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ABSTRACT

Incompleteness in fossil specimens is the main obstacle that has to be overcome 
with the identification of fossils and the analyses using them. Landmark analysis is 
a tool that can be used to understand the variations in different organismal factors 
based on morphology with adequate preparation and properly aligned photographs 
of specimens. The goal is to apply these methods to assess generic level identifica-
tion of Miocene Astriclypeidae, including Astriclypeus and Echinodiscus, based on 
incomplete onsite specimens from the Yehliu Geopark, Taiwan; a locality in where 
the removal of fossil specimens is not permitted. Two datasets were chosen utilizing 
the available fossil specimens from the site: a three-point dataset and a seven-point 
dataset. Linear measurements of onsite specimens were also recorded for compari-
son. Results from Principal Component Analysis (PCA) showed that samples of As-
triclypeus and Echinodiscus formed distinct clusters based on three-point dataset. 
A similar trend with distinct clusters for the two genera was also evident with the 
seven-point dataset. Furthermore, the effectiveness of this method is reinforced by 
the results of the independent study using the traditional method with linear mea-
surements. Geometric morphometrics can specifically identify where morphological 
variation occurs and is concentrated based on the chosen landmark arrays, and such 
morphological variations cannot be detected easily with the linear and angle mea-
surements alone. This study shows that the landmark analysis can be used efficiently 
for a generic level identification based on incomplete specimens.
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1. INTRODUCTION

Statistical shape analysis or geometric morphometrics is 
a structured approach to the analysis of landmarks for shape 
variation (Kendall 1984; Bookstein 1992). A geometric 
morphometric approach is bound up with the concept of the 
landmark. In the context of geometric morphometrics a land-
mark is defined as “a specific point on a biological form or 
image of a form located according to some rule” (Bookstein 
1992). Geometric morphometric data consist of 2D or 3D 
Cartesian landmark coordinates (relative to some arbitrarily 
chosen origin and axes) (Bookstein et al. 1991; Webster and 
Sheets 2010; Schlüter 2016). When we use the 2D landmark 
coordinate locations, the coordinate point locations are refer-
enced to linear distances along independent x and y axes they 
record the position of each landmark relative to every other 

landmark precisely. Different landmark configurations may 
be needed for different studies, as when some subset of the 
total sample is missing particular landmarks.

Echinoids are divided into two distinct categories; 
Regularia and Irregularia (paraphyletic classification) sea 
urchins. Regular urchins have an almost spherical symme-
try, while irregular urchins display varying degrees of bilat-
eral symmetry (Chao 2000). Irregular urchins with flattened 
tests and key-hole shaped perforations (lunules) toward the 
rear of the endoskeleton are commonly known as sand dol-
lars or keyhole urchins and belong to the order Clypeaster-
oida; members of this order have developed near radial sym-
metry (Swisher and Lin 2019) includes 150 extant species 
and 750 fossil species (Mooi 1989) and are first known from 
the late Paleocene (Kier 1982; Smith 1984, 2001; Kroh and 
Smith 2010; Mihaljević et al. 2011; Mancosu and Nebelsick 
2017). The characteristics of sand dollars such as flat test, 
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spine differentiation, food grooves and lunules are related 
to a particular combination of burrowing and probably sieve 
feeding in sandy sediments (Seilacher 1979).

Irregular sea urchins are common benthic macro-organ-
isms along the coasts of Taiwan (Chao 2000); despite this 
there have only been a few papers published studying the 
systematic collections or descriptions of irregular urchins 
in Taiwan (Ohshima 1927; Hayasaka 1947; Peng and Tiao 
1971; Shigei 1981; Wang 1982, 1983, 1984; Chao 2000). 
Fossil irregular echinoids of the Genera Echinodiscus with 
two lunules (Wang 1982) and Astriclypeus with five lunules 
(Nisiyama 1935) are found abundant in the Taliao Forma-
tion of Yehliu from Yehliu Geopark, Taiwan. However, the 
specimens present in this setting are incomplete and highly 
fragmented, which restricts accurately distinguishing the 
lunule numbers, making identification of the different gen-
era problematic. This study implements a landmark based 
image analysis of the incomplete specimens for the generic 
identification of Astriclypeidae present in the Geopark, Tai-
wan. This is a case study to determine methodologies for 
generic level identification of incomplete clypeasteroids 
specimens within a population, potentially forming a foun-
dation for broader population studies in more likely settings.

2. METHODOLOGY

A total of 55 specimens, which includes 18 specimens 
of Astriclypeus and 37 specimens of Echinodiscus, were ex-
amined. The specimens were observed thoroughly and iden-
tified into two different genera prior to the analysis. These 
specimens are from the early Miocene Taliao Formation 
from the Yehliu Geopark (25°12’21.6”N, 121°41’30.5”E) 
(Fig. 1a). Since all specimens were photographed directly 
from the site for the geometric morphometrics analysis, ex-
treme care was taken to standardize specimen images and 
minimalize errors during specimen photography, avoiding 
tilting of the specimen (Fig. 1b). Specimen images were 
oriented parallel to the bilateral plane of symmetry and the 
periproct has been positioned posteriorly. Adobe Photoshop 
(Adobe Systems Incorporated 2002) software was used to 
adjust the orientations of the photographs to accurate posi-
tions. Specimens with the aboral surface exposed were more 
numerous compared to the oral surface in the field. There-
fore, only specimens with exposed aboral surfaces were 
analyzed in this study. Digitization of landmark data for 
specimens was done using the software TpsDig 2.31 (Rohlf 
2015, 2018). Three landmark points were considered from 
the aboral surface, one from the midpoint of the apical disc 
and the other two from the maximum protruding point on 
both curving sides of the posterior lunules (Figs. 2a, b). This 
is the least number or landmarks that can generate a calcu-
lable area and represents the minimal data needed to assess 
generic level differentiation within the data set. Importantly, 
particularly when using fragmentary data sets as fossil data 

sets commonly are, this landmark configuration provides a 
means to quantitatively distinguish between the study sam-
ples used in this analysis when only this small section of 
the test is available for analysis. Potentially, this can expand 
the number of specimen able to be added to and examined 
in a data set. This methodology could be applied towards 
fragmentary population samples and ecological studies of 
the examined groups, and potentially towards the analysis 
of other Clypeasteroids. A three-point landmark analysis, 
such as this, could also be applied to other lunule bearing 
sections of Clypeasteroids as a means to minimally quan-
tify and distinguish between fragmentary data sets. All 55 
specimens analysed had either of the posterior lunules and 
the apical disc preserved and hence used for the three land-
mark point analysis. Only 21 of the specimens had both the 
lunules and the central apical disc preserved within the data 
set; these have been utilized for the seven landmark data 
analysis. Posterior left lunules, when considering the aboral 
surface, were preserved more often when compared to the 
posterior right lunules. Therefore, the posterior left lunules 
and the midpoint of the apical disc were considered for the 
landmark digitization, while specimens with posterior right 
lunules were digitally mirrored to the left for analyses and 
to increase sample size of the data set. The seven landmark 
points were digitized from more complete specimens that 
have both the posterior lunules and the centre of the apical 
disc preserved. Again, only specimens with exposed aboral 
surfaces were considered for these measurements (Figs. 2c, 
d). Of the seven landmarks used, the first five points are 
consistent with the landmarks used in the three-point analy-
sis; one from the midpoint of the apical disc on the aboral 
surface and the other four from the maximum protruding 
point on both curving sides of the posterior left and right lu-
nules. The extra two landmarks are taken from the midpoint 
of the length from the line joining the upper most protruding 
points of the left and right lunules and the lower most pro-
truding points of the left and right lunules at the intersection 
with the midline suture (Figs. 2c, d).

In addition, onsite measurements were taken for ob-
taining the length and width of the lunules (Fig. 3) with the 
Vernier Caliper (0.01 mm precision). The length and width 
are measured in mm and is used for calculating the area as 
well as the length to width ratio for the purpose of tradi-
tional morphometric analysis. Geometric morphometric 
methodology for this analysis followed the outline given by 
Bookstein (1992) and Webster and Sheets (2010). Morpho-
logical terminologies followed the usages in Mooi (1989).

MORPHOJ 1.07a (Klingenberg 2011) software was 
used for the statistical analysis. This software provides 
a flexible and user-friendly platform for a broad range of 
morphometric analyses for two- or three-dimensional land-
mark data (Klingenberg 2011). Digitized landmark data 
were imported to the software for analysis where the shape 
information was extracted from the data with a Procrustes 
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Fig. 1. (a) Map of studied areas at the Yeliu Geopark, Taiwan. (b) Examples for onsite specimens photographed for the study. (a), (b), and (c) are 
Astriclypeus; (d), (e), and (f) are Echinodiscus specimens.

(a) (b) (c)

(d) (e) (f)

(a) (b)

(c) (d)

Fig. 2. Landmark configuration for the geometric morphometric analysis. Landmarks are specified as numbers inside the circle. (a) and (c) landmark 
points for Astriclypeus marked in the aboral surface. (b) and (d) landmark points for Echinodiscus marked in the aboral surface. Line showing the 
bilateral plane of symmetry is passing through the center of the apical plate where landmark point (1) is located. Landmark points (2) and (4) are the 
outermost protruding point on the curved side of lunule towards the apical plate. Landmark points (3) and (4) are the outermost point protruding on 
the curved side of lunule towards the boundary. Landmark point (6) is at the point where the bilateral plane of symmetry coincides with the plate 
boundary and the midpoint of the landmarks (2) and (4). Landmark point (7) is at the point where the bilateral plane of symmetry coincides with the 
plate boundary and the midpoint of the landmarks (3) and (7).
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superimposition (Dryden and Mardia 1998). MORPHOJ 
implements a full Procrustes fit and projection onto the tan-
gent. A Procrustes analysis (Rohlf and Slice 1990) is used to 
superimpose the specimens to a common coordinate system 
in accordance to the variation in their position, size and ori-
entation. From these Procrustes aligned coordinates, a set of 
shape variables can be obtained (Bookstein 1992), which in 
turn will be used in the multivariate statistical analyses. It is 
important that prior to any analysis a Procrustes fit is per-
formed as the shape of each specimen is rescaled to unit cen-
troid size, which removes the information on size. The cen-
troid size data was obtained then converted to log centroid 
size in MORPHOJ and used for an F-test of comparison of 
variance between the two datasets in Past statistical software 
(Hammer et al. 2001). Analysis of Variance (ANOVA) was 
conducted of using the mean centroid values and regression 
scores obtain and processed through MorphoJ; this analysis 
was used to understand if the variance between the means of 
the two populations were significantly different and Regres-
sion analysis for understanding the variation. Principal Com-
ponent Analysis (PCA) was performed on the Procrustes 
fit data set. PCA is a statistical technique for reducing the 
number of variables when a significant correlation between 
the variables is present (Monteiro 2013). PCA can be used 
to examine the main features of shape variation in a sample 
and as an ordination analysis for examining the arrangement 
of specimens in morphospace (Klingenberg 2011).

3. RESULTS
3.1 Geometric Morphometric Data Analysis

Generic level identification for the specimens was 
conducted using Principal Component Analysis (PCA). 
The PCA values obtained from the three landmark point 
data set and the seven landmark point data set for the aboral 
surface are summarized (Table 1). PCA 1 and 2 constitute a 
cumulative sum of 100% for the three landmark point data 
set, while PCA 1, 2, 3, and 4 make up for a cumulative sum 
of 94.68% for the seven landmark point data set. Two dis-
tinct clusters can be observed, distinguishing and separat-

ing the two genera Astriclypeus and Echinodiscus, in both 
the three landmark point and seven landmark point data sets 
(Figs. 4a - d). PCA 1 vs. PCA 2 (Fig. 4a) shows variation 
and clustering of the Astriclypeus and Echinodiscus for the 
three landmark point PCA plot while PCA 1 vs. PCA 2 in-
dicates distinctive clusters of the two genera for the seven 
landmark point PCA plot (Fig. 4b). The two plots, PCA 1 
vs. PCA 3 (Fig. 4c) and PCA 1 vs. PCA 4 (Fig. 4d) show 
clustering of the two genera similar to the previous seven 
landmark point PCA plot of PCA 1 vs. PCA 2.

3.2 Traditional Morphometric Data Analysis

Two plots are presented here based on the linear mea-
surements of lunules (Figs. 5a, b). The first one is Area 
(L*W) vs. Length (L) and the second one is Area (W*L) vs. 
Ratio (W/L). Both plots show distinct clusters for studied 
samples of Astriclypeus and Echinodiscus. Although lunule 
length (L) and ratio (W/L) are overlapping for Astriclyp-
eus and Echinodiscus samples, lunule area (W*L) is the key 
factor that separates the two clusters in both plots.

3.3 Univariate Analysis (F-Test)

An F-test was conducted for both the three landmark 
point data and the seven landmark point data in PAST3 
software to understand whether the means of the clusters 
are statistically different with the log centroid size. The P 
values for both the three landmark point data and the sev-
en landmark point data obtained was less than 0.05, hence 
significant and therefore rejects the null hypothesis being 
tested were there is no difference between the means of the 
clusters in both the cases.

3.4 Analysis of Variance (ANOVA)

The regression analysis was done by MORPHOJ soft-
ware. The results for the 3 landmark point data and the seven 
landmark point data shows distinctive clustering (Figs. 6a, b) 
for the analysis. For the 3 landmark point analysis data was 

(a) (b)

Fig. 3. Traditional morphometric analysis. Length (L) and width (W) of the lunules measured. Line showing the bilateral plane of symmetry is 
passing through the center of the apical plate.
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Principal Axis PCA 1 PCA 2 PCA 3 PCA 4 Sum

3-points landmark analysis 62.22% 37.77% -- -- 100%

7-points landmark analysis 66.73% 13.68% 9.73% 4.53% 94.68%

Table 1. PCA results for the 3-points dataset and the 7-points dataset.

(a) (b)

(c) (d)

Fig. 4. Principal Component Analysis (PCA) plots for the landmark data for the both genera: Astriclypeus and Echinodiscus. (a) PCA plot for the 
three landmark point data. PCA 1 is represented in the x-axis and PCA 2 in the y-axis. PCA 1 and PCA 2 is accounted for 100% of morphological 
variance, where PCA 1 shows 62.2% variance and PCA 2 shows 37.7% Variance. (b) PCA for seven landmark point data. PCA 1 is represented in 
the x-axis and PCA 2 in the y-axis. PCA 1 and PCA 2 are accounted for 80.3% variance. PCA 1 explains 66.7% of the total variance and PCA 2 
explains 13.6%. (c) PCA plot for the seven landmark point data. PCA 1 is represented in the x-axis and PCA 3 in the y-axis. PCA 1 and PCA 2 are 
accounted for 76.4% variance. PCA 1 explains 66.7% of the total variance and PCA 3 explains 9.7%. (d) PCA plot for the seven landmark point 
data. PCA 1 is represented in the x-axis and PCA 4 in the y-axis. PCA 1 and PCA 4 are accounted for 71.2% variance. PCA 1 explains 66.7% of 
the total variance and PCA 4 explains 4.5%.

(a) (b)

Fig. 5. Bivariate plots from the traditional morphometric analysis method using the length and width data for the lunules are shown here for the 
both genera: Astriclypeus and Echinodiscus. (a) Plot for area (mm2) vs. length (mm) of the lunule. Area (L*W), which is the multiplied value of the 
length and width are represented in the x-axis and length (mm) in the y-axis. (b) Plot for area (mm2) vs. width (mm) divided length (mm), (W/L) 
of the lunule. Area (L*W), which is the multiplied value of the length and width are represented in the x-axis and the ratio of width (mm) to length 
(mm), (W/L) is in the y-axis.
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taken from 55 specimens. The value of total sum of squares 
is 0.1618, the predicted sum of squares is 0.0403, and the 
total percentage predicted is 24.95%. While for the 7 land-
mark point analysis data was taken from 21 specimens. The 
value of total sum of squares is 0.1447, the predicted sum 
of squares is 0.0547, and the total percentage predicted is 
37.85%. The regression score vs. Log centroid size (Fig. 6a) 
shows separate clusters for the three landmark point analysis 
for both the Astriclypeus and Echinodiscus, also a similar 
trend is observed in the Log centroid size vs. Regression 
score (Fig. 6b) for the seven landmark point analysis.

4. DISCUSSION
4.1 Geometric Morphometric Data Analysis
4.1.1 Three Landmark Point Data Analysis

Results showed distinctive clusters for Astriclypeus 
and Echinodiscus. PCA 1 and PCA 2 results constitute for 
a cumulative sum of 100% of the observed morphological 
variance present between the data sets. Astriclypeus samples 
showed more deviation in the PCA 1, while Echinodiscus 
data exhibited variation across both PCA 1 and PCA 2 axes 
(Fig. 4a). PCA 1 is related to the angle the lunule marked 
from the line of bilateral symmetry at centre of the apical 
disc and the line joining the outermost protruding point in 
curved side of the lunules towards the apical plate and the 
boundary respectively on the aboral surface. Morphological 
deformation, or morphological variation between the two 
genera, appears concentrated around the outermost protrud-
ing point in the curved side of the lunules towards the apical 
plate. This changes the angle that the lunules marked with 
the bilateral line of symmetry. PCA 2 appears related large-
ly to the lunule length. These results suggested that distinct 
clustering of the two studied genera is mainly controlled by 
variation in the lunule angle and the lunule length between 
the two genera. Therefore, the three landmark point data 
analysis, which is the minimum number of landmarks need-

ed to have a measurable area, shows that the lunules angle 
and length is accountable for the distinctive differentiation 
of the two genera.

4.1.2 Seven Landmark Point Data Analysis

Clustering trends and generic level distinctions are very 
much like the three-point landmark analysis. PCA 1 to 4 re-
sults contribute to a cumulative sum of approximately 95% 
of the observed morphological variance present between the 
data sets (Figs. 4b - d). The plot of PCA 1 vs. PCA 2 shows a 
wider distribution of Astriclypeus data points along the PCA 
2 axis while Echinodiscus has a broader distribution along 
the PCA 1 axis; unlike the previous Echinodiscus results in 
the 3 landmark point data (Fig. 4a). Similar trends are shown 
in the PCA 1 vs. PCA 3 plot and PCA 1 vs. PCA 4 plot as 
well. PCA 1 appears to show the maximum variation the an-
gle of the lunule makes from the line of bilateral symmetry 
at centre of the apical disc and the line joining the outermost 
point in curved side of the lunules towards the apical plate 
and the boundary as well as the angle variation between 
the left and the right lunules with respective to the plane of 
bilateral symmetry. Distribution of data and observed mor-
phological variation in PCA 2 is related to the angle length 
(Figs. 4b - d). While observed variation between the data 
sets in PCA 3 and PCA 4 are related with morphological 
variation between the distance between the lunules as well 
as the angle that the lunules marked with the bilateral plan of 
symmetry at centre of the apical plate (Figs. 4c - d). Overall, 
a better visualisation of distinct clustering and differentia-
tion of the two genera is observed in the obtained PCA re-
sults for the 7-point than the 3-point analyses.

4.2 Traditional Morphometric Data Analysis

Traditional morphometric analyses with linear mea-
surements of the posterior lunules showed separate clus-
ters for Astriclypeus and Echinodiscus (Figs. 5a, b).  

(a) (b)

Fig. 6. Regression analysis results for three landmark point data and seven landmark point data are shown here. (a) Plot for Log centroid size vs. 
regression score for the three landmark point analysis. (b) Plot for Log centroid size vs. regression score for the seven landmark point analysis.
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Echinodiscus expressed a wider scatter in the data points 
compared to that of the genera Astriclypeus. This could be 
a result of the larger data set for Echinodiscus in contrast to 
that of Astriclypeus. However, the variation in the lunule 
length and width for the Echinodiscus was comparatively 
higher to that of the Astriclypeus indicating that Echinodis-
cus specimens include various stages of ontogeny and hence 
resulting in a wider distribution for the length and width of 
the lunules. Regardless, data for Astriclypeus and Echino-
discus formed two distinct clusters in our results.

4.3Analysis of Variance (ANOVA)

Regression analysis for the three landmark point data 
and the seven landmark point data shows distinctive cluster-
ing for both Astriclypeus and Echinodiscus (Fig. 6a). The 
three landmark point data shows two separate clusters with 
90% confidence ellipses. However, there are some minor 
overlaps in the data points. This potential overlap could be 
due to the end members of the spectrum and this can be mi-
nimised when considering a larger data set. The seven land-
mark data point, also shows two separate clusters with 90% 
confidence ellipses with no overlap for the Astriclypeus and 
Echinodiscus data points (Fig. 6b).

4.4 Broader Implications

By studying Astriclypeus mannii, Nisiyama (1968) hy-
pothesized a probable derivation of the genus from an an-
cestral genus Amphiope with two rounded lunules leading 
to the genus Astriclypeus. Ziegler et al. (2016) illustrated 
that juveniles of A. mannii undergoes a two key-hole stage 
during the early ontogeny. Seilacher (1979) outlined the 
clypeasteroid evolution in the paleogeographic space and 
hypothesized that Astriclypeus evolved from the two-lunule 
form Amphiope concentrated in the European strata and the 
Asian population of Astriclypeus should be derived from In-
dian subcontinent; thus, there should be fossil evidence re-
corded in the Indian subcontinent. However, there is no evi-
dence of Astriclypeus reported in the fossil record for Indian 
subcontinent (Table 2). Instead, the closest form is Echino-
discus exhibiting two lunules (Srivastava 2012). Therefore, 
the five-lunule form Astriclypeus could be closely related to 
the two-lunule form Amphiope and/or Echinodiscus.

Based on the Cenozoic fossils recorded in the western 
Foothill of Taiwan, the oldest record of Astriclypeus fos-
sil is from the Wuchihshan Formation (late Oligocene) of 
northern Taiwan, and it is abundant in the younger strata, 
including Talio Formation (Early Miocene), Tsoho Forma-
tion (Late Early Miocene), Nankang Formation (Middle 
Miocene), Toukoshan Formation (Late Pleistocene), and 
Holocene sediments on raised beaches (Wang 1983). Wang 
(1982) re-described the Echinodiscus from the Talio Forma-
tion of Yehliu, northern Taiwan, and currently there is no 

report of Amphiope in the Taiwan fossil records (Table 2) 
after decades of research. Stara and Sanciu (2014) reviewed 
the systematic position of astriclypeid species assigned 
Amphiope L. Agassiz, 1840 and Echinodiscus Leske, 1778 
based on the plating pattern, morphological features such 
as test outline, size and shape of lunules and petals. A list 
of reported Amphiope, Astriclypeus, and Echinodiscus from 
India/Pakistan, Taiwan and Europe is summarized below 
(Table 2).

5. CONCLUSION

This study evaluates whether geometric morphometric 
methods can be used to differentiate between Astriclypeus 
and Echinodiscus, assemblages in the Yeliu Geopark based 
on incomplete specimens. The three landmark point analy-
sis showed two distinctive clusters in PCA plots (Fig. 4a), 
which is the minimum number of landmarks that is required 
to have a calculable area. The differentiation is mainly 
based on the lunule angle from the line of bilateral symme-
try at centre of the apical disc and the line joining the outer-
most point in curved side of the lunules towards the apical 
plate and the boundary respectively on the aboral surface. 
With the seven landmark point analysis it supported also 
two distinctive clusters for the two genera in the PCA plots 
(Figs. 4c, d). Results are supported independently based on 
traditional methods with linear measurements (Figs. 5a, b). 
Furthermore, the regression analysis also shows two sepa-
rate clusters for the three landmark point and seven lanar-
mark point data. The major differentiation is due to the lu-
nule angle with the plane of bilateral symmetry as well as 
the angles that the lunules make with each other. Hence, it is 
clear that the key characters for distinguishing Astriclypeus 
and Echinodiscus apart are the morphological differences in 
the lunules and lunule angles. Furthermore, geometric mor-
phometrics can be developed into a standardized method 
to distinguish the generic-level and perhaps to the species-
level characters for identification of key holed based on 
incomplete samples during broader population studies or 
paleoecological analyses.
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