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Non-technical Summary.—Ammonoids are an extinct group of cephalopods that lived from the Devonian until the end
of the Cretaceous periods. In the Jurassic and Cretaceous periods, there were four suborders, Ancyloceratina, Perisphinc-
tina, Lytoceratina, and Phylloceratina. Ancyloceratina formed a conch with detached whorls (open coiling) or non-pla-
nispiral coiling. The origin of Ancyloceratina remains unclear. In this study, we analyzed conch morphology in detail
using specimens collected from southern India, Madagascar, and Japan. As a result, we found a common trend in
conch morphology in early ontogeny of Ancyloceratina and Perisphinctina. We think that the similarity of conch morph-
ology suggests a closer relationship between them, relative to Lytoceratina or Phylloceratina. Our findings are meaningful
to consider the phylogenetic relationship and evolution of Jurassic—Cretaceous ammonoids.

Abstract.—We analyzed the ontogenetic trajectories of conch morphology and septal spacing between successive cham-
bers in Cretaceous ammonoids (suborders Perisphinctina and Ancyloceratina) collected from southern India, Madagas-
car, and Japan. All examined species, except for the family Collignoniceratidae, exhibited similar characteristics during
early ontogeny. The common ontogenetic trajectories of septal spacing show a cycle comprising an increase and a sub-
sequent decrease in septal spacing during early ontogeny. The conch diameters at the end of the cycle were estimated to
be 1-4 mm. The conch shape (aperture height and whorl expansion rate) covariably changed at this conch diameter. Such
covariable changes are commonly recognized in the suborders Perisphinctina and Ancyloceratina. The similarity in the
ontogenetic trajectories of conch morphology implies a closer phylogenetic relationship between these suborders com-
pared to Lytoceratina or Phylloceratina.

Hokkaido, Japan (see Bessenova and Mikhailova, 1991, and
Yacobucci, 2015, for the definition of the higher taxonomy).
Among these ammonoids, Ancyloceratina is regarded as a poly-

Introduction

Ectocochleate cephalopods (ammonoids and nautiloids) contain

septate shells that serve as buoyancy devices (Jacobs and Cham-
berlain, 1996; Hoffmann et al., 2015, 2018; Naglik et al., 2015;
Tajika et al., 2015; Lemanis et al., 2016). They retain records of
growth in their shells, which consist of a septate phragmocone
and a body chamber. Analyses of the ontogenetic trajectories
of conch morphology and septal spacing enable us to recognize
the chamber formation system throughout the animal’s
ontogeny (De Baets et al., 2015b; Klug and Hoffmann, 2015).
Furthermore, recognizing the similarities in ontogenetic trajec-
tories of conch morphology and septal spacing between different
ammonoid taxa may indicate close phylogenetic relationship
between these taxa (e.g., Shigeta et al., 2001). Arai and Wani
(2012) examined 10 Late Cretaceous species within Phyllocera-
tina, Lytoceratina, Perisphinctina, and Ancyloceratina from
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phyletic group (Wiedmann, 1969; Wright et al., 1996; Lehmann,
2015; Peterman and Barton, 2019; Hoffmann et al., 2021; Land-
man et al., 2021). Their higher-level systematics also remains
problematic (Lehmann, 2015; Yacobucci, 2015; Hoffmann
et al., 2021). Detailed morphological examination and increase
in morphological data of Ancyloceratina would offer interesting
perspectives on ammonoid heteromorphy and allow assessment
of the polyphyletic nature of this group (Landman et al., 2021).

Although the number of examined specimens and species
in Arai and Wani (2012) was not significant, their analyses sug-
gested that the ontogenetic trajectories of septal spacing showed
slight variation at the species level and were uniform until the
superfamily level, except for Phylloceratina. However, the
examined specimens occurred only in Hokkaido, Japan, so
such similarity in septal spacing at the superfamily level could
have been indicated regionally. Takai et al. (2022) further inves-
tigated the Late Cretaceous desmoceratids of Hokkaido and
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Madagascar, revealing a common septal spacing pattern during
the post-embryonic stage, regardless of the region or geological
stage during the Cretaceous, at least within the subfamily Des-
moceratinae. Here, we examined the ontogenetic trajectories
of conch morphology and septal spacing in previously unana-
lyzed Cretaceous ammonoid species. We aimed to (1) uncover
the ontogenetic trajectories of septal spacing and conch morph-
ology of the suborders Perisphinctina and Ancyloceratina, (2)
examine whether these conch morphologies covariably change,
(3) elucidate whether the ontogenetic trajectories of septal spa-
cing and conch morphology share similar characteristics
between the suborders Perisphinctina and Ancyloceratina, and
(4) discuss the paleoecological implications.

Materials

In this study, we examined 133 specimens belonging to nine
species of the suborder Perisphinctina and two species of the
suborder Ancyloceratina (Figs. 1, 2; Table 1; Supplementary
Data 1). Irregular shell growth (e.g., injuries) and epifaunal
attachments were not visible in any of the examined specimens
(Figs. 1, 2).

The examined specimens of Puzosia sp. (Puzosinae, Des-
moceratidae, Desmoceratoidea, Perisphinctina; six specimens),
Menabonites anapadensis (Kossmat, 1898) (Pachydiscidae,
Desmoceratoidea, Perisphinctina; four specimens), Nowakites
sp. (Pachydiscidae, Desmoceratoidea, Perisphinctina; three spe-
cimens), Pseudoschloenbachia sp. (Muniericeratidae, Desmo-
ceratoidea, Perisphinctina; two specimens), Placenticeras
tamulicum (Blanford, 1862) (Placenticeratidae, Hoplitoidea,
Perisphinctina; seven specimens) were collected from the Ariya-
lur area, southern India. Lower to Upper Cretaceous deposits,
ranging from the Albian to the Maastrichtian, are exposed in
the Ariyalur area in the Cauvery Basin of the Tamil Nadu sector
of southern India (Sundaram et al., 2001). These strata are
divided into the Uttatur, Trichinopoly, and Ariyalur groups, in
ascending order. The Trichinopoly Group is subdivided into
the Kulakkalnattam and Anaipadi formations, and the Ariyalur
Group is subdivided into the Sillakkudi, Kallakurichchi, Kalla-
medu, and Niniyur formations (Sundaram et al., 2001). The fos-
sil locations of Puzosia sp., Menabonites anapadensis,
Nowakites sp., and Placenticeras tamulicum were assigned to
the lower part of the Anaipadi Formation. The co-occurring
ammonoid assemblages and previously reported biostrati-
graphic correlations with oysters (Ayyasami, 2006) suggest
that the studied horizon in the lower part of the Anaipadi Forma-
tion is middle Turonian in age. The fossil locality of Pseudos-
chloenbachia sp. was assigned to the Sillakkudi Formation.
This horizon is thought to be Campanian in age (Sundaram
et al., 2001).

We also examined 34 specimens of Cleoniceras sp. (Cleo-
niceratidae, Desmoceratoidea, Perisphinctina), three specimens
of Beudanticeras sp. (Beudanticeratinae, Desmoceratidae,
Desmoceratoidea, Perisphinctina), and five specimens of Dou-
villeiceras sp. (Douvilleiceratinae, Douvilleiceratidae, Douvil-
leiceratoidea, Ancyloceratina) collected from the Mahajanga
area, Madagascar (Collignon, 1949, 1963). The limestone
block in the Mahajanga area is rich in well-preserved mollusk
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fossils. The geological age of these specimens is thought to be
early Albian (Collignon, 1949, 1963; Hoffmann et al., 2019).

Fifteen specimens of Jurassic Perisphinctes sp. (Peri-
sphinctinae, Perisphinctidae, Perisphinctoidea, Perisphinctina)
were analyzed for comparison with Cretaceous ammonoids.
These specimens were collected in the Late Jurassic (Oxfordian)
of the Morondava Basin (Maroroka section, Ilovo Valley) of
southwestern Madagascar. In this area, the Upper Jurassic con-
sists of interfingering shallow-marine and continental deposits,
where the bathymetry did not exceed 50 m (Besairie, 1972).
During this period, the shallow marine basin was located at
approximately 40°S (Besse and Courtillot, 1988).

Thirty specimens of Subprionocyclus minimus (Hayasaka
and Fukada, 1951) (Collignoniceratinae, Collignoniceratidae,
Acanthoceratoidea, Perisphinctina) were collected from the
Manyji area in Hokkaido, Japan. The geological age of these spe-
cimens is thought to be late Turonian (Tanabe et al., 1978; Har-
ada and Tanabe, 2005).

Ten specimens of Yezoites puerculus (Jimbo, 1894), (Otos-
caphitinae, Scaphitidae, Scaphitoidea, Ancyloceratina) were
collected from the Obira area, Hokkaido, Japan. We also used
specimens examined by Yahada and Wani (2013), which were
collected from the Kotanbetsu and Oyubari areas (seven speci-
mens from each area) in Hokkaido. The stratigraphic horizons
of all the scaphitid specimens used in this study were the middle
Turonian (Tanabe, 1977, 2022; Yahada and Wani, 2013). The
examined scaphitids, Yezoites puerculus and Yezoites planus
Yabe, 1910, represent sexual dimorphs of a single species
(Tanabe, 1977, 2022). All the specimens examined in this
study were macroconchs (Callomon, 1955) of this species.

Repository and institutional abbreviation.—Figured and other
specimens examined in this study are deposited in the Mikasa
City Museum (MCM), Hokkaido, Japan.

Methods

Each specimen was polished along its median plane (plane of
symmetry) using a silicon carbide powder. The septal spacing
between successive septa was defined as the rotational angle
between two consecutive septa (i.e., N and N—1 septal numbers)
at the positions where the septum met the siphuncle (Fig. 3.1)
and was measured using a digital optical microscope (Keyence
VHX-900; magnification x 25—175; error < 0.01°). The center
of rotation was defined as the center of the initial chamber’s
maximum diameter through the base of the caecum (Fig. 3.1).
The measured septal spacings are shown as graphs of the septal
spacing between two successive septa (N and N—1) against the
phragmocone diameter through ontogeny (Figs. 4-6). This is
because the septal numbers could not be accurately determined
in most specimens owing to partial dissolution, especially of the
earliest whorl.

To measure conch shape, we measured aperture height
(Klug et al., 2015; Fig. 3.2) on the median plane, every 180°
in Cleoniceras sp., Perisphinctes sp., and Yezoites puerculus
or 45° in the other examined species (regarding differences in
the accuracy of the resultant growth trajectories, refer to Tajika
and Klug, 2020). Based on these measurements, scatter
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Figure 1.

Examined species of the suborder Perisphinctina. (1) Puzosia sp., MCM-W2026, Turonian, Ariyalur area; (2) Beudanticeras sp., MCM-W2034, Albian,

Mahajanga area; (3) Cleoniceras sp., MCM-W2066, Albian, Mahajanga area; (4) Menabonites anapadensis, MCM-W?2069, Turonian, Ariyalur area; (5) Nowakites
sp., MCM-W2073, Turonian, Ariyalur area; (6) Pseudoschloenbachia sp., MCM-W2077, Campanian, Ariyalur area; (7) Placenticeras tamulicum, MCM-W2079,
Turonian, Ariyalur area; (8) Subprionocyclus minimus, MCM-W2103, Turonian, Manji area; (9) Perisphinctes sp., MCM-W2115, Late Jurassic, Morondava area.

diagrams of the aperture height and conch diameter were con-
structed (Figs. 4-6). We discerned the critical point(s) at
which the slopes of the regression lines (calculated by the
reduced major axis) changed (statistically significant, p <0.05;
Kermack and Haldane, 1950; Hayami and Matsukuma, 1970).

The whorl expansion rate (WER), which is one of the major
parameters of ammonoid conchs, was measured on the median
plane, as a representative parameter of conch shape (Klug
et al., 2015). The WER was measured on the median plane in
each specimen (the measurement intervals were the same as
those of the aperture heights), and the ontogenetic trajectories
of each WER were recorded (Figs. 4-0).

Ammonitella diameters were measured using an optical
microscope with a digital measurement tool (Keyence
VHX-900; magnification x 25—-175; error < 0.01 mm). In this
study, the ammonitella diameter was defined as the maximum
diameter of the ammonitella from the primary constriction
(Landman et al., 1996; De Baets et al., 2015a).

Results

Septal spacing of Perisphinctina.—The ontogenetic trajectories
of the septal spacing of Perisphinctina are shown in Figures 4—-6
and Supplementary Data 1. These can be categorized into two
trends. The first ontogenetic trend was observed in most of the
examined Perisphinctina species except for Subprionocyclus
minimus. In the first ontogenetic trend, there was a cycle until
0.7-1.6 mm in phragmocone diameter without body chamber
length (Figs. 4-6; Table 1), the cycle comprised an increase
and subsequent decrease in septal spacing. Thereafter, the
ontogenetic trajectories of septal spacing almost flattened out
in Puzosia sp., Menabonites anapadensis, Nowakites sp., and
Jurassic Perisphinctes sp., or showed a slightly decreasing
trend with a constant slope in Beudanticeras sp., Cleoniceras
sp., Pseudoschloenbachia sp., and Placenticeras tamulicum
(Figs. 4-6).

The second trend was observed in Subprionocyclus mini-
mus. Their ontogenetic trajectories showed a zigzag pattern
that continued until ~10 mm in phragmocone diameter, with
amplitudes decreasing with growth (Fig. 5.10).

Aperture height of Perisphinctina.—Scatter diagrams of the
aperture height and conch diameter are shown in Figures 4-6.
We recognized the critical point(s) of regression lines on the
scatter diagrams, at which the slopes of the regression lines
(reduced major axes) significantly differed (p <0.05). Most
species have two critical points at 0.5-0.8 mm and 1.3—
3.2 mm conch diameter (Figs. 4-6; Table 1). We recognized a
single  critical point in  Beudanticeras sp. and
Pseudoschloenbachia sp. and no critical point in Puzosia sp.,
possibly because of poor preservation and the limited number
of examined specimens. In such species, we discriminated
critical points as either the first or the second based on the
shifting trend of the slopes of the regression lines (from
steeper to gentler or gentler to steeper slopes; Table 1).

WER of Perisphinctina.—Ontogenetic trajectories of the WER
followed a similar trend within the suborder Perisphinctina
(Figs. 4-6). WER values first increased until 0.5-1.6 mm
conch diameter, then decreased until 1.3-5.8 mm conch
diameter, and subsequently increased. We recognized only a
single turning point in Puzosia sp., Beudanticeras sp., and
Pseudoschloenbachia  sp., possibly because of poor
preservation of the earliest whorl and the limited number of
examined specimens. In such species, we discriminated
critical points as either the first or the second, based on the
shifting trend of ontogenetic trajectories (from increasing to
decreasing or decreasing to increasing trends; Table 1).

Septal spacing of Ancyloceratina.—Ontogenetic trajectories of
the septal spacing in Ancyloceratina are shown in Figure 6
and Supplementary Data 1. They exhibited a cycle until

Figure2. Examined species of the suborder Ancyloceratina. (1) Douvilleiceras sp., MCM-W2134, Albian, Mahajanga area; (2) Yezoites puerculus, MCM-W1307,

Turonian, Kotanbetsu area.
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Table 1. Summary of conch morphological analyses, including the following taxa not mentioned elsewhere in the text: Damesites damesi intermedius Matsumoto, 1954; Tragodesmoceroides subcostatus Matsumoto,
1942; Desmoceras latidorsatum forma complanata Jacob, 1907; Desmoceras latidorsatum forma media Jacob, 1907; and Desmoceras latidorsatum forma inflata Breisroffer, 1933.

901

Aperure height vs. shell diameter WER

1st critical point 2nd critical point 1st critical point 2nd critical point
Ammonitella Phragmocone diameter at the end Reconstructed shell diameter at the (steeper slope to  (gentler slope to  (increasing trend to  (decreasing trend to
Species diameter (mm) of septal spacing cycle (mm) end of septal spacing cycle (mm) gentler slope) steeper slope) decreasing trend) increasing trend)

Perisphinctina
Desmoceratoidea
Desmoceratidae
Puzosinae
Puzosia sp. 0.8 1.3 22 1.6
Beudanticeratinae
Beudanticeras sp. 0.7-0.9 1.0-1.3 1.8-2.3 1.9 1.6
Desmoceratinae
Damesites damesi 0.7-1.0 0.6-1.3 1.3-2.1 0.6 1.5 0.6-0.9 1.3-1.9
intermedius *
Tragodesmoceroides 0.8-0.9 0.9-1.4 1.7-2.3
subcostatus *
Desmoceras 0.9-1.1 0.8-1.3 14-2.3 0.8 24 0.8-0.9 1.6-2.7
latidorsatum forma
complanata *
Desmoceras 0.7-0.8 0.7-1.1 1.3-2.1 0.5 1.7 0.6-0.8 1.5-2.4
latidorsatum forma
media *
Desmoceras 0.6-0.7 0.8-1.0 1.4-1.6 0.5 1.8 0.4-0.5 1.3-2.0
latidorsatum forma
inflata *
Cleoniceratidae
Cleoniceras sp. 0.9-1.1 1.1-1.5 1.9-2.7 0.7 2.5 0.8-0.9 1.8-2.2
Pachydiscidae
Menabonites 0.7 1.0 1.5 0.6 1.5 0.6-0.7 1.7-2.0
anapadensis
Nowakites sp. 0.7-0.9 1.0 1.6 0.6 1.6 0.5-0.7 1.5
Muniericeratidae
Psudoschloenbachia sp. 0.9 1.2 2.0 2.1 1.6
Hoplitoidea
Placenticeratidae
Placenticeras tamulicum 0.9-1.6 2.1 4.1 2.7 0.7-1.1 2.4-3.6
Acanthoceratoidea
Collignoniceratidae
Collignoniceratinae
Subprionocyclus 0.7-0.9 0.6 1.3 0.5-0.8 1.9-3.1
minimus
Perisphinctoidea
Perisphinctidae
Perisphinctinae
Perisphinctes sp. 0.7-0.9 0.8-1.6 1.0-2.5 0.6 32 0.7-2.0 1.3-5.2
Ancyloceratina
Douvilleiceratoidea
Douvilleiceratidae
Douvilleiceratinae
Douvilleiceras sp. 0.9-1.0 1.3 2.3 1.0 22 1.0-1.1 2.0-2.4
Scaphitoidea
Scaphitidae
Otoscaphitinae
Yezoites puerculus 0.7-1.0 0.9-1.2 1.4-2.0 0.8 2.1-2.8 0.8-1.2 1.5-3.3
Scaphitinae
Hoploscaphites 0.7 0.6 1.1 0.8 1.2 0.9
comprimus (J-273) **

* data from Takai et al. (2022); ** data from Linzmeier et al. (2018)
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constriction

Figure 3. Measurements of conch morphology. (1) Septal spacing, the center
of rotational angle, and the base of measurement through proseptum (0); (2) mea-
surements of conch shape: ah, aperture height; whorl expansion rate (WER) =
(dm,/dmy)>.

0.6-1.3 mm in phragmocone diameter without body chamber
length (Fig. 6; Table 1), the cycle comprised an increase
and subsequent decrease in septal spacing. Thereafter, the
ontogenetic trajectories of septal spacing almost flattened in
both Douvilleiceras sp. and Yezoites puerculus (Fig. 6).

Aperture height of Ancyloceratina.—The scatter diagrams of the
aperture height and conch diameter are shown in Figure 6. We
recognized the critical points of regression lines on the scatter
diagrams, where the slopes of the regression lines (reduced
major axes) significantly differed (p<0.05). All examined
species exhibited two critical points at 0.8—-1.0 mm and 2.1-
2.8 mm conch diameter (Fig. 6; Table 1).

WER of Ancyloceratina.—Ontogenetic trajectories of the WER
followed a similar trend within the suborder Ancyloceratina
(Fig. 6). WER values first increased until 0.8—-1.2 mm conch
diameter, then decreased until 1.5-3.3 mm conch diameter,
and subsequently increased.

Discussion

Covariations between septal spacing and conch shape.—QOur
results showed that the ontogenetic trajectory patterns of conch
shape (septal spacing, WER, and aperture height) during early
ontogeny (< Smm in conch diameter) shared similar
characteristics in most examined species of Perisphinctina
(except for Collignoniceratidae) and Ancyloceratina (Figs. 4-0).
We further investigated whether conch morphological alterations
were covariably conformable within the examined conch shapes.

Because the phragmocone diameters measured in this study
did not include the body chamber, conch diameters, including
body chambers, should be estimated to recognize actual conch
size at the time of habitat. However, it is difficult to accurately
determine the precise body chamber length at a particular onto-
genetic stage, except for the hatching (i.e., ammonitella) and
mature stages. Arai and Wani (2012) estimated conch diameters
by postulating that the body chamber length during the early
post-embryonic stage was approximated to an ammonitella
angle between the nepionic constriction and proseptum. We
adopted this relatively accurate method to estimate conch
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diameters, including body chamber length (Kawakami et al.,
2022; Takai et al., 2022; Kawakami and Wani, 2023).

By comparing measured and estimated conch diameters,
we recognized two ontogenetic stages at which the plural
conch shape covariably changed (Figs. 4-6; Table 1). The first
ontogenetic stage was approximately 0.6—1.1 mm in conch
diameter. These values indicate that (1) the conch diameters at
which the slope of the regression line between the aperture
height and conch diameter shifted from a steeper into a gentler
trend, and (2) the WER trend changed from an increasing to a
decreasing trend (Figs. 4-6; Table 1). The conch diameters at
this ontogenetic stage approximate the ammonitella diameters
of each species (Table 1). This correspondence suggests that
this ontogenetic stage, with the covariation of conch shape,
was related to hatching. Before hatching, ammonoids are
thought to have no septa (except for the proseptum) (Tanabe
et al., 1993; Landman et al., 1996; De Baets et al., 2015a).
Therefore, the ontogenetic trajectory trends of the septal spacing
were unaffected at this ontogenetic stage.

The second ontogenetic stage was at about 1.4-3.3 mm in
conch diameter (Figs. 4-6; Table 1). These values indicated
that (1) the ontogenetic trajectories of septal spacing changed
from a cycle comprising an increase and subsequent decrease
into an almost flat trend; (2) the conch diameters at which the
slope of the regression line between aperture height and conch
diameter transitioned from a gentler to a steeper trend; and (3)
the WER trend changed from a decreasing to an increasing
trend (Figs. 4-6; Table 1). The shift in ontogenetic trajectory
pattern of septal spacing is commonly known to be marked by
changes in several other conch shape features (Bucher et al.,
1996; Arai and Wani, 2012; Kawakami et al., 2022; Takai
et al., 2022; Kawakami and Wani, 2023). Therefore, our obser-
vations are consistent with these previous observations.

We re-evaluated the morphological data of Desmoceratinae
examined by Takai et al. (2022) (152 specimens of three species;
Desmoceratidae, Desmoceratoidea, Perisphinctina). The sub-
family Desmoceratinae also showed covariation in conch
morphology and septal spacing during early ontogeny (Table 1).
The characteristics of these covariations were similar to those of
Perisphinctina and Ancyloceratina in the present study.

An exception was Collignoniceratidae (Fig. 5; Table 1).
Collignoniceratidae lacked the septal spacing trend, such as a
cycle comprising an increase and subsequent decrease, and
thereafter an almost flat trend, which is common among most
of the examined Perisphinctina and Ancyloceratina (Figs. 4-6;
Arai and Wani, 2012).

Phylogenetic relationship.—Takai et al. (2022) reported that the
ontogenetic trajectories of conch morphology and septal spacing
are almost uniform in Desmoceratinae. Our results suggest that
these characteristics of conch morphology and septal spacing
are common not only in the subfamily Desmoceratinae (Takai
et al., 2022) but also in most of the examined Perisphinctina
(except for Collignoniceratidae). Because we examined
specimens from various regions (Hokkaido, Madagascar, and
southern India), the similarity in septal spacing in most of the
examined Perisphinctina was probably independent of whether
they were in the Northern or Southern Hemisphere during the
Cretaceous.
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Figure 4. Graphs of conch morphology through ontogeny. (1) Septal spacing of Puzosia sp.; (2) aperture height vs. conch diameter of Puzosia sp.; (3) WER vs.
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Furthermore, because the Jurassic Perisphinctes exhibits spacing can be traced back at least to the Late Jurassic. If this

similar characteristics (Fig. 6.1-6.3; Table 1) implies that the estimation holds true, the morphological characteristics of the
common trajectory patterns of conch morphology and septal early ontogeny of the suborder Perisphinctina may have been
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stable for over 90 My (from the Late Jurassic until the end of the
Cretaceous). Although we did not examine all Perisphinctina
species, considering current data (Arai and Wani, 2012; Iwasaki
et al., 2020; Kawakami et al., 2022; Takai et al., 2022; Kawa-
kami and Wani, 2023; this study), we hypothesize that the onto-
genetic trajectories of conch morphology and septal spacing are
phylogenetically dependent on the suborder Perisphinctina. In
addition, the ontogenetic trajectories of septal spacing and
conch morphology during early ontogeny contrast with those
of Phylloceratina (Fig. 7.1; Arai and Wani, 2012; Iwasaki
et al., 2020) and Lytoceratina (Fig. 7.2; Arai and Wani, 2012;
Kawakami et al., 2022; Kawakami and Wani, 2023).

Bucher et al. (1996) reported an abrupt increase in septal
spacing, followed by an equally sharp decrease at the end of
the neanic stage in Middle Jurassic Quenstedtoceras
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(Cardioceratidae, Stephanoceratoidea, Perisphinctina) and Late
Cretaceous Clioscaphites (Scaphitidae, Scaphitoidea, Ancylo-
ceratina). These observations appear to be consistent with our
results. However, this pattern is not as well developed in the
Middle Jurassic Sphaeroceras (Sphaeroceratidae, Stephanocer-
atoidea, Perisphinctina) (Mignot, 1993; Bucher et al., 1996).
Some specimens or species examined in this study did not
show a clearly common ontogenetic trajectory pattern of
conch morphology (Figs. 4-6; Table 1). These discrepancies
may indicate some degree of variation within a species or at a
higher taxonomic rank (at the subfamily or family level).

The most prominent discrepancy in the suborder Peri-
sphinctina was seen in Collignoniceratidae (Fig. 5.10-5.12;
Table 1; Arai and Wani, 2012). The Collignoniceratidae exhib-
ited a unique zigzag ontogenetic trajectory pattern of septal
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Figure 7. Graphs of septal spacing of Lytoceratina and Phylloceratina. (1)
Hypophylloceras subramosum (Shimizu, 1934) (Phylloceratina). Data from Iwa-
saki et al. (2020). There are two cycles in early ontogeny, each comprising an
increase and subsequent decrease in septal spacing. Note larger variations
even within a single species, which can be classified into three types. (2) Tetra-
gonites glabrus (Jimbo, 1894) (Lytoceratina). Data from Kawakami and Wani
(2023). Two cycles, each comprising an increase and subsequent decrease in sep-
tal spacing, can be observed in early ontogeny.

spacing (Fig. 5.10). Arai and Wani (2012) demonstrated that the
ontogenetic trajectories of Collignoniceratinae and Texanitinae
(Haboroceras and Protexanites) showed a similarly zigzag pat-
tern. Therefore, the zigzag patterns of septal spacing through
ontogeny seem to be a common feature, at least in the subfam-
ilies Collignoniceratinae and Taxanitinae. Although we did
not examine other subfamilies (Barroisiceratinae and Peronicer-
atinae) in the family Collignoniceratidae, this ontogenetic trajec-
tory pattern of septal spacing may be a synapomorphy of the
family Collignoniceratidae. Nonetheless, this pattern might
even be a common feature of the superfamily Acanthoceratoi-
dea, although no currently available data support this possibility.

If our hypothesis that the ontogenetic trajectories of septal
spacing and conch morphology during early ontogeny are
phylogenetically dependent holds true, the similarity between
the suborders Perisphinctina and Ancyloceratina implies a closer
phylogenetic relationship compared to Lytoceratina or Phyllo-
ceratina. In Jurassic—Cretaceous ammonoids, large-scale evolu-
tionary connections remain unclear (Yacobucci, 2015). The
origin of Ancyloceratina has been hypothesized to be Lytocera-
tina (Arkell et al., 1957; Wiedmann, 1966), Spiroceratoidea
(Wright et al., 1996), or Perisphinctina (Donovan et al., 1981;
Bessenova and Mikhailova, 1991; Page, 1996; Mikhailova
and Baraboshkin, 2009; Yacobucci, 2015). The morphological
similarity in early ontogeny of Perisphinctina and Ancylocera-
tina revealed in this study supports either Spiroceratoidea (in
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Ammonitina) or Perisphinctina as the origin of Ancyloceratina.
However, there are currently no available data on covariable
changes in conch morphology during early ontogeny in Ancylo-
ceratina (except for Douvilleiceratoidea and Scaphitoidea). This
is because obtaining a tiny and fragile conch from the early
ontogeny of a three-dimensionally coiled conch is technically
challenging. The various types of three-dimensional coiling pos-
sibly influenced conch morphology during early ontogeny to
some unknown degree.

Another explanation for the similarity between the subor-
ders Perisphinctina and Ancyloceratina is convergent evolution.
However, there are currently no data to positively support this
possibility. Because most of the examined Perisphinctina
(except for Collignoniceratidae) and Ancyloceratina show a
similar trend, we consider that it is more reasonable to assume
that the similarity between these suborders indicates their closer
phylogenetic relationship. This should be tested in future stud-
ies, with shell morphological data of more abundant Jurassic
and Cretaceous ammonoids.

Paleoecological implications.—In the most-examined species of
Perisphinctina and Ancyloceratina, we identified two growth
timings at which the conch shape covariably changed. The first
covariable change could be related to hatching. With what is the
change in the second covariable change associated? What kinds
of paleoecological attributes can be reconstructed from the
second covariable change?

Based on the morphological changes seen in ammonoid
shells (changes in coiling, umbilical exposure, ornamentation,
and septal angle), ammonoid growth is subdivided into four
stages: embryonic, neanic, juvenile, and mature stages (Wester-
mann, 1958; Bucher et al., 1996; Klug, 2001). Each stage gener-
ally has the following septal spacing patterns: (1) the embryonic
ammonoid, termed the ammonitella (Druschits and Khiami,
1970), consists of a protoconch (initial chamber) and approxi-
mately one planispiral whorl initiating at the caecum and termin-
ating at the primary constriction with only the proseptum (Tanabe
et al., 1993; Landman et al., 1996); (2) the neanic stage generally
has wide septal spacing (Landman, 1987; Bucher et al., 1996); (3)
juvenile ammonoids have almost uniform septal spacing (Bucher
etal., 1996); and (4) mature ammonoids initially display increased
angles followed by a decrease over the last few septa (Callomon,
1963; Crick, 1978; Landman and Waage, 1993; Davis et al., 1996;
Klug, 2004; Klug et al., 2007).

Most ammonoid hatchlings were thought to be planktic
(Kulicki, 1974, 1979, 1996; Drushchits et al., 1977; Tanabe
et al., 1980, 2001, 2003; Landman, 1985; Tanabe and Ohtsuka,
1985; Shigeta, 1993; Landman et al., 1996; Westermann, 1996;
Rouget and Neige, 2001; Mapes and Niitzel, 2009; Tajika and
Wani, 2011; De Baets et al., 2012, 2013, 2015a; Ritterbush
et al., 2014; Lemanis et al., 2015). During the neanic stage,
ammonoids could still be planktic, and at the end of the neanic
stage, they could shift to another mode of life (Westermann,
1958; Zell et al., 1979; Landman, 1987, 1988; Checa and
Sandoval, 1989; Shigeta, 1993; Bucher et al., 1996; Arai and
Wani, 2012; De Baets et al., 2015a; Lukeneder, 2015; Kawa-
kami et al., 2022; Takai et al., 2022; Kawakami and Wani,
2023). Such a shift in the mode of life was possibly gradual,
and therefore, a strict cutoff point might be hard to define. A
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direct indicator of the transition of ammonoid modes of life is the
oxygen isotopic signature preserved in the shell material, if the
necessary quality of fossil preservation is permitted (Moriya
et al.,, 2003; Lécuyer and Bucher, 2006; Lukeneder et al.,
2010; Moriya, 2015a, b; Sessa et al., 2015; Linzmeier et al.,
2018; Hoffmann et al., 2019; Machalski et al., 2021). These
studies interpreted several Jurassic and Cretaceous ammonoids
as demersal during post-embryonic or adult stages. We could
not analyze oxygen isotopes in this study because the preserva-
tion of the shell material of most specimens was insufficient for
isotopic analyses. However, considering these studies and our
morphological data, we hypothesized that the second covariable
change in this study indicated the end of the neanic (i.e., plank-
tic) stage (Figs. 4-6; Table 1; Arai and Wani, 2012; Takai et al.,
2022).

Linzmeier et al. (2018) analyzed the oxygen isotopes of
Late Cretaceous scaphitid specimens from the Fox Hills Forma-
tion in South Dakota, USA. They revealed that scaphitids lived
in shallow water immediately after hatching and then transi-
tioned to a more demersal mode of life after 270-360° growth
from nepionic constriction. At this stage, the conch shape cov-
ariably changed (Landman, 1987; Linzmeier et al., 2018). We
measured the conch morphology based on the figured photo-
graph (J-273) in Linzmeier et al. (2018) and then reassessed
the ontogenetic trajectories of the conch morphology (septal
spacing, aperture height, and WER) of this species. The onto-
genetic trajectory of septal spacing exhibited a cycle comprising
an increase and subsequent decrease in the earliest ontogeny,
and an almost flat tendency after that. The aperture height had
a steeper slope against the conch diameter, then became gentler
and finally steeper. The WER initially decreased and subse-
quently increased. These ontogenetic trajectory patterns concord
with those observed in most of the examined Perisphinctina
(except for Collignoniceratidae) and Ancyloceratina (Table 1).
These concordances support the interpretation that the covari-
able morphological change (i.e., the second covariable change
in this study) was related to the transition of modes of life
from planktic to different habitats (e.g., demersal).

We estimated the conch diameters at the end of the planktic
neanic stage as 1.4-3.3 mm for Yezoites puerculus and 1.1 mm
for Hoploscaphites comprimus (Owen, 1852) (Table 1). Assum-
ing that the growth rates during the early growth stages of these
two scaphitids are comparable, Yezoites puerculus would have
experienced a longer duration of planktic dispersal than Hoplos-
caphites comprimus. The longer duration of planktic dispersal
explains the wider geographical range. The geographical distri-
bution of Yezoites puerculus is known to be distributed in the
circum-North Pacific region (Tanabe, 2022). In addition, the dis-
tribution of Hoploscaphites comprimus is limited to South
Dakota and North Dakota, USA (Owen, 1852; Machalski
et al., 2007; Linzmeier et al., 2018). These geographical ranges
might validate our hypotheses.

Hoffmann et al. (2019) examined oxygen isotopes of Early
Cretaceous ammonoids (Perisphinctina and Lytoceratina) from
the Mahajanga Basin, Madagascar. They analyzed specimens
of Cleoniceras sp., the same genus examined in this study.
They measured the oxygen isotopes of specimens > 1 cm in
conch diameter and suggested a demersal mode of life. Because
there are no isotopic data of < 1 cm conch diameter, the modes
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of life just after hatching and during the neanic stages and their
transition into the subsequent demersal mode of life were not
detected in Hoffmann et al. (2019). Our estimations that indivi-
duals of Cleoniceras sp. ended their planktic neanic stage at 1.8—
2.7mm in conch diameter (Fig. 4.7-4.9; Table 1) does not
contradict the results reported by Hoffmann et al. (2019).

Based on our results alone, we do not intend to specify the
detailed mode of life after the end of the planktic neanic stage.
Individuals of the examined species could be demersal there-
after; however, we did not define the details of the demersal
mode of life, such as permanent bottom dwellers or bottom
dwellers with diurnal, seasonal, annual, or biennial migrations
(Moriya, 2015a). However, the common conch shape during
early ontogeny between most of the examined species of Peri-
sphinctina and Ancyloceratina implied similar paleoecology
until the end of the neanic stage.

The family Collignoniceratidae did not fall under the cat-
egory of common ontogenetic trajectories of conch shape
between Perisphinctina and Ancyloceratina. The Collignonicer-
atidae may have a peculiar paleoecology.
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