA 1 relates almost exclusively to petaloid deformation in the 4. placenta data set (Fig. 4b). Deformation is
largely controlled by shape change and outward expansion within the petaloid structures, specifically at the
outer-most podial pores and surrounding plates. PCA 2 relates to ambitus shape change and internal
deformation (Fig. 4c). Ambitus deformation is concentrated along the adradial and perradial sutures. Internal
deformation occurs in conjunction to observed ambitus deformation for both the ambulacral and
interambulacral regions; however, deformation is only readily apparent near the ambitus, with deformation
becoming increasingly diminished interiorly towards the apical disc. Minor interior deformation is also noted
around the periproct. PCA 3 relates to posterior deformation along the axis (Fig. 4d). Deformation is
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concentrated along the posterior margin and surrounding the periproct. Minor ambitus deformation is
concentrated within the interambulacral margin and to a degree within the ambulacral margin, again
concentrated at the perradial suture.
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FIGURE 4. Warp-spline deformation grids (Procrustes) and PCA plots from the PCA (principle components analysis) for the
landmark data of Arachnoides placenta, aboral view. PCA 1, PCA 2, and PCA 3 presented are accounting for 75.3% of
observed morphological variance within the data set. Landmark configuration is presented in Figure 2b. A, Landmark data plot
for A. placenta specimens (Procrustes). B, Warp-spline deformation grid for PCA 1, 43.8% of total variance explained. C,
Warp-spline deformation grid for PCA 2, 22.8% of total variance explained. D, Warp-spline deformation grid for PCA 3, 8.7%
of total variance explained. Scaling factor 0.1 for all deformation grids (Procrustes). E, PCA plot for PCA 1 (x-axis) vs PCA 2
(y-axis). F, PCA plot for PCA 1 (x-axis) vs PCA 3 (y-axis).
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While there is some internal elevation in the aboral view centered around the apical disc and petaloid
structures, overall the tests in 4. placenta are relatively flat. As such, internal landmarks only capture shape
variation along the aboral plane, and not related to internal elevation. No notable distortion appears across
internal landmark data during ontological development for A. placenta that appears readily attributable to
aboral elevation shifts, suggesting internal elevation has minimal effect on petaloid structural variation
compared to shape variation along the aboral plane, at least for the landmark data used in this study. A more
comprehensive analysis including internal or complete digitization of all podial pores into landmark data
would likely capture position variation due to elevation during ontogeny, if present.

PCA of Landmark analysis of aboral surface
For the plot of PCA 1 vs. PCA 2, larger and medium sized specimens cluster in the upper portions of the plot,
while smaller specimen are spread across the base of the plot, clustering more towards the bottom left (Fig.
4e). PCA 1 broadly divides the smaller and larger specimens to the left of the plot, with the medium
specimens grouping more towards the right. PCA 1 seems to largely describe variation in petaloid
morphology and this apparent grouping appears to support non-isometric growth over a linear growth pattern
based on body size (Fig. 4e). PCA 2 appears to have the larger control on distribution based on specimen size
(Fig. 4e). The plot of PCA 1 vs. PCA 2 likely has more complexity due to inclusion both of internal structures
along with ambitus data.

In the plot of PCA 1 vs. PCA 3 a broad distribution in data is noted with no readily apparent groupings
(Fig. 41). This suggests PCA 3 is more randomized and may relate to non-isometric change within the data set.

Semilandmark analysis of aboral surface

PCA 1 almost exclusively relates to ambitus deformation (Fig. 5b). Deformation is concentrated along the
anterior margin, with strongest deformation occurring within the anterior most interambulacral region
beginning at the anterior most adradial suture (3 in Fig. 2c), posteriorly adjacent ambulacral margin (IV in
Fig. 2¢), and the second interambulacral region ending at the adradial suture (4 in Fig. 2¢). Ambitus
deformation also occurs along the posterior most ambulacral region (V in Fig. 2¢) and posterior
interambulacral region (5 in Fig. 2¢), but deformation is subtle and relatively minor compared to observed
anterior deformation. Strong anterior deformation is also noted at the anterior margin along the axis and
posteriorly approaching the posterior margin and periproct. Posterior deformation might relate to movement
of the periproct and the plates surrounding. PCA 2 relates to anterior ambitus deformation (Fig. 5c).
Deformation is strongly concentrated along the anterior most interambulacral margin (3 in Fig. 2¢) and within
the anterior-most ambulacral margin (IV in Fig. 2¢) immediately posterior to the interambulacral region (3 in
Fig. 2¢). Minor deformation occurs at the posterior margin along the axis, while all other margin and interior
deformations are subtle and minor. PCA 3 largely relates to anterior deformation focused along the axis (Fig.
5d). Deformation is strongest along the ambitus (5 in Fig. 2¢) and interiorly near the perradial suture (I1I in
Fig. 2c) along the axis. Strong deformation is also noted along the margin and interiorly within the first
interambulacral region, concentrated at the adradial sutures (3 in Fig. 2¢) and to a lesser extent within the
ambulacral region posteriorly adjacent to it (IV in Fig. 2¢). Minor marginal deformation is noted laterally and
posteriorly (regions 4 and V in Fig. 2¢) but is relatively poorly defined.

PCA of Semilandmark analysis of aboral surface

The plot of PCA 1 vs. PCA 2 illustrates strong clustering of larger body size and circular ambitus curvature
morphology (right side) and smaller body size and pentagonal ambitus morphology (left side) with gradation
of mid-sized and intermediate morphologies in-between these two ends along the PCA 1 axis (Fig. 5¢). PCA 2
tends to group smaller (upper left) and larger specimen (upper right) around the top of the plot. This suggests
ambitus variation described by this PCA is strongly non-isometric during development (Fig. Se).

The plot of PCA 1 vs. PCA 3 is strongly dominated by PCA 1 and the morphology/body size patterns
described above for the plot of PCA 1 vs. PCA 2 (Fig. 5f). PCA 3 appears to show some trending of smaller
and larger morphologies occurring closer the base of the plot, but distinct clustering or groupings are not
readily apparent for PCA 3 (Fig. 51).
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FIGURE 5. Warp-spline deformation grids (Procrustes) and PCA plots from the PCA (principle components analysis) for the
semilandmark data of Arachnoides placenta, aboral view. PCA 1, PCA 2, and PCA 3 presented are accounting for 80.6% of
observed morphological variance within the data set. Landmark and semilandmark configuration presented in Figure 2c. A,
Semilandmark data plot for 4. placenta specimens (Procrustes). B, Warp-spline deformation grid for PCA 1, 44.8% of total
variance explained. C, Warp-spline deformation grid for PCA 2, 26.7% of total variance explained. D, Warp-spline deformation
grid for PCA 3, 9.1% of total variance explained. Scaling factor 0.05 for all deformation grids (Procrustes). E, PCA plot for
PCA 1 (x-axis) vs PCA 2 (y-axis). F, PCA plot for PCA 1 (x-axis) vs PCA 3 (y-axis).

In summary, these results suggest that a complex series of allometric growth patterns, shape, and
curvature changes are required to shift from the pentagonal smaller juvenile to the observed circular adult
morphology in A. placenta. This study also demonstrates the benefits of using multi-faceted approaches to
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analyze morphological and developmental change in members of Clypeasteroida (sand-dollars). Landmark
analyses of the oral and aboral surfaces identify loci of morphological and developmental change along the
ambitus and internally accurately, with areas of deformation clearly identifiable. However, using landmark
data alone, only limited interpretations can be made on ambitus curvature change during ontogeny due to
missing data points within regions of large shape variation, the ambitus curvatures of the interambulacral and
ambulacral areas. The semilandmark analysis provides a means to more accurately describe curvature
variation across the ambitus as a whole and provides a detailed depiction of where morphological deformation
is concentrated in the 4. placenta dataset. These results suggest semilandmark analyses may be preferred for
understanding ambitus variation as well as morphological variation of body shapes within Clypeasteroida,
while landmark analyses provide a more accurate depiction of loci of morphological and developmental
variation.

Conclusions

The study formed the basis for developing a methodology to assess ontogenetic, developmental, and
morphological variation through geomorphic morphometric analysis for Arachnoides and other clypeasteroid
echinoids. Oral surface landmark data of the warp-spline deformation grids demonstrated that adult 4.
placenta specimens have increased curvature indention and deformation concentrated at the interambulacral
areas compared to pentagonal smaller juveniles (Fig. 3). Deformation was concentrated mainly around the
interradial and adradial sutures during growth with corresponding deformation occurring along the ambulacral
regions. A combined effect with observable deformation and ambitus change along and within the ambulacral
regions and perradial sutures resulted in the observed circular/sub-circular adult morphology of 4. placenta.
This interpretation was further supported by the data obtained from the aboral surface (Fig. 4). Internal
deformation based on petaloid and periproct landmark data suggests internal, centralized outward plate
deformation was present during ontogeny but had minimal effects on overall ambitus curvature and shape
change. However, internal morphologic plate shifts had a stronger effect posteriorly overall. Similarly, on the
oral surface, deformation of the basicoronal plates is minimal, suggesting little change during ontogenetic
development (Fig. 3).

Semilandmark analysis of the ambitus (Fig. 5) presented a more complex deformation pattern through the
warp-spline deformation grid plots suggesting a similarly complex ontogenetic and developmental history for
the A. placenta when compared with the landmark data. Observed deformation patterns for the oral and aboral
surfaces through the ontogenetic series of A. placenta indicate the following trends. 1) Outline shape change
is strongly concentrated within interambulacral regions at the adradial and interradial sutures (Figs. 3-5).
Deformation within the interambulacral regions, particularly along the anterior ambitus, reshapes the
pentagonal juvenile morphology into the circular/sub-circular adult morphology. 2) Ambitus outline is
controlled by a combination of shifts, contractions, and variation in curvature within both the ambulacral and
interambulacral regions. 3) Changes in curvature and outline are concentrated anteriorly (Fig. 5).
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