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837. ONTOGENETIC SHELL VARIATION AND STREAMLINING
OF SOME CRETACEOUS AMMONITES*
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Abstract.

Comparative shell shape analysis of some Cretaceous ammonites has provided

significant differences in the ontogenetic pattern and variation of geometric coiling parameters.
The differences are especially conspicuous in the distance of venter from coiling axis (D), rela-
tive whorl thickness (S) and flank position (F), all of which are key factors for considering
hydrodynamic efficiency of the shells. In every species, the ranges of variation of the geometric
parameters tend to decrease with age. At the same growth stage, intraspecific variation of
parameters S and D is largest in the heavily omamented morphotypes (Acanthocerataceae)
and heteromorphs (Scaphitaceae), imermediate in fine-ribbed platycones (Lytocerataceae),
and smallest in the weakly ribbed, highly streamlined involute-compressed morphotypes
(Hypophylloceras, Placenticeras and most Desmocerataceae). This evidence strongly suggests a
wide variety of adaptive designs of the shells related to the mode of life of ammonites.

Introduction

The paleoecology of ammonites has long been
discussed from various viewpoints. Although
opinions on life habits are still divided as to
whether ammonites were bottom dwelling or
nektoplanktonic, many authors have accepted
the idea that most normally coiled ammonites
had a certain degree of swimming ability. This
interpretation is largely based upon indirect
paleontologic evidence such as comparative
anatomy (Mutvei, 1964; Mutvei and Reyment,
1973; Jordan, 1968; Sturmer, 1970; Lehmann,
1976) and similarity in fundamental shell mor-
phology to living Nautilus (Trueman, 1941).
Quantification of hydrodynamic properties of
ectocochiliate cephalopod shells has been made
experimentally using actual specimens (Schmidt,
1930; Kummel and Lloyd, 1955) and scale
models (Chamberlain, 1976, 1981; Chamberlain
and Westermann, 1976). The experiments de-
monstrated that the variation in shell geometry
caused significant variation in drag coefficients.

*Received July 23, 1987; read February 2, 1985 at
University of Tokyo.
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Hydrodynamic efficiency of shell shape in fossil
ectocochiliates has recently been discussed by
Ward (1980) and Chamberlain (1981). These
papers rely on generic level analysis of certain
simple shell shape parameters over various
taxonomic groups. Intra- and interspecific varia-
tion of shell shape has also been examined
extensively in the Upper Paleozoic Agoniatitida
and Goniatitida (Kullmann and Kant, 1970,
1972; Kant, 1977; Kant and Scheuch, 1973,
1980; Saunders and Swan, 1984) and Mesozoic
Ammonitida (Westermann, 1966; Bayer and
McGhee, 1984; Ward, 1980, 1986), but the
ontogenetic variation of shell geometry has little
investigated in the Cretaceous ammonites. This
paper presents quantitative data on the ontogene-
tic change and variation of shell shape in some
late Cretaceous ammonite species, and discusses
their adaptive significance for streamlining.

Material and methods

Material-Twenty Cretaceous ammonite spe-
cies listed in Table 1 were treated in this study.
Most species are represented by several individ-
uals which were preserved in single calcareous
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Table 1. List of material. Samples with prefix R are from the Cenomanian-Santonian of the Obira area, northwestern
Hokkaido (see Tanabe et al.,1977, figs. 4—11 for localities and ages). The localities and ages of the remaining
samples are as follows. M135 and PM3007: Upper Turonian of the Manji area, central Hokkaido (see Tanabe
etal., 1978, fig. 1 for localities), S2211p and S3006: Lower Campanian at Matsumoto’s (1942, pl. 12) loc.
T281, middle course of Abeshinai River, Saku area, northern central Hokkaido, Hb-10: from river gravel in
the upper course of Nakafutamata River, Haboro area, northwestern Hokkaido (derived from the Coniacian).

Major taxonomy Species

Sample & locality

Phylloceratina
Phyllocerataceae

Lytoceratina
Lytocerataceae Tetragonites glabrus (Jimbo)
Tetragonites popetensis Yabe
Gaudryceras denseplicatum (Jimbo)
Ancyloceratina

Scaphitaceae Scaphites planus (Yabe)

Otoscaphites puerculus (Jimbo)

Ammonitina
Desmocerataceae

Tragodesmoceroides subcostatus Matsumoto
Damesites ainuanus Matsumoto

Damesites damesi (Jimbo)

Damesites semicostatus Matsumoto
Damesites sugata (Forbes)

Desmophyllites diphylloides (Forbes)

Neopuzosia ishikawai (Jimbo)

Acanthocerataceae

Subprionocyclus neptuni (Geinitz)

Reesidites minimus (Hayasaka & Fukada)
Yubariceras yubarense Matsumoto, Saito & Fukada
Yubariceras japonicum Matsumoto, Saito & Fukada

Hoplitaceae
Nautilida
Nautilaceae

Hypophylloceras subramosum (Spath)

Desmoceras japonicum (Yabe)

Subprionocyclus bravaisianus (d'Orbigny)

Placenticeras intercalare Meek

Nautilus pompilius Linné

R4018 (N= 5), Obira

R4020 (N= 6), Obira
S$3006 (N=17), Saku
R4020 (N= 5), Obira

R2110 {N= 4), Obira
R2110 (N= 7), Obira

R3013 (N=11), Obira
R4001 (N=18), Obira
R4582 (N=12), Obira
R4701p(N=11), Obira
R2672 (N=17), Obira
Hb-10 (N= 8), Haboro
S2211p(N= 6), Saku
R101p (N= 6), Obira
R4017 (N= 6), Obira
PM3007(N=14), Manji
M135 (N=13), Manji
R6020 (N= 1), Obira
R4020 (N= 1), Obira
USGS loc. no.8036
(N= 1}, Montana

Off Suva, Fiji Is.
(N=9)

nodules embedded in the Upper Cretaceous
deposits of Hokkaido, Japan. The localities and
ages of the samples examined are summarized
in the explanation of Table 1. Specimens of
Scaphites planus and Otoscaphites puerculus
were studied biometrically by Tanabe (1977),
and measurements by him are cited in this paper.

In addition to these ammonites, single mature
shells of Placenticeras intercalare, Yubariceras
yubarense, Y. japonicum (see Table 1 for locality

records), and nine Nautilus pompilius Linné
(captured from the Suva area of Fiji; Tanabe,
1985) were used for morphologic comparison.
Specimens of the two scaphitids and V. pompilius
are stored at Kyushu and Kagoshima Universities
respectively. All other specimens are kept at
University Museum, University of Tokyo with
registered numbers beginning UMUT.
Methods—Most  specimens were cut and
polished along the median plane, and then cut
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perpendicular along the maximum diameter of
the protoconch (X-Y plane in Figure 1). The
cross sections were etched with 1% acetic acid
for ten minutes, and acetate peels were prepared
by pressing a sheet of triacetylcellulose film
(25 pm in thickness) onto the section flooded
with acetone. Shell diameter, radius vector of
venter, radius vector of umbilicus, whorl height,
whorl breadth and inner whorl height were
measured at intervals of one half whorl on the
peeled cross section using a profile projector
(NIKON V16) attached to a digital micrometer
(accuracy 1 um) (Figure 1). The measurement
data were transferred directly to a personal com-
puter through an interface, and the four geomet-
ric parameters developed by Raup (1966, 1967)
and Chamberlain (1976); i.e. the whorl expan-
sion rate (W), the distance of venter from coiling
axis (D), the relative whorl thickness (S), and the
flank position (F) were calculated at intervals of
one half whorl for each specimen (Figure 1).
Other important aspects of shell morphology,

CROSS SECTION (HALF)

MEDIAN SECTION

X

coiling axis

1
.

GEOMETRIC PARAMETERS: W=(b/c)’.D=g/b, S:dle, F=t/a

Figure 1. Basic morphology and measurements
of an ammonite shell in median and cross sections. a,
shell diameter; b & c, radius vector of venter; d, whorl
height; e, whorl breadth; g, radius vector of umbilicus;
f, inner whorl height, Based on these measurements,
four geometric parameters, W (whorl expansion rate), D
(distance of venter from coiling axis), S (relative whorl
thickness), and F (flank position) were calculated at
intervals of half whorl. Read S = e/d for S = d/e.
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such as the “strength” and density of external
sculpture (ribs, tubercles and a keel) were not
analyzed quantitatively, but considered in the
morphotypic classification.

Morphotypic variation

Although the Cretaceous ammonites examined
vary in coiling, whorl shape, and surface orna-
ment, they possess characteristic features of shell
morphology. They are roughly classified into the
following morphotypes: (1) narrowly umblicate
and compressed with fine ribs (Hypophylloceras,
Desmoceras, Tragodesmoceroides, Desmophyl-
lites, Placenticeras) or with fine ribs and a
prominent keel (Damesites), (2) moderately
umbilicate platycone with dense fine ribs (Tetra-
gonites and Gaudryceras), (3) widely umblicate
and compressed with strong ribs, tubercles
(Yubariceras) and also with a keel (Subprionocy-
clus and Reesidites), and (4) planispirally coiled
heteromorph (Scaphites and Otoscaphites). Se-
lected examples of these ammonites are shown in
Figure 2.,

Geometric analysis

Ontogenetic variation—Ontogenetic changes
of geometric parameters were examined in seven-
teen Cretaceous ammonite species. Changes of
sample means of parameters W, D, S and F versus
whorl number for each species are shown in
Figures 3—6 respectively. In every species,
parameter W regularly fluctuates between 1.5
and 2.5 at intervals of one whorl in the first
three whorls. This is largely due to the abrupt
change in allometric growth of whorl radius at
the primary constriction near the end of the first
whorl. After the third whorl most species have W
parameters of about 2.0, but in the scaphitids W
exceeds 3.5 in the loosely coiled adult stage
(Figure 3). D parameters of Hypophylloceras
subramosum and most desmoceratids decrease
with age in the first three whotls, and after the
third whorl remain almost constant (ca. 0.1)
(Figure 4). In Neopuzosia ishikawai (Desmoce-
rataceae) D is also small in the second and third
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Figure 3, Ontogenetic change of the parameter W in relation to whorl number for seventeen ammonite
species. Sample mean at each stage is plotted for every species. The regular fluctuation of W parameters in the
first two whorls is due to the abrupt change in growth of whorl diameter at the primary constriction.

<— Figure 2. Wide variation of shell shape and surface ornament observed in selected Cretaceous ammonites.
Lateral (A) and ventral (B) views are shown for each species. For locations see Table 1. 1A—B. Yubariceras japo-
nicum Matsumoto, Saito & Fukada (UMUT MM 18213; X0.2). 2A —B. Subprionocyclus bravaisianus (d’Orbigny)
(UMUT MM 18209; X0.8). 3A—B. Otoscaphites puerculus (Jimbo) (Kyushu Univ. specimen, GK. H 5753;
X1.6). 4A—B. Gaudryceras denseplicatum (Jimbo) (UMUT MM 18200; X0.3). SA—B. Damesites semicostatus
Matsumoto (UMUT MM 18205; XO0.8). 6A—B. Hypophylloceras subramosum (Spath) (UMUT MM 18197;
X0.8). TA—B. Placenticeras intercalare Meek (UMUT MM 18214; X0.26).
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whorls but then increases abruptly. D parameters
of other species are almost constant throughout
growth (ca. 0.3—0.5) and larger than in Hypo-
phylloceras and most desmoceratids at the same

| Hypophylloceras subramosum
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growth stage. Two scaphitids possess extremely
large D parameters in the adult stage. In every
species examined, parameter S tends to decrease
with age (Figure 5). At the same stage, it is

1) Damesites semicastatus
12 Damesites sugata

13 Desmophyliites diphylioides

14 Neopuzosia Ishikawal ADULT
15 Subprionocyclus dravaisianus STAGE
16 Subprionocyclus neptuni
17 Reesidites minimus
ADULT
P sTAGE

0.1 [DPHYLLOCERATACEAE g
A LYTOCERATACEAE DE,
OO SCAPHITACEAE &
O DESMOCERATACEAE
OACANTHOCERATACEAE

u L 1 1 1 L 1 1 1 1
1 1.5 2 25 3 35 4 4.5 5
WHORL NUMBER
Figure 4. Ontogenetic change of the parameter D in relation to whorl number for

seventeen ammonite species. Sample mean at each stage is plotted for every species. In the
third to fifth whorls, D parameters of the Phyllocerataceae and most Desmocerataceae are

much smaller than those of other superfamilies.



smallest in the species of the Phyllocerataceae
and the Acanthocerataceae, intermediate in the
Desmocerataceae, and largest in the Lytocera-

taceae and the

of parameter F also varies greatly among the
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species examined (Figure 6). It increases rapidly
with age in Hypophylloceras or slowly in Tetra-
gonites, Gaudryceras and Reesidites. F parameters

Scaphitaceae. Ontogenetic change of most desmoceratids are relatively large (ca.
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Figure 5. Ontogenetic change of the parameter S in relation to whorl
number for seventeen ammonite species. Sample mean at each stage is plotted
for every species. In every species S decreases with age, but the interspecific
variation at the same whorl stage is fairly large.

0.30) and remain almost constant during onto-
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geny. The only exception is Neopuzosia ishikawai

" with F gradually decreasing.
Intra- and interspecific variation—Shell shape
variation in the species examined is summarized
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0.45
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in two sets of S-D and W-F diagrams at different
growth stages (Figures 7—8). In every species,
intraspecific variation of geometric parameters
is larger in the early stage than in the later stage.
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Figure 6. Ontogenetic change of the parameter F in relation to whorl number for
seventeen ammonite species. Sample mean at each stage is plotted for every species. Wide
interspecific variation can be observed among the species examined at the same whorl stage.
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Variation of the geometric parameters at the end of the first whorl in seventeen ammonite

species. Sample mean and two standard deviations (horizontal and vertical lines) are indicated for each species.
The two figures indicate similarity in juvenile shell morphology among the Cretaceous ammonites.

The species examined do not show significant
differences in juvenile shell morphology (Figure
7). In contrast, they show a large interspecific
variation in the later growth stage (Figure 8).
The coefficients of variation of parameters S and
D at the fourth whorl stage are usually largest in
the Acanthocerataceae and Scaphitaceae, inter-
mediate in the Lytocerataceae, and smallest in
the Phyllocerataceae and Desmocerataceae, at
least for the samples examined (Table 2). Geo-
metric parameters of adult Placenticeras inter-
calare and Hypophylloceras subramosum are
very similar to those of Nautilus pompilius
(Figure 8).

Discussion

This study demonstrates that the shells of
Cretaceous ammonite species examined differ
in coiling at all ontogenetic stages. Coefficients
of variation of parameters at a given growth

stage also vary greatly among these species (Table
2). Interspecific difference in the sample mean is
especially conspicuous for parameters S, D and
F. Based on these observations we consider the
morphologic adaptations of the high variation in
shell geometry. Truly remarkable intraspecific
variability has been recognized in many near-
shore-type Acanthocerataceae and Hoplitaceae,
such as in species of Acanthoceras (Kennedy and
Hancock, 1970), Collignoniceras (Kennedy et al.,
1980), Pseudotissotia and Wrightoceras (Hirano,
1983), and Neogastroplites (Reeside and Cobban,
1960). In contrast, shell shape variation is much
smaller in the offshore-type ammonites investi-
gated such as Gaudryceras (Hirano, 1975, 1978)
and Tetragonites (Y. Shigeta’s unpublished data).
Two major adaptive strategies have been con-
sidered for the function of ammonite external
shell morphology: (1) protective (defensive) in
thickshelled whorls with spines or prominent
ribs preventing shell breakage by predators
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Figure 8. Variation of the geometric parameters at the middle of the fifth whorl in seventeen ammonite

species. Data of adult shells of three ammonite species (nos. 18—20) and Nautilus pompilius are also indicated
for comparison. Sample mean and two standard deviations (horizontal and vertical lines) are indicated for each
species. Intraspecific variation of parameters S and D is especially small in the Phyllocerataceae and the Des-
mocerataceae. Hypophylioceras (no. 1), Placenticeras (no. 20) and modern Nautilus (no. 21) possess similar

geometric parameters.

(Westermann, 1971; Ward, 1980) and (2) hydro-
mechanical for increasing swimming ability
(Chamberlain, 1976, 1981; Chamberlain and
Westermann, 1976). These two strategies are
largely exclusive because hydromecanical ef-
ficiency decreases as the external ornament be-
comes more prominent (Kummel and Lloyd,
1955; Chamberlain and Westermann, 1976;
Chamberlain, 1981). Quantitative analysis of the
relations between shell geometry and drag coeffi-
cients in the ectocochiliate cephalopod shells
has been done by Chamberlain (1976, 1981). He

used cephalopod scale models with round-whorl
sections (S = 1) and smooth surfaces, and meas-
ured drag coefficients acting on the shells at
various water velocities. For aquatic animals the
drag force acting on a swimming body can be
approximated by the following equation.

Dp = 1/2[) V24 CD,
where Dg is drag force, p is fluid density, V is

swimming velocity, 4 is equivalent to a body size
(shell size in this case), and Cp is the drag coef-
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Table 2. Coefficients of variation of the geometric parameters at the middle of fifth whorl in the seventeen ammonites

and Nautilus pompilius.
Species Geometric parameters
174 S D F

Phyllocerataceae

Hypophylloceras subramosurmr 4.79 5.00 7.44 5.19
Lytocerataceae

Tetragonites glabrus 5.04 4.17 7.10 6.17
Tetragonites popetensis 4.48 5.00 7.37 5.13
Gaudryceras denseplicatum 1.53 3.73 7.33 5.98
Scaphitaceae

Scaphites planus 15.34 8.18 15.59 12.45
Otoscaphites puerculus 8.03 4,31 9.88 10.14
Desmocerataceae

Desmoceras japonicum 4.57 2.45 8.21 9.89
Tragodesmoceroides subcostatus 6.20 3.05 7.76 8.68
Damesites ainuanus 4.18 5.98 8.67 8.45
Damesites damesi 9.36 3.57 5.72 4.28
Damesites semicostatus 5.73 3.37 7.18 7.55
Damesites sugata 7.53 6.95 7.62 3.33
Desmophyllites diphylloides 3.65 3.12 4.38 5.94
Neopuzosia ishikawai 3.36 5.42 9.99 6.60
Acanthocerataceae

Subprionocyclus bravaisianus 13.66 23.40 8.33 8.78
Subprionocyclus neptuni 9.56 13.85 8.68 10.85
Reesidites minimus 7.97 12.31 7.12 11.58
Nautilaceae %
4.01 3.87 18.62 6.91

Nautilus pompilius

* Umblicus is covered by callus.

ficient (Chamberlain, 1976). If we consider that
the fluid density of seawater and shell size are
constant, the above equation is rewritten as
follows.

V=4 ZDF/CD

Assuming that D¢ is constant, V increases as Cp
decreases. Thus, Cp is an index of a shell’s
hydrodynamic efficiency (Chamberlain, 1976).

Chamberlain (1976, 1981) has demonstrated
experimentally that at the same shell size Cp
varies greatly with geometry. Cp decreases as
either W, D or § decrease. S causes the most
pronounced changes in Cp, and the degree of
shell compression should be a key factor in

cephalopod adaptive design. The effect of F on
Cp was not demonstrated, but Chamberlain
(1980) suggested that within a suite of low S
shells, lower drag coefficients will occur when W
and D are low, and F is high.

Hydromechanically efficient cephalopod shells
are high-shouldered, involute shells (Chamberlain,
1981). Qur adult shells of Hypophylloceras sub-
ramosum (W = 2.8, 8§ = 0.6, D = 0.1, F=0.4;
Figures 2-6 A—B) and Placenticeras intercalare (W
=2.7,5=0.5,D=0.1, F=0.5; Figures 2-7A—B)
are closely allied to this morphotype. The shell
shape rather resembles that of N. pompilius,
whose drag coefficient (in 30° attitude) is 0.48
(Chamberlain, 1976), and a similar or smaller
drag coefficient is indicated for the adult stage.



176 Kazushige TANABE and Yasunari SHIGETA

Seven desmoceratines also have relatively low D
and high F, but their § parameters are large (ca.
1.0), at least for the fourth and fifth whorls.
In the adult stage (six whorls; 100 mm shell
diameter) the whorls of Damesites semicostatus
are narrowly umblicate and strongly compressed
(low S) with a prominent keel (see Figures
2-5A—B). This implies that the shell of this
species tends to be well streamlined. Shells of the
three lytocerataceans (Figures 2-4A—B) may
be compared with the model no. 26 of Chamber-
lain (1976, table 1). The shells of the three
collignoniceratids, Subprionocyclus bravaisianus,
S. neptuni and Reesidites minimus, are fairly
compressed (§ = 0.6—0.7 at fourth to fifth
whorls), but D is large. These Turonian collig-
noniceratids are very closely interrelated, and
possibly belong to a single clade (Matsumoto,
1965; Reyment, 1975, 1982; Obata et al., 1979).
The oldest species, the middle Turonian Sub-
prionocyclus bravaisianus (Figures 2-2A—B), has
larger D and S than the latest, the late Turonian
R. minimus. The middle to late Turonian S.
neptuni has intermediate values. In correspond-
ence to this, surface ornament (tubercles and
ribs) tends to weaken from S, bravaisianus to
R. minimus. As Obata et al. (1979) have briefly
mentioned, these trends of shell form and orna-
mentation can be interpreted as adaptation to
increasing hydromechanical efficiency. Two
species of Yubariceras possess robust depressed
shells, with a pair of five rows of tubercles
(Figures 2-1A—B). The large S (ca. 1.1) and small
F (ca. 0.2) parameters and the coarse omamenta-
tion suggest that both species were poor swim-
mers. The coiling parameters in the immature
stage of scaphitids are similar to those of normal-
ly coiled species, but possess extremely large
parameters W (ca. 4.0) and D (ca. 0.5) at matu-
rity (Figures 2-3A—B). Their shell type cor-
responds to Chamberlain’s (1976, Table 1) model
no. 29, whose drag coefficient is 0.81. These
lines of evidence suggest that the scaphitids
changed their way of life during ontogeny. In
all probability, they abandoned an active mode
of life at maturity (Tanabe, 1977).

In conclusion, the results of this study indi-

cate a wide variety of hydromechanical adapta-
tions among Cretaceous ammonites confirming
the conclusion of previous authors (e.g. Raup
and Chamberlain, 1967; Ward, 1980, 1983;
Chamberlain, 1981; Saunders and Swan, 1984)
based on W-D analysis of many ammonites and
nautiloids. According to Chamberlain’s W-D
contour maps (1981, figs. 18—19), the range of
the morphologic variation of the Ammonoidea
is much wider than that of the Nautiloidea.
Furthermore, the range of geometric variation in
the Mesozoic Ammonoidea is wider than in the
Paleozoic, and the main adaptive peak shifts
larger D values. In our material, the W and D
values of the seven desmoceratines, Hypophyllo-
ceras subramosum, and the well-streamlined
Placenticeras intercalare all plot near the adaptive
peaks of the post-Jurassic Nautilida and the
Paleozoic Ammonoidea in the diagrams of
Chamberlain (1981, figs. 18—19). W and D data
of the other species resemble those of the com-
mon Jurassic-Cretaceous ammonites (Ward, 1980,
figs. 3—4; Chamberlain, 1981, fig. 19). Coarsely
ornamented planispiral ammonites with robust
ribs, spines and tubercles became very common
in the early Cretaceous, and during the middle to
late Cretaceous the number of heteromorph and
strongly ornate species comprised more than 50%
of the total species (Ward, 1981, 1983, 1986).
Most of these morphotypes had larger D and S
parameters than streamlined shells (Figure 2;
Ward, 1980). Ward (1981) speculated that the
increase of coarsely ornamented species in the
Cretaceous was a defensive adaptation against
shell-crushing predators. In the Upper Cretaceous
of Hokkaido, occurrences of coarsely ornated
ammonites such as acanthoceratids and collig-
noniceratids are resiricted to the nearshore,
coarse-grained lithofacies (Tanabe, 1979). Com-
plete preservation of the aperture and clustered
occurrences at a single locality supports the auto-
chthonous origin of these fossil assemblages
(Tanabe et al., 1978; Tanabe, 1979). This sup-
ports the predation interpretation. We believe
that most heavily ornamented ammonites were
poor swimmers, and that their possible mode of
life was mobile benthic or nektobenthic. Con-
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cerning the paleoecology of heteromorphs,
opinions remain divided; some believe that they
were planktonic (Trueman, 1941; Ward, 1976,
1979; Ward and Westermann, 1977), other that
they were benthic (Scott, 1940; Ziegler, 1967,
Tanabe et al., 1981). The former interpretation
is based mainly on the hydrostatic properties of
the shells, and the latter on field occurrence. The
mode of coilings and ornamentation in the
Cretaceous heteromorphs are, however, quite
variable, and a single mode of life may not have
applied to all groups. Heteromorphs with weakly
ornamented and straight shells (e.g. Baculites)
probably could swim, while the presence of dif-
ferent coiling modes during ontogeny in some
nostoceratids (e.g. Eubostrychoceras and Mada-
gascarites) suggest the loss of swimming ability,
even if they were neutrally buoyant (personal
communication with T. Okamoto). Further data
on comparative morphology, anatomy and field
occurrence are needed to clarify the above pro-
blem.

Acknowledgments

We thank John Chamberlain Jr. and Bruce
Saunders for critical reading of the first draft,
Peter Ward, Gerd Westermann and Roger Herwitt
for helpful discussions. We also appreciate Shozo
Hayasaka and James Welch for providing shells
of Nautilus and Placenticeras for this study. This
work was supported by a Grant-in-Aid for
Scientific Research from the Japanese Govern-
ment (no. 61480028 in 1986—1987).

References cited

Bayer, U. and McGhee G. R. Jr. (1984): Iterative evolu-
tion of Middle Jurassic ammonite faunas. Lethaia,
vol. 17, p. 1-16.

Chamberlain, J. A. Jr. (1976): Flow patterns and drag
coefficients of cephalopod shells. Palaeontology,
vol. 19, p. 539-563.

——(1981): Hydromechanical design of fossil cephalo-
pods. p. 289-336. /n: House, M. R. & Senior, J. R.
(eds.): The Ammonoidea. Academic Press, London
& New York.

—— and Westermann, G. E. G. (1976): Hydrodynamic
properties of cephalopod shell ornament. Paleo-

biology, vol. 2, p. 316—331.

Hirano, H. (1975): Ontogenetic study of late Cretaceous
Gaudryceras tenuiliratum. Mem. Fac. Sci., Kyushu
Univ., Ser. D.,vol. 22, p. 165-192, pls. 24-26.

——(1978): Phenotypic substitution of Gaudryceras (a
Cretaceous ammonite). Trans. Proc. Palaeont. Soc.
Japan, N. S., no. 109, p. 235-258, pls. 33-35.

——(1983): Revision of two vascoceratid ammonites
from the Upper Cretaceous of Nigeria. Bull. Sci.
Engineer. Res. Lab., Waseda Univ., no. 105, p. 44—
79, pls. 1-5.

Jordan, R. (1968): Zur Anatomie mesozoischer Am-
moniten nach den Strukturelementen der Gehiuse-
Innenwand. Beih. Geol. Jahrb., vol. 77, p. 1-64,
pls. 1-10.

Kant, R. (1977): Die Integrationskonstante im allo-
metrischen Wachstum, eine konstruktionsmorpho-
logische Analyse unter besonderer Beriicksichtigung
des Ammonoideen-Gehauses. V. Jb. Geol. Paliont.
Abh.,vol. 154,p. 263-289.

——and Scheuch, J. (1973): “Knickpunkte” im allome-
trischen Wachstum von Cephalopoden-Gehausen.
Ibid.,vol. 142, p. 97114,

——and (1980): Umstellungen im Gehausebau
jungpaliozoischer Ammonoideen Ein Arbeitskon-
zept. N. Jb. Geol. Paldont. Mh., 1980 (11), p. 673—
685.

Kennedy, W. J. and Hancock, J. M. (1970): Ammonites
of the genus Acanthoceras from the Cenomanian
of Rouen, France. Palaeontology, vol. 13, p. 462—
490, pls. 88-97.

——, Wright, C. W. and Hancock, J. M. (1980): Collig-
noniceratid ammonites from the Mid-Turonian of
England and northern France. Ibid., vol. 23,
p.557—-603, pls. 62-77.

Kullmann, J. and Kant, J. (1970): Wachstums-Anderung-
en in der Ontogenese paliozoischer Ammonoideen.
Lethaia, vol. 3, p. 397—412.

— and (1972): Absolutes und relatives Wachs-
tum bei Ammonoideen. /bid., vol. 5, p. 129-146.

Kummel, B. and Lloyd, R. M. (1955): Experiments on
relative streamlining of coiled cephalopod shells.
J. Paleont.,vol. 29, p. 159-170.

Lehmann, U. (1976): Ammoniten. 171p. Ferdinand
Enke, Stuttgart.

Matsumoto, T. (1942): Fundamentals in the Cretaceous
stratigraphy of Japan. Part 1. Mem. Fac. Sci,
Kyushu Imp. Univ., Ser. D, vol. 1, p. 129-280,
pls. 5-20.

——(1965): A monograph of the Collignoniceratidae
from Hokkaido, Part I. /bid., vol. 16, p. 1-80, pls.

1-18.

Mutvei, H. (1964): Remarks on the anatomy of recent
and fossil Cephalopoda. Stockh. Contr. Geol., vol.
11, p. 79-102.

——and Reyment, R. A. (1973): Buoyancy control
and siphuncle function in ammonoids. Palaeonto-




178 Kazushige TANABE and Yasunari SHIGETA

logy, vol. 16, p. 623-636.

Obata, L, Tanabe, K. and Futakami, M. (1979): Onto-
geny and variation in Subprionocyclus neptuni, an
Upper Cretaceous collignoniceratid ammonite. Bull.
Natn. Sci. Mus., Ser. C (Geol.), vol. 5, p. 51-88,
pls. 1-5.

Raup, D. M. (1966): Geometric analysis of shell coiling:
general problems. J. Paleont., vol. 40, p. 1178—
1190.

——(1967): Geometric analysis of shell coiling: coiling
in ammonoids. Ibid., vol. 41, p. 43—65.

——and Chamberlain, J. A, Jr, (1967): Equations for
volume and center of gravity in ammonoid shells.
Ibid., vol. 41, p. 566—574.

Reeside, J. B. Jr. and Cobban, W. A. (1960): Studies of
the Mowry Shale (Cretaceous) and contemporary
formations in the United States and Canada. Prof.
Pgp., U. S. Geol. Sum., no. 355, p. 1-126, pls.
1-58.

Reyment, R. A. (1975): Analysis of a generic level tran-
sition in Cretaceous ammonites. Evolution, vol. 28,
p-665—-676.

——(1982): Size and shape variation in some Japanese
Upper Turonian (Cretaceous) ammonites. Stockh.
Contr. Geol.,vol. 37, p. 201-214,

Saunders, W. B. and Swan, A. R. H. (1984): Morphology
and morphologic diversity of mid-Carboniferous
(Namurian) ammonoids in time and space. Paleo-
biology, vol. 10, p. 195-228.

Schmidt, H. (1930): Uber die Bewegungsweise der
Schalencephalopoden. Paldont. Z.,vol. 12, p. 194—
208.

Scott, G. (1940): Paleoecological factors controlling the
distribution and mode of life of Cretaceous am-
monoids in the Texas area. J. Paleont., vol. 14, p.
299-323.

Stirmer, W. (1970): Soft parts of cephalopods and
trilobites: some surprising results of X-ray ex-
aminations of Devonian slates. Science, vol. 170,
p. 1300-1302.

Tanabe, K. (1977): Functional evolution of Otoscaphites
puerculus (Jimbo) and Scaphites planus (Yabe),
Upper Cretaceous ammonites. Mem. Fac. Sci.,
Kyushu Univ., Ser. D, vol. 23, p. 367-407, pls.
62-64.

——(1979): Palaeoecological analysis of ammonoid
assemblages in the Turonian Scaphites facies of
Hokkaido, Japan. Palaeontology, vol. 609—630.

— (1985): Record of trapping experiment. p. 10—-17.
In: Hayasaka, S. (ed.): Marine ecological studies on

the habitat of Nautilus pompilius in the environs of
Viti Lebu, Fiji. Kagoshima Univ. Res. Center for S.
Pacific, Occasional Paps., no. 4.

——, Hirano, H., Matsumoto, T. and Miyata, Y. (1977):
Stratigraphy of the Upper Cretaceous deposits in
the Obira area, northwestern Hokkaido. Sci. Rep.
Dept. Geol. Kyushu Univ., vol. 12, p. 181-202
(in Japanese with English abstract).

——, Obata, I. and Futakami M. (1978): Analysis of
ammonoid assemblages in the Upper Turonian of
the Manji area, central Hokkaido. Bull. Natn. Sci.
Mus., Ser. C (Geol.).,vol. 4,p.37—-62,pl. 1.

_, and (1981): Early shell mor-
phology in some Upper Cretaceous heteromorph
ammonites. Trans. Proc. Palaeont. Soc. Japan, N.
S.,no. 124, p. 215-234, pls. 35-38.

Trueman, A. E. (1941): The ammonite body-chamber,
with special reference to the buoyancy and mode
of life of the living ammonites. Q. J. Geol. Soc.
Lond.,vol. 96, p. 339-383.

Ward, P. D. (1976): Upper Cretaceous ammonites
(Santonian-Campanian) from Orcas Island, Washing-
ton. J, Paleont., vol. 22, p. 609—-630, pl. 1.

——(1979): Functional morphology of Cretaceous
helically-coiled ammonite shells, Paleobiology, vol.
5,p.415-422,

——(1980): Comparative shell shape distributions in
Jurassic-Cretaceous ammonites and Jurassic-
Tertiary nautiloids. Ibid., vol. 6, p. 32—43.

——(1981): Shell sculpture as a defensive adaptation in
ammonoids. Ibid., vol. 7, p. 96—-100.

——(1983): The extinction of the ammonites. Sci.
Amer.,vol. 249, p. 136-147.

——(1986): Cretaceous ammonite shell shapes. Mala-
cologia, vol. 27, p. 3-28.

—— and Westermann, G.E. G. (1977): First occurrence,
systematics, and functional morphology of
Nipponites (Cretaceous Lytoceratina) from the
Americas. J. Paleont., vol. 51, p. 367—372, pl. 3.

Westermann, G. E. G. (1966): Covariation and taxo-
nomy of the Jurassic ammonite Sonninia adicra
(Waagen). N. Jb. Geol. Paliont. Abh., vol. 4, p.
389-412,

——(1971): Form, structure and function of shell and
siphuncle in coiled Mesozoic ammonoids. Life Sci.
Contr., Royal Ontario Mus., no. 78, p. 1-39.

Ziegler, B. (1967): Ammoniten-Okologie am Beispiel
des Oberjura. Geol. Rundschau, vol. 56, p. 439—
464.




837. Ammonite Shell Variation and Streamlining

HER7 v 2341 P EEOREBICHSBVER L FHRDR  tEEEORM[ERL7 v 21
FITREOBEAEAY AT, RECHEIBB T A —20B{L ¥ BRI L, RF LS
A—213, RaupiC X » THRIBIASERBER (W), BREHEER D), RROFICHTH4E
Ol (S), HIEOBEMERE (F) ©42THB, ThbHD5H, D, SHITF I, B
BlekEl VS, RECHE-TAEI( RS L5 10ied, RELMKIE, REEMBOSZ LV 74 =
23 ABBCF AT LT ABHOMTILSRDINEL, 2OXhLDOEAERML /I, ¥
i, BEEMOELWT H Y b7 AGPH/PRAWEBOR S 7 4 FAHOFTIL, S, DizkEL,
ZhHOMNERIIZAE Y, EDHBARROZKRTIE, S, DRHBRHRZKEHEEL, £
AHEOPEVERBMOEI NS WHAREEFE O Laibh o T b, —HRR\WRIRiNL, HikR
BHRIZIE< A FATLHBECHTAYEE LTHRNTH - EELLRS, DI &M
5, QAT vEF VHECRDHLRARBOKERERIL, SWIEBRR ENE LETH
BArREMLTWA LHERIRS, B —ae - EEBER

179



