Eigenshape analysis of ammonoid sutures

TAKAO UBUKATA, KAZUSHIGE TANABE, YASUNARI SHIGETA, HARUYOSHI MAEDA AND
ROYAL H. MAPES

LETH AI A Ubukata, T., Tanabe, K., Shigeta, Y., Maeda, H. & Mapes, R.H. 2010: Eigenshape analysis

of ammonoid sutures. Lethaia, Vol. 43, pp. 266-277.
A morphometric method based on eigenshape analysis is proposed for characterizing the
morphospace of widely varied ammonoid suture shapes. The analysis requires initially
the placement of a suture line in an x—y coordinate system, with the ventral and umbili-
cal extremes located on the x-axis. Series of x- and y-coordinates along the suture line
are used as descriptors. The coordinate data are summarized into the two largest princi-
pal components using eigenshape analysis. A total of 115 species belonging to six ammo-
noid orders, spanning from the Devonian to the Cretaceous, was utilized in the present
analysis. The analysis, using y-coordinate data, revealed differences in morphological
variation in suture shape among taxa within the Mesozoic ammonitids: the Lytoceratina
and Ammonitina were characterized by small negative values of the first eigenshape
scores, whereas the Phylloceratina (the sister group of the Lytoceratina plus Ammoniti-
na), as well as the Triassic ceratitids and Palaeozoic ammonoids, have a wide range of
the first eigenshape scores. The pattern of data obtained from many different ammonoid
species, as plotted on eigenshape axes in the morphospace constructed based on y-coor-
dinate data, reveals a plesiomorphic aspect of suture shape in some phylloceratine species
with respect to other ammonitids. [ Ammonoids, eigenshape analysis, morphometrics,
suture line.
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The ammonoid suture has long been a subject of
palaeontologists’ attention because of its great taxo-
nomic utility (Arkell 1957; Miller et al. 1957; Kull-
mann & Wiedmann 1970; Wiedmann & Kullmann
1981; Korn & Klug 2002; Korn et al. 2003; Shevyrev
2006), morphogenetic wonder (Seilacher 1975; West-
ermann 1975; Bayer 1978; Garcia-Ruiz et al. 1990; He-
witt et al. 1991; Hammer 1999) and puzzling
functional morphology (Westermann 1958, 1975;
Henderson 1984; Hewitt & Westermann 1986, 1987,
1997; Jacobs 1990; Weitschat & Bandel 1991; Oloriz &
Palmqyvist 1995; Saunders 1995; Seilacher & LaBarbera
1995; Saunders & Work 1996, 1997; Daniel et al.
1997; Oloriz et al. 1997; Hassan et al. 2002; Lewy
2002; Pérez-Claros 2005; Pérez-Claros et al. 2007; De
Blasio 2008). The suture is the curved line of intersec-
tion between the external shell wall and a series of
septa that partition the phragmocone internally into
phragmocone chambers. Each suture consists of back-
ward convex or concave folds that are termed lobes
and saddles respectively. The lobes are classified into

several categories according to their primary positions.
The pattern of their arrangement, as well as nature of
its ontogenetic change, is used as a taxonomic charac-
teristic of ammonoids (Arkell 1957; Kullmann &
Wiedmann 1970; Lehmann 1981; Wiedmann & Kull-
mann 1981; Korn & Klug 2002; Korn et al. 2003;
Shevyrev 2006).

Many studies have sought to numerically quantify
the suture geometry for the purpose of taxonomic
comparison and functional morphological analysis.
Most studies have adopted a mathematical representa-
tion of suture complexity using simple indices
(Westermann 1971; Ward 1980; Jacobs 1990; Batt
1991; Saunders 1995; Saunders & Work 1996, 1997;
Saunders et al. 1999; Ballantine 2007) or the fractal
dimension (Garcia-Ruiz et al. 1990; Boyajian & Lutz
1992; Lutz & Boyajian 1995; Oloriz & Palmqvist 1995;
Checa & Garcia-Ruiz 1996; Olériz et al. 2002; Pérez-
Claros et al. 2002; Pérez-Claros 2005); however, such
approaches rely upon proxies of suture complexity
rather than descriptors of the suture shape itself.
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One promising approach to provide a unique defi-
nition of suture shape is Fourier- or wavelet-based
methods in which a periodic function describing the
suture shape is decomposed into frequency and/or
location domains (Canfield & Anstey 1981; Gildner
2003; Allen 2006, 2007); however, such an approach
generally yields a large number of coefficients in repre-
senting the shape of interest, meaning that an addi-
tional multivariate analysis is required for the
ordination of a population of shapes in the morpho-
space. A pattern matching technique using geographic
information systems (Manship 2004) appears to be
useful for the identification of suture patterns,
although it provides a measure of the difference
between sutures rather than a descriptor of suture
shape itself.

In the present study, we propose an alternative
approach to the quantitative description of suture
shape based on an eigenshape analysis originally devel-
oped by Lohmann (1983). This method is designed to
characterize the morphospace of a wide variety of
ammonoid suture forms. The occupation pattern in
the morphospace is compared among taxonomic
groups to assess phylogenetic aspects of morpho-
metric data on suture shape.

Materials and methods

Measurements of suture lines

We studied 128 specimens from 115 species belong-
ing to six orders ranging in age from the Devonian
to the Cretaceous (Table 1). The higher taxonomy
follows Korn & Klug (2002) for Devonian ammo-
noids, Becker & Kullmann (1996) for Carboniferous
to Permian ammonoids, Tozer (1981) for Triassic
ammonoids, and Arkell et al. (1957) and Wright
et al. (1996) for Jurassic and Cretaceous ammonitids.
All the examined specimens are housed in the Uni-
versity Museum of the University of Tokyo (UMUT),
Ohio University (OUZ) or Shizuoka University
(SUM).

A piece of external hemi-suture was analysed for
each sub-adult individual. To capture an image of the
suture line, each portion of the external surface of
each specimen (from which the shell wall had been
removed) was photographed using a Keyence VH-
5000 CCD camera, viewed perpendicular to the speci-
men surface (Ubukata 2004). Captured images were
pieced together to form a synthetic image of the exter-
nal hemi-suture, using Justsystem Hanako Photo-
Retouch software on a personal computer. A series of
x- and y-coordinates digitized along the suture line
was translated, rotated and scaled in the x—y
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coordinate system such that the ventral and umbilical
extremes were placed on the x-axis, separated by
10 000 pixels (Fig. 1A). Next, 4096 equally spaced
points were interpolated along the series of normal-
ized coordinate points using a cubic spline.

Eigenshape analysis of ammonoid sutures

To summarize the coordinate data into a small num-
ber of principal components, a modified version of
eigenshape analysis was applied to the descriptors.
The eigenshape analysis performs well with a variety
of organic shapes that include not only closed out-
lines but also open curves (MacLeod 1999). The ori-
ginal eigenshape analysis is based on a series of
angular deviations between adjacent coordinate
points as a function of arc length along the object
outline — an approach that is called “Zahn and
Roskies” function’ (Zahn & Roskies 1972; Lohmann
1983). However, this function represents differences
between adjacent points and is readily distorted by
high-frequency noise, especially in the analysis of an
intricate curve such as an ammonite suture. Accord-
ingly, in the present case we employed a series of
normalized and equally spaced x- and y-coordinate
data as descriptors for eigenshape analysis. As a series
of x-coordinates is not a periodic function but logi-
cally increases with increasing distance from the
venter (Fig. 1C), such series were detrended by sub-
tracting the expected linear increase in x to introduce
periodicity to the x function (x’; see Fig. 1D). A series
of normalized, equally spaced and/or detrended x'-
or y-coordinate data for the kth individual is tenta-
tively notated by z:
Zy = (Zk,l,Zk,2, e 7Zk,4096)-

Principal components were computed by singular
value decomposition of interobject covariances of the
descriptors of each set of z data for the ith point:

Z; = (Zl,i7 220y 7Zn,i)7
where n is the total number of individuals (i.e.
n = 128 in the present case). The jth eigenshape (w;;)
for the ith point was calculated as an inner product
between z! and the eigenvector of the covariance
matrix (v;) divided by the corresponding jth largest
singular value (u;):

/ .
Z; ' V;
Hj

Wi =

A series of the eigenshapes for individual points makes
up the jth eigenshape vector:
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Table 1. List of examined specimens.
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Species Specimens Age Locality
Agoniatitida
Agoniatitina
Latanarcestes sp. UMUT-PM-29049 Devonian Taouz, Morocco
Fidelites sp. UMUT-PM-29050 Devonian Erfoud, Morocco
Achguigites sp. UMUT-PM-29051 Devonian Erfoud, Morocco
Gephuroceratina
Psedoprobeloceras costulatum UMUT-PM-30079 Devonian Taouz, Morocco
Beloceras sp. UMUT-PM-29053 Devonian Erfoud, Morocco
Anarcestina
Anarcestes sp.1 UMUT-PM-30080 Devonian Erfoud, Morocco
Anarcestes sp.2 UMUT-PM-30081 Devonian Erfoud, Morocco
Praewerneroceras hollardi OUZ-5600 Devonian Taouz, Morocco
Pharciceratina
Stenopharciceras sp. UMUT-PM-29058 Devonian Taouz, Morocco
Stenopharciceras lunulicosta UMUT-PM-30082 Devonian Taouz, Morocco
Synpharciceras clavilobum UMUT-PM-30083 Devonian Taouz, Morocco
Goniatitida
Tornoceratina
Epitornoceras mithracoides UMUT-PM-29060 Devonian Taouz, Morocco
Epitornoceras mithracoides UMUT-PM-30084 Devonian Taouz, Morocco
Phoenixites aft. frechi UMUT-PM-30085 Devonian Taouz, Morocco
Cheiloceras undulosum UMUT-PM-30086 Devonian Taouz, Morocco
Sporadoceras sp. UMUT-PM-29064 Devonian Taouz, Morocco
Sporadoceras muensteri UMUT-PM-30087 Devonian Erfoud, Morocco
Imitoceras rotatorium OUZ-5601 Carboniferous Rockford, Indiana
Goniatitina
Girtyoceras meslerianum OUZ-5602 Carboniferous Jackforth Creek, Oklahoma
Eumorphoceras bisulcatum OUZ-5603 Carboniferous Leslie, Searcy Co., Arkansas
Hudsonoceras proteum UMUT-PM-30088 Carboniferous Knockauns Mts, Clare Co., Ireland
Goniatites aff. crenistria UMUT-PM-29069 Carboniferous Jackforth Creek, Oklahoma
Goniatites multiliratum UMUT-PM-29070 Carboniferous Jackforth Creek, Oklahoma
Perrinites hilli UMUT-PM-30089 Permian Las Pelicias, Coahuita, Mexico
Cravenoceras hesperium OUZ-5604 Carboniferous Death Valley, California
Neodimorphoceras sp. OUZ-5605 Carboniferous Texas
Cymoceras sp. OUZ-5606 Carboniferous Fayetteville, Washington Co., Arkansas
Glaphyrites clinei UMUT-PM-30090 Carboniferous Collinsville, Oklahoma
Syngastrioceras oblatum OUZ-5607 Carboniferous Fayetteville, Washington Co., Arkansas
Homoceras smithi OUZ-5608 Carboniferous Knockauns Mts, Clare Co., Ireland
Bisatoceras sp. UMUT-PM-30091 Carboniferous Oklahoma
Bisatoceras primum OUZ-5609 Carboniferous Oklahoma
Thalassoceras gemmellaroi UMUT-PM-29078 Permian Actasty R., S. Ural, Kazakhstan
Pseudoparalegoceras kesslerense 0OUZ-5610 Carboniferous Winslow, Washington Co., Arkansas
Wellerites mohri QUZ-5611 Carboniferous Carroll, Ohio
Gonioloboceras sp. OUZ-5612 Carboniferous South Bend, Texas
Mescalites sp. OUZ-5613 Permian Tularosa, New Mexico
Wewokites sp. UMUT-PM-30092 Carboniferous Oklahoma
Crimites subkrotowi UMUT-PM-30093 Permian Actasty R., S. Ural, Kazakhstan
Peritrochia typicus UMUT-PM-29080 Permian Actasty R., S. Ural, Kazakhstan
Peritrochia typicus UMUT-PM-30094 Permian Actasty R., S. Ural, Kazakhstan
Peritrochia invaribilis UMUT-PM-30095 Permian Actasty R., S. Ural, Kazakhstan
Uraloceras involutum UMUT-PM-30096 Permian Actasty R., S. Ural, Kazakhstan
Popanoceras annae UMUT-PM-30097 Permian Actasty R., S. Ural, Kazakhstan
Clymeniida
Cyrtoclymeniina
Cymaclymenia sp.1 UMUT-PM-29089 Devonian Morocco
Cymaclymenia sp.2 UMUT-PM-29090 Devonian Morocco
Clymeniina
Platyclymenia sp.1 UMUT-PM-29091 Devonian Morocco
Platyclymenia sp.2 UMUT-PM-29092 Devonian Morocco
Oxyclymenia sp. UMUT-PM-29094 Devonian Morocco
Gonioclymenia sp. UMUT-PM-30098 Devonian Erfoud, Morocco
Prolecanitida
Boesites sp. UMUT-PM-30099 Carboniferous Rochelle, Texas
Daraelites elegans UMUT-PM-29097 Permian Actasty R., S. Ural, Kazakhstan
Akmilleria electraensis UMUT-PM-29098 Permian White Pine Co., Nevada
Medlicottia intermedia UMUT-PM-29099 Permian Actasty R., S. Ural, Kazakhstan
Neopronorites skvorzovi UMUT-PM-29100 Permian Actasty R., S. Ural, Kazakhstan
Pseudopronorites arkansiensis 0OUZ-5614 Carboniferous Woolsey, Arkansas
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Table 1. (Continued).

Species Specimens Age Locality

Ceratitida
Xenoceltites subevolutus UMUT-MM-29103 Triassic Spitsbergen, Norway
Xenoceltites subevolutus UMUT-MM-30100 Triassic Wallenbergfjellet, Spitsbergen, Norway
Paraceltites elegans UMUT-PM-29101 Permian Gaudalupe Mts., Texas
Dinartes asiaticus UMUT-MM-30101 Triassic Mangyshlak, Dolnapa, Kazakhstan
Pseudosageceras sp. UMUT-MM-29104 Triassic Spitsbergen, Norway
Amphipopanoceras cf. medium UMUT-MM-30102 Triassic Spitsbergen, Norway
Paranannites spathi UMUT-MM-29106 Triassic Criienden Spring, Nevada
Paranannites spathi UMUT-MM-30103 Triassic Stensi6-Fiellet, Spitsbergen, Norway
Paranannites aspenensis UMUT-MM-30104 Triassic Criienden Spring, Nevada
Prosphingites czekanowskii UMUT-MM-30105 Triassic Olenek River, Mengilach, Russia
Meekoceras graciliatus UMUT-MM-30106 Triassic Criienden Spring, Nevada
Boreomeekoceras keyserlingi UMUT-MM-30107 Triassic Olenek River, Mengilach, Russia
Arctoprionites nodosus UMUT-MM-30108 Triassic Stensio-Fiellet, Spitsbergen, Norway
Dieneroceras spathi UMUT-MM-30109 Triassic Criienden Spring, Nevada
Arctoceras blomstrandi UMUT-MM-30110 Triassic Spitsbergen, Norway
Nordophiceras schmidti UMUT-MM-30111 Triassic Olenek River, Mengilach, Russia
Wasatchites tridentinus UMUT-MM-30112 Triassic Botheheia, Spitsbergen, Norway
Wasatchites tardus UMUT-MM-30113 Triassic Spitsbergen, Norway
Ceratites nodosus UMUT-MM-30114 Triassic Wiirzburg, Germany
Anagymnotoceras varium UMUT-MM-30115 Triassic Wallenbergfjellet, Spitsbergen, Norway
Favreticeras wallacei UMUT-MM-29117 Triassic McCoy Mine, Nevada
Stolleyites tenuis UMUT-MM-29119 Triassic Spitsbergen, Norway
Olenekoceras middendorffi UMUT-MM-30116 Triassic Olenek River, Mengilach, Russia
Olenikites spiniplicatus UMUT-PM-30117 Triassic Olenek River, Mengilach, Russia
Svalbardiceras spitsbergense UMUT-PM-30118 Triassic Wallenbergfjellet, Spitsbergen, Norway
Arctohungarites triformis UMUT-PM-30119 Triassic Olenek Bay, Laptev Sea, Russia
Lenotropites caurus UMUT-PM-30120 Triassic West Humboldt Range, Nevada
Pseudosvalbardiceras sibiricum UMUT-PM-30121 Triassic Olenek River, Mengilach, Russia

Ammonitida

Phylloceratina
Phylloceras consanguineans UMUT-MM-29121 Jurassic Sakaraha, Madagascar
Phylloceras sp. UMUT-MM-29122 Cretaceous Mahajang, Madagascar
Holcophylloceras sp. UMUT-MM-29123 Jurassic Sakaraha, Madagascar
Calliphylloceras sp. UMUT-MM-29124 Jurassic Sakaraha, Madagascar
Ptychophylloceras sp. UMUT-MM-29125 Jurassic Sakaraha, Madagascar
Phyllopachyceras ezoense UMUT-MM-29126 Cretaceous Saku, Hokkaido, Japan
Phyllopachyceras ezoense UMUT-PM-30122 Cretaceous Saku, Hokkaido, Japan
Hypophylloceras subramosum UMUT-PM-30123 Cretaceous Saku, Hokkaido, Japan
Hypophylloceras subramosum UMUT-PM-30124 Cretaceous Saku, Hokkaido, Japan
Tragophylloceras ibex UMUT-MM-29130 Jurassic Osuabriik, Germany

Lytoceratina
Pterolytoceras sp. UMUT-MM-29131 Jurassic Sakaraha, Madagascar
Argonauticeras sp. UMUT-MM-29132 Cretaceous Mahajang, Madagascar
Tetragonites glabrus UMUT-PM-30125 Cretaceous Saku, Hokkaido, Japan
Tetragonites glabrus UMUT-MM-29134 Cretaceous Tappu, Hokkaido, Japan
Tetragonites popetensis UMUT-PM-30126 Cretaceous Saku, Hokkaido, Japan
Eotetragonites sp. UMUT-MM-29136 Cretaceous Mahajang, Madagascar
Gaudryceras striatum SUM-RC-MMO004 Cretaceous Saku, Hokkaido, Japan
Gaudryceras striatum UMUT-PM-30127 Cretaceous Saku, Hokkaido, Japan
Gaudryceras tenuiliratum UMUT-PM-30128 Cretaceous Saku, Hokkaido, Japan
Gaudryceras sp. UMUT-PM-30129 Cretaceous Saku, Hokkaido, Japan
Gaudryceras sp. UMUT-PM-30130 Cretaceous Saku, Hokkaido, Japan

Ammonitina
Grammoceras doerntense UMUT-MM-29147 Jurassic Déruten, Germany
Hecticoceras sp. SUM-RC-MMO020 Jurassic Saltwick Nab, Yorkshire, England
Taramelliceras sp. UMUT-MM-29149 Jurassic Sakaraha, Madagascar
Lissoceras sp. UMUT-MM-29150 Jurassic Sakaraha, Madagascar
Grossouvria sp. UMUT-MM-29152 Jurassic Sakaraha, Madagascar
Aspidoceras sp. UMUT-MM-29153 Jurassic Sakaraha, Madagascar
Euaspidoceras sp. UMUT-MM-29154 Jurassic Sakaraha, Madagascar
Craspedites subditus UMUT-PM-30131 Jurassic Iwanowa, Russia
Desmoceras latidorsatum UMUT-MM-29156 Cretaceous Mahajang, Madagascar
Tragodesmoceroides subcostatus UMUT-MM-29157 Cretaceous Tappu, Hokkaido, Japan
Damesites semicostatus UMUT-PM-30132 Cretaceous Kotanbetsu, Hokkaido, Japan
Damesites sp. UMUT-MM-29158 Cretaceous Saku, Hokkaido, Japan
Hauericeras angustum SUM-RC-MMO006 Cretaceous Saku, Hokkaido, Japan
Hauericeras angustum UMUT-PM-30135 Cretaceous Tappu, Hokkaido, Japan
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Table 1. (Continued).
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Species Specimens Age Locality
Puzosia sp. UMUT-MM-29162 Cretaceous Mahajang, Madagascar
Yokoyamaoceras ishikawai UMUT-MM-29164 Cretaceous Saku, Hokkaido, Japan
Yokoyamaoceras ishikawai UMUT-PM-30136 Cretaceous Saku, Hokkaido, Japan
Cleoniceras besairiei UMUT-MM-29167 Cretaceous Mahajang, Madagascar
Anapachydiscus naumanni UMUT-MM-29168 Cretaceous Saku, Hokkaido, Japan
Teshioites ryugasensis UMUT-MM-29169 Cretaceous Saku, Hokkaido, Japan
Canadoceras kosmatti UMUT-PM-30133 Cretaceous Saku, Hokkaido, Japan
Canadoceras kosmatti UMUT-PM-30134 Cretaceous Saku, Hokkaido, Japan
Neogastroplites muelleri UMUT-MM-29171 Cretaceous Teigen, Petroleum Co., Montana

0 = (i1, Wj2, . - ., O4096).-

The covariance between the jth eigenshape vector
(0;) and each shape function (z;) defines the jth
eigenshape score (=the principal component score) of
each suture shape. All specimens listed in Table 1 were
analysed together to obtain the first and second eigen-
shape scores.

Synthetic models of the x” and y functions can be
generated along each eigenshape axis to visualize the
variation in each component. Synthetic models for the
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Fig. 1. A lateral view of an ammonoid whorl and trace of a suture
line showing terminology on major suture elements in relation to
the parts of the shell.

first (E;) and second (E,) eigenshape scores are,
respectively, given by

*
Z, = E](D]

and
*
z, = 7] + Ew;.

Synthetic models along eigenshape axes were repro-
duced to assist in the geometric interpretation of the
analytical results.

Results

The eigenshape scores obtained using all of the stud-
ied specimens are plotted in Figures 2, 3, with the data
subdivided into the following three groups: agoniatit-
ids, goniatitids and clymeniids (Figs 2A, 3A), proleca-
nitids and ceratitids (Figs 2B, 3B) and ammonitids
(Figs 2C, 3C).

Analysis of the y function

The first and second eigenshapes (ES1 and ES2)
account for 34.6% and 20.9% of the total variance
respectively. Synthetic models of the y function recon-
structed along the eigenshape axes indicate that both
ES1 and ES2 reflect the difference among individuals
of the shape of the first-order suture elements
(Fig. 2D). As E; proceeds in the positive direction
along the ESI axis, the left-hand portion of the syn-
thetic model becomes strongly concaved (E; maxi-
mum in Fig. 2D); i.e. a wide lobe tends to develop in
the ventro-lateral area of the shell. By contrast, an
individual with a negative E; tends to form a promi-
nent saddle in the ventro-lateral region (E; minimum
in Fig. 2D), as typically observed in the Lytoceratina
and Ammonitina. Positive perturbations associated
with ES2 represent the development of a wide lateral
lobe lying slightly toward the venter (E, maximum in
Fig. 2D), whereas the same portion is dominated by a



LETHAIA 43 (2010)

0D *
e %
10 000

yr B
A y
WU wr — ¥ 1
x_
Cc
i
g
D
v l

Fig. 2. Measurements of coordinate data along a suture line. A dig-
itized suture line was placed in a reference system such that its ven-
tral and umbilical extremes were located on the x-axis, separated
by 10 000 pixels (A). A series of y-coordinate values measured
along the suture line represents a periodic function of the cumula-
tive chordal length (I) of the suture line (B). As a series of x-coordi-
nate values is not periodic but logically increases (C), such series
were detrended by subtracting the expected linear increase in x to
introduce periodicity to the x function (D).

prominent saddle when E, is negative (E, minimum
in Fig. 2D).

Plots of E, versus E; are effective in depicting differ-
ences in the y function among taxa (Fig. 2A—C). Most
species belonging to the Agoniatitida, Clymeniida or
Prolecanitida occupy the region around the origin of
the morphospace (Fig. 2A, B), even though the suture
shape appears dissimilar among these taxa. The mean
shape of synthetic models of the y function illustrated
at the origin of the morphospace is approximately flat,
with little amplitude (see ‘mean’ in Fig. 2D); i.e.
suture shapes surrounding the origin are characterized
by small amplitude regardless of the number of the
first-order elements. By contrast, both goniatitids and
ceratitids cover a wider area of the morphospace
(Fig. 2A, B). In the Mesozoic ammonitids, most
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species belonging to the Lytoceratina and Ammoniti-
na are characterized by a small negative value of E;
which represents the prominence of the ventrally situ-
ated saddle; however, the Phylloceratina, in addition
to the goniatitids and ceratitids, cover a wide range of
E, (Fig. 2C). With regard to ES2, all individuals
belonging to the Phylloceratina have positive E,. Most
phylloceratine species have positive E; and/or large
E,; this condition indicates that the largest lateral lobe
is located at the ventro-lateral portion of the shell.

Analysis of the X" function

The ESI is outstanding among eigenshapes, and ES1
and ES2 explain 57.3% and 9.4% of the total variance
respectively. Synthetic models of the x’ function
reconstructed along the eigenshape axes clearly show
the close relationship between eigenshape scores and
concavity of the model (Fig. 3D). Positive perturba-
tions associated with each eigenshape axis represent
the strongly concave shape of the synthetic model;
however, the position of the trough in the model is
different between large E; and large E, extremes: it lies
toward the umbilicus in the former case.

The distribution of eigenshape scores is different
between ammonitids and other ammonoids (Fig. 3A—
C): agoniatitids, goniatitids, clymeniids, prolecanitids
and ceratitids cover a wide range from the negative to
positive E; regions of the morphospace, although all
have E; values below 450 (Fig. 3A, B); by contrast, the
Ammonitida occupy the large E; area. In particular,
the Phylloceratina possess E; values greater than 420
(Fig. 3C). This distribution reflects the strongly con-
cave shape of the x’ function, as characteristically
found in ammonitids.

Discussion

In the context of ammonoid macrotaxonomy, pri-
mary sutures — the fundamental sutures formed at the
early ontogeny — have attracted greater attention than
have adult sutures. The number of primary suture
elements, as well as the manner of subsequent intro-
duction of new lobes, has been regarded as an
important criterion in subdividing ammonoids into
several orders and/or suborders (Schindewolf 1954;
Kullmann & Wiedmann 1970; Wiedmann &
Kullmann 1981; Korn et al. 2003). Comparative anat-
omy and relevant nomenclature on ammonoid
sutures are based on their ontogenetic development
rather than geometric similarity. Consequently, the
geometric properties of adult sutures have principally
inspired studies of functional morphology (Hender-
son 1984; Jacobs 1990; Daniel et al. 1997; Hewitt &
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Fig. 3. Results of eigenshape analysis based on the y function. A—C, scatter plots of eigenshape scores on the first two eigenshapes, showing
examples of selected suture shapes. The position of the ventro-lateral shoulder (vs) and umbilical shoulder (us) are shown in each diagram.
A, Agoniatitida, Goniatitida and Clymeniida. B, Prolecanitida and Ceratitida. C, Ammonitida. D, synthetic models visualizing the shape of
the y function at the extremes of the first two eigenshape axes (maximum and minimum) and for the mean ES1 score.

Westermann 1997; Oloriz et al. 1997; Saunders &
Work 1997; Hassan et al. 2002; Lewy 2002; Pérez-
Claros et al. 2007) rather than assessments of phyloge-
netic aspects. The present study revealed differences in
occupation pattern in the morphospace of adult
sutures among higher taxa of ammonoids.

Analysis of the y function revealed that goniatitids
and ceratitids cover a wide region of the morphospace
(Fig. 2A, B). The area in the morphospace covered by
each taxon depends on how many species were sam-
pled; a much larger number of goniatitid and ceratitid
species were utilized in this study than were agoniatit-
ids, clymeniids and prolecanitids. Therefore, the result
does not necessarily indicate that the Goniatitida and

Ceratitida are more disparate than the other Palaeozo-
ic orders, although it does show that both the goniati-
tid and ceratitid samples accommodate a wide
variation in suture shapes surrounding the origin of
the morphospace.

By contrast, lytoceratine and ammonitine species
have negative E; values that are much smaller in
value than those of other ammonoids (Fig. 2). The
typical lytoceratine and ammonitine sutures develop
a prominent saddle near the venter; this feature is less
common in other ammonoids (Figs 2, 4). However,
the Phylloceratina — the stem group of the Ammonit-
ida — have a wide range in E}, as do the Triassic cera-
titids and Palaeozoic goniatitids (Fig. 2C). In most
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Fig. 4. Results of eigenshape analysis based on the x” function. A-C, scatter plots of eigenshape scores on the first two eigenshapes showing
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A, Agoniatitida, Goniatitida and Clymeniida. B, Prolecanitida and Ceratitida. C, Ammonitida. D, synthetic models visualizing the shape of
the y function at the extremes of the first two eigenshape axes (maximum and minimum) and for the mean ES1 score.

phylloceratine sutures, the largest saddle is found on
the lateral flank of the whorl (Fig. 4), whereas it is
situated near the venter in the typical lytoceratine
and ammonitine sutures. Given that the Ammonitida
are derived from the Ceratitida via some phyllocera-
tine species (Shigeta & Weitschat 2004), the result of
the eigenshape analysis for the y function seems to
reveal a plesiomorphic aspect of adult suture shapes
in some phylloceratine species with respect to other
ammonitids that possess more highly specialized
suture shapes.

Focusing on the x” function, the phylogenetic aspect
of the phylloceratine suture appears to contradict the
finding obtained from the analysis of the y function.

Among the examined ammonoid taxa, ammonitid
species (particularly phylloceratine ones) tend to
occupy an area near the lower right (large E; and
small E,) corner of the morphospace (Fig. 2C),
whereas the other ammonoids range from the central
region to the left-hand side of the diagram shown in
Fig. 2A, B. Therefore, the result of the analysis based
on the x” function indicates an apomorphic aspect of
phylloceratine sutures; however, unlike the y function,
any geometric interpretation based on the x” function
is not straightforward. The descriptor of the x” func-
tion represents the deviation of the observed x-coordi-
nate of each point from the expected x value of the
point, which shows a linear increase.
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To illustrate the nature of the x” function, consider
the case of two travellers making their way from the
ventral extreme of a suture line to the umbilical
extreme via the following different routes: one travel-
ling along the suture line and the other travelling in a
straight line. Each travels at a constant speed along the
respective route, but both start and arrive at the same

time. At a given time point, the former lags behind or
moves ahead of the latter in travelling toward the
umbilicus: the x” function represents, as it were, the
extent to which the former precedes the latter. There-
fore, the former lags behind the latter in the concave
portion of the model of the x” function, whereas it pre-
cedes the latter in the convex portion. The shape of the
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model x” function typically observed in ammonitids is
characterized by a wide and deep concavity (Fig. 3C,
D), thereby indicating that when travelling along the
typical ammonitid suture, one slowly approaches the
umbilicus in the ventral to lateral portions but acceler-
ates in the umbilical area. This situation is realized
when the suture shape is strongly meandering and
when the largest suture element develops in the ventro-
lateral portion rather than near the umbilicus.

This geometric interpretation of the x” function is
concordant with the following interpretation based on
the y function: the lytoceratine and ammonitine
sutures are characterized by a prominent saddle situ-
ated near the venter, whereas for phylloceratine
sutures the largest lobe tends to occur in this position.
In addition, a widely concave model of the x” function
is generated if the amplitude of the meandering suture
shows a rapid decline near the umbilicus. Indeed,
most phylloceratine species develop lobe splitting near
the umbilical seam or auxiliary lobes (Arkell et al.
1957), which rapidly reduce their amplitude and sinu-
osity approaching the umbilicus (Fig. 4). It is likely
that this feature of phylloceratine sutures results in
their models of the x” function having the most
strongly concave shapes (Fig. 5), yielding the highest
E; values among other ammonoids.

In summary, the present eigenshape analyses cap-
tured the following differences in adult suture shape
between ammonitids and other ammonoids. In com-
parison with non-ammonitid species, most lytocera-
tine and ammonitine species developed the largest
saddle near the venter, such that the centre of the den-
sity or geometric ‘centroid’ of the suture curve is ven-
trally situated; however, such an evolutionary novelty
was not achieved by the Phylloceratina, a rootstock of
other ammonitids. Instead, the largest lobe of the
Phylloceratina is located near the venter, as commonly
found in ceratitids and Palaeozoic ammonoids.
Nevertheless, the Phylloceratina developed compli-
cated ammonitic sutures, as did the Lytoceratina and
Ammonitina, and their first-order suture elements are
heavily frilled. However, a series of auxiliary elements
of phylloceratine sutures, formed by the splitting of an
umbilical lobe and typically seen in prolecanitids and
some ceratitids, is much less denticulate than the
lateral saddles and lobes, meaning that the ‘centroid’
of the suture curve is located toward the venter.

To summarize the above results and interpretations,
the characteristics of ammonitid sutures are not only
their conspicuous complexity but also the ventrally sit-
uated position of the ‘centroid’ of the suture curve.
Most phylloceratine species seem to have obtained these
characteristics in such way that they partly followed the
phylogenetic legacy from ancestral ammonoids; how-
ever, more derived lytoceratine and ammonitine
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ammonoids appear to have obtained these characteris-
tics via a more drastic reform. A diagnostic sutural char-
acteristic, appropriate for distinction of the
Lytoceratina and Ammonitina from the Phylloceratina,
is the incised dorsal lobe (Kullmann & Wiedmann
1970; Shevyrev 2006), rather than features of the exter-
nal suture. Lobe splitting near the umbilical seam, as
seen typically in the Phylloceratina, is also found in the
Lytoceratina and Ammonitina (Kullmann &
Wiedmann 1970; Wiedmann & Kullmann 1981). Nev-
ertheless, the present analysis indicates that differences
in morphological variation can be found among taxa
even if the shapes of the external sutures are compared
using mature individuals. The several derived charac-
teristics of suture shape that are found in the Lytocerati-
na and Ammonitina support the phylogenetic
hypothesis that they are derivatives of the Phyllocetaina.
The eigenshape-based method introduced above
provides a useful tool in defining a morphospace,
which accommodates various suture shapes. This
paper presents a case study involving comparisons
among higher taxa; however, our approach is also
applicable to the comparisons among closely related
species and to analyses of within-species variation. The
present analysis successfully distilled the first-order
morphological components from complex suture
curves, but we did not address variations in finer struc-
tures. Further refinements will expand the utility of our
approach for capturing richer structures and the ordi-
nation of various shapes in a variety of organisms.
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