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ABSTRACT

Scaphites are a group of Late Cretaceous het-
eromorphic ammonites in which the final body
chamber partially uncoils, thereby marking the at-
tainment of the adult stage. This distinctive change
in shape permits unequivocal separation of vari-
ation due to developmental stage from phenotypic
variation among adults. In the Western Interior
of North America, scaphites are represented by a
wide diversity of endemic species. Many of these
species are abundant and well preserved and,
therefore, are especially suitable for a detailed in-
vestigation of ontogenetic development. I studied
the ontogeny of several species of Turonian-San-
tonian scaphites in the genera Scaphites, Cliosca-
phites, and Pteroscaphites, utilizing both whole
fossils and polished sections. The study of their
ontogeny bears on the questions of scaphite sys-
tematics and morphological development, and
ammonite life history in general.

The initial whorls of scaphites, as in other am-
monites, consist of a bulbous protoconch and part
of a planispiral whorl (referred to as the ammoni-
tella). The ammonitella displays a uniform tuber-
culate micro-ornamentation extending 0.75 whorls
to a depression (primary constriction) after which
growth lines appear. The shell wall is prismatic in
microstructure and nacre first appears at the con-
striction where it forms an internal pad (primary
varix). These morphological observations support
a scheme of direct development in which the con-
striction marks the aperture of the embryonic shell.
Preserved ammonitellas of Scaphites ferronensis
and Baculites cf. B. asper, B. codyensis suggest that
hatching may have occurred after the development
of the proseptum. In scaphites, the proseptum dis-
plays a unique necklike attachment that appears
as a superimposed saddle on the prosuture. The
caecum and its prosiphonal attachment are similar
among all the species studied. The diameter of the
embryonic shell averages 700 um and ranges from
approximately 600 to 800 um. The ammonitella
angle averages 270°, which is similar to the angular
length of the juvenile body chamber. Unlike mod-
ern Nautilus, the embryonic shell is comparable
in size to the young of many Recent dibranchiate
cephalopods and may have followed a planktonic
mode of life immediately after hatching.

The juvenile shell conforms to a logarithmic
spiral but exhibits a conspicuous change in mor-
phology at approximately 3-4 mm diameter cor-
responding to two whorls from the primary con-
striction. The change involves modifications in the
growth patterns of the umbilical diameter and spi-
ral radius and coincides with the first appearance
of macro-ornamentation. It also corresponds to a
minimum in septal spacing and the attainment of
a stable, ventral position of the siphuncle. These
changes may indicate a transition from a passive
planktonic to a more active mode of life. Similar
morphometric changes occur in many other am-
monites at this approximate size and whorl num-
ber and may represent a common developmental
pattern. In micromorph scaphites of the genus
Pteroscaphites, this whorl size coincides with the
initiation of an accelerated maturity. Asin modern
Nautilus, the period of septal secretion in scaphites
and other ammonites was probably dependent on
the rate of apertural growth and buoyancy require-
ments rather than external astronomical rhythms.
The period may also have displayed an increase
over ontogeny, although the absolute rate of growth
is unknown.

Maturity is expressed by the development of an
uncoiled body chamber, although the degree of
uncoiling varies widely among species. Interspe-
cific comparisons are therefore facilitated by ex-
amination of the more similarly shaped phrag-
mocones. Within species, histograms of adult
phragmocone diameter form unimodal distribu-
tions although a well-marked sexual dimorphism
appears in many species. The ratio of maximum
to minimum phragmocone diameter ranges from
1.7 in S. preventricosus to 4.6 in S. carlilensis. The
diameter of the adult phragmocone and the num-
ber of postembryonic whorls exhibit a positive
correlation within and among species. The adult
size and the extent to which the mature body
chamber uncoils also covary within and among
species. Evolutionary changes in size, with con-
comitant changes in the timing of sexual matu-
ration, may thus explain interspecific variation in
the degree of mature uncoiling.

INTRODUCTION

Scaphites are heteromorphic ammonites:
the shape of their shell changes markedly dur-
ing growth. Their final body chamber par-
tially uncoils, but remains in the same plane

of growth and reflexes hooklike upon the ear-
lier secreted phragmocone. Although scaph-
ites, like other externally shelled molluscs,
preserve in their shells a record of their on-
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togeny, this ultimate change in shape reflects
determinate growth and provides a conspic-
uous criterion for comparative study. The
uncoiling of the final body chamber is inter-
preted as the attainment of maturity and, in-
deed, in many species, the hooklike recur-
vature brings the aperture so closely against
the phragmocone that further growth is clear-
ly precluded. This morphologic change facil-
itates ontogenetic study and permits un-
equivocal separation of variation due to
disparity in developmental stage from phe-
notypic variation among adults. This dis-
tinction is fundamental to scaphite system-
atics.

Scaphitid ammonites occur on all conti-
nents except Antarctica but display a con-
centration of species in the Northern Hemi-
sphere. They range in age from the latest
Albian to the latest Maastrichtian and are
among the last ammonites to become extinct.
In the Western Interior of North America,
they are represented by a wide diversity of
species ranging in age from the latest Ceno-
manian to the late Maastrichtian, a period of
approximately 35 million years.

This study is based on the scaphite species
endemic to the Western Interior during Tu-
ronian-Santonian time, which is also known
regionally as middle and late Coloradoan age
(Cobban, 1951). This interval equals ap-
proximately 6 million years ranging from 89
to 83 my B.P. (Obradovich and Cobban,
1975; Kaufmann, 1979). More than 50 species
occur constituting four different genera: Sca-
phites, Clioscaphites, Desmoscaphites and
Pteroscaphites. Pteroscaphites, distinguished
as a separate genus by Wright (1953), consists
of rare micromorph species with apertural
lappets. Cobban (1951) illustrated and de-
scribed all these species, documented their
biostratigraphic zonation, and discussed their
phylogenetic relationships based on their
ranges and adult morphology.

These Turonian-Santonian scaphites ex-
hibit a broad geographic distribution within
the Western Interior, ranging from New Mex-
ico to Montana and from Wyoming to Green-
land. Their distribution reflects the configu-
ration and environment of the epeiric seaway.
The most fossiliferous sections occur along
the periphery of the Black Hills in Wyoming
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and South Dakota and on the Sweetgrass arch
in north-central Montana (figs. 1, 2; Cobban,
1951, 1956; Cobban et al., 1959, 1976; Rice
and Cobban, 1977). In the Black Hills region
these formations include the top of the
Greenhorn Limestone and the Carlile Shale,
yielding the sequence of species from S. del-
icatulus to S. corvensis of Turonian age. S.
ferronensis is absent here but occurs else-
where in Wyoming, Utah, and New Mexico
between the ranges of S. warreni and S. whit-
Sfieldi. On the Sweetgrass arch, scaphites are
abundant in the Marias River Shale starting
with S. nigricollensis and including most of
the Coniacian and Santonian species. S. de-
pressus, which occurs between the ranges of
S. ventricosus and C. montanensis, is absent
here but occurs just west of the Sweetgrass
arch in the Glacier Park area (Cobban et al.,
1958) and in the Cody Shale of the Bighorn
Basin, Wyoming. The fauna associated with
these species is predominantly molluscan and
includes many bivalves and gastropods as well
as many other ammonites such as Colligno-
niceras, Prionocyclus, and Baculites, another
common heteromorph.

In addition to their abundant spatial and
temporal distribution, many of these scaph-
ites are beautifully preserved, retaining their
original aragonitic shell, and therefore, lend
themselves to a detailed investigation of on-
togenetic development. This investigation
had three aims. (1) Description of the ontog-
eny of individual species to supplement sys-
tematic descriptions that have been based
mostly on adult morphology. I examined
many characters and their ontogenetic trans-
formations, thereby providing a firmer basis
for the construction of testable hypotheses of
evolutionary descent. Morphologic compar-
ison with other ammonites also indicated
character states unique to scaphites that could
be used to establish monophyly. (2) Study of
the developmental or morphological con-
straints in scaphitid ontogeny. For example,
does the size of the embryonic shell influence
the size of the mature conch? How do changes
in one morphologic feature correlate with
changes in others during the course of on-
togeny? (3) Study of the patterns of ontogeny
among species to reveal similarities in de-
velopment and mode of life. The identifica-
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Fig. 2. Age distribution of “Coloradoan” (Turonian-Santonian) scaphites in the Western Interior of

North America.

tion of developmental stages provides ho-
mologous points of comparison and facilitates
study of the mechanisms of developmental
modification. Such changes are not always
confined to the adult, but often appear in
early ontogeny and affect the whole course of
subsequent development.

Two approaches were used to study on-
togeny. The first involved examination of the
preserved ontogenetic record of mature in-
dividuals to reconstruct the pattern of growth
at earlier stages. Shells were broken down or
sectioned to expose the embryonic or juve-
nile whorls. The second approach relied on
specimens preserved intact at various stages
of development. Such specimens yield unique
information not recoverable using the first
approach. Both approaches are mutually
reinforcing, of course, and were used
throughout my study.

Specimens of various scaphite species were
collected in South Dakota, Wyoming, and
Montana and were supplemented by gener-
ous loans of specimens from W. A. Cobban
(United States Geological Survey, Denver,
Colorado). The locality and stratigraphic data
for these specimens are described in the ap-
pendix (fig. 1). I concentrated on four species
of scaphites that comprised the most abun-
dant and well-preserved specimens: S. lar-

vaeformis from the middle Turonian, S. whit-
fieldi from the upper Turonian, S. pre-
ventricosus from the lower Coniacian, and C.
vermiformis from the middle Santonian.
The study of the ontogeny of these four species
was frequently supplemented by the study of
other scaphite species and Baculites. Illus-
trated specimens are reposited in the Yale
Peabody Museum (YPM) and the American
Museum of Natural History (AMNH).

Measurements of morphology were made
on whole fossils and polished sections. Ap-
proximately 1000 median and dorsoventral
sections were prepared for examination. I
measured several parameters including whorl
height, whorl width, cross-sectional area,
umbilical diameter, siphuncular diameter,
septal number, septal spacing, spiral radius,
protoconch diameter, protoconch width, am-
monitella angle, and ammonitella diameter.
Suture patterns were not described because
they are well illustrated in Cobban (1951) and
will be examined in detail in a future study.
Data were interpreted using several statistical
tests including F-tests to evaluate similarities
in the variances of the measured parameters,
Student’s t-tests to compare means, and
Z-tests to determine positive or negative al-
lometry. Linear regressions were also calcu-
lated using least squares.



1987

This paper is organized into seven parts
covering embryonic development, early
postembryonic growth, and maturity. The
micromorphs are treated in a separate section
near the end. This section is followed by the
conclusions and a systematic description of
the four scaphite species most closely studied.
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EMBRYONIC DEVELOPMENT

BAsic TERMINOLOGY

The early whorls of scaphites, other het-
eromorphs, and more normally coiled am-
monites are similar in morphology and are
referred to as the ammonitella (fig. 3; Dru-
schits and Khiami, 1970; Druschits et al.,
1977a; Tanabe et al., 1981). Any deviation
in structural plan during the course of on-
togeny occurs only after the formation of the
ammonitella. It consists of a spheroidal or
ellipsoidal initial chamber called the proto-
conch followed by approximately one pla-
nispiral whorl (fig. 3). This whorl terminates
in the primary constriction and accompa-
nying varix, which consists of a thickening
of the outer wall. Internally, septa subdivide
the shell into chambers. The first septum is
called the proseptum and differs in shape from
all subsequent septa. The siphuncle, a secre-
tion of the posterior part of the body, runs
through all of the chambers. The siphuncle
originates in the protoconch as a small swell-
ing, known as the caeccum, which is attached
to the protoconch walls by means of prosi-
phonal sheets.

EXTERNAL APPEARANCE OF THE
AMMONITELLA

Under scanning electron microscopy, the
ammonitellas of the Turonian-Santonian
scaphites from the Western Interior display
a consistent distribution of tuberculate sculp-
ture (fig. 4). The scaphite species examined
were S. whitfieldi, S. preventricosus, C. ver-
miformis, and P. auriculatus. Similar micro-
ornament has been observed previously on
the ammonitellas of several other ammonite
species. This micro-ornament was first re-
ported on the early whorls of Baculites com-
pressus and described as “minute tubercu-
lations of irregular shape” (Brown, 1892).
Later, J. P. Smith (1901) observed this micro-
ornament on the early coil of another species
of Baculites, B. chicoensis, from the Upper
Cretaceous of California. He wrote that ‘“the
pustules gave the shell a granulated appear-
ance and did not extend beyond the constric-
tion.” W. D. Smith (1905) first documented
this micro-ornament on the early whorls of
scaphites in the species Scaphites nodosus
from the Western Interior of North America.
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Primary
Varix

A B

Fig. 3. A. View of the early whorls (ammo-
nitella) of an adult scaphite showing the proto-
conch (PCH), first planispiral whorl, and primary
constriction (PC). B. Median section of the same
specimen reveals the siphuncle (Si), first septum
or proseptum (1), subsequent septa (Sep), caecum
(C), prosiphon (p), and primary varix.

He noted “regular rows of small pustules. . .
ceasing abruptly at a constriction.” More re-
cently, this micro-ornament has been ob-
served on the ammonitellas of Quensted:-
oceras and Kosmoceras from the Callovian
of Poland (Kulicki, 1979; Bandeletal., 1982);
Discoscaphites conradi, Hoploscaphites ni-
colleti, Hoploscaphites sp. juveniles, and
Sphenodiscus lenticularis from the Maas-
trichtian of the Western Interior of North
America (Bandel et al., 1982); Baculites chi-
coensis from the Campanian of California
(Bandel et al., 1982); and Baculites sp. from
the Campanian and Maastrichtian of north
Jordan (Bandel et al., 1982; Bandel, 1982).
On the Turonian-Santonian scaphites from
the Western Interior, the tubercles are irreg-
ularly distributed over and restricted to the
exposed portions of the ammonitella. They
occur at random and some areas lack tuber-
cles altogether. The distribution of tubercles
is similar among all the species studied. The
tubercles are more subdued on the proto-
conch but this may be an artifact of preser-
vation because the tubercles on the ammo-
nitellas of Hoploscaphites nicolleti and other
species are as prominent on the protoconch
as on the rest of the ammonitella (Bandel et
al., 1982: figs. 1, 2). The tubercles may dis-
appear at the adapical edge of the primary
constriction, within its shallow depression, or
on the narrow extension of the shell adoral
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to the constriction (fig. 4A, B). The subse-
quent shell is smooth and commonly marked
by very fine transverse ridges that probably
represent growth lines (fig. 4A, B).

In well-preserved ammonites, the tubercles
consist of sectors of spherules (Bandel et al.,
1982). In thin sections of the outer wall of
Quenstedtoceras sp. the tubercles display a
spherulitic structure (Kulicki, 1979). In the
Turonian-Santonian scaphites from the
Western Interior, the tubercles appear to be
emergent ends of single large prisms (figs. 4C,
5). Originally, these tubercles may have been
spherulitic, but recrystallization may have
obliterated the structural detail. The height
of the tubercles is approximately 2 um. The
tubercles range in diameter from approxi-
mately 4 to 8 um within and among the species
studied (fig. 4C, D). They are similar in di-
ameter to the tubercles in Baculites but larger
than those in Sphenodiscus and Quenstedtoc-
eras, which average 2 to 3 pym.

The early whorls of other ammonites have
been reported as smooth (Druschits et al.,
1977: 197; Druschits and Khiami, 1970: 27),
although this may be due to the difficulty of
detecting tubercles in thin and polished cross-
sections. However, the diversity of ammo-
nites that display tuberculate micro-orna-
ment indicates that this kind of sculpture is
widespread. On the other hand, Paleozoic
ammonites exhibit at least one other kind of
ornament. House (1965: 87) described the
ornament on the early whorls of the Devo-
nian genus Tornoceras as consisting of “con-
vex evenly spaced lirae” which extend to the
primary constriction where they are replaced
by “biconvex lirae which show a prominent
ventrolateral salient and a deeper, narrower,
ventral sinus.”

STRUCTURE OF THE OUTER WALL
OF THE AMMONITELLA

In the Turonian-Santonian scaphites from
the Western Interior, as in all other ammo-
nites, the wall of the protoconch and first
whorl is prismatic (fig. 5). The wall of the
protoconch ranges in thickness from approx-
imately 1.8 um at its proximal end to ap-
proximately 8.5 um at its distal end. Accord-
ing to Birkelund and Hansen (1974), a new
shell layer appears at the beginning of the first
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Fig.4. Micro-ornament on the ammonitellas of two species of scaphites. A. Clioscaphites vermiformis
(AMNH 43033). The ornamentation extends to the primary constriction. Scale bar = 200 um. B. Close-
up of same specimen. The tuberculate micro-ornamentation ends at the primary constriction and growth
lines appear. Scale bar = 40 ym. C. Close-up of the tubercles on same specimen. Scale bar = 20 um. D.
Close-up of the tubercles on a specimen of Pteroscaphites auriculatus (AMNH 43034). Scale bar = 10
um,

whorl and grows in thickness at the expense
of the protoconch layer, which soon wedges
out. The wall of the first whorl consists of
two sublayers; the inner sublayer is more
coarsely crystalline than the outer sublayer.
Kulicki (1979) has interpreted the outer sub-
layer as the dorsal wall of the next whorl.
The primary varix and accompanying con-
striction occur at the end of the first whorl
(figs. 6, 7). Scanning electron microscopy of
the microstructure of the outer wall of the
ammonitella in scaphites, as in all other am-
monites, reveals a remarkable change at this
point. The prismatic layer forming the first

whorl thins out and beneath it, a pad of nacre
develops, i.e., the primary varix. This feature
has been illustrated in many ammonites in-
cluding Saghalinites wrighti, Discoscaphites
sp., Hypophylloceras (Neophylloceras) groen-
landicum (fig. 5, pl. 2a, Birkelund and Han-
sen, 1974); Eleganticeras elegantulum, Sca-
phites sp., Androgynoceras cf. planicosta,
Spinicosmoceras sp., Aconeceras trautscholdi
(pl. 9, Erben et al., 1969); Kosmoceras sp. and
Quenstedtoceras sp. (pl. 45, Kulicki, 1979)
and Luppovia sp. (Doguzhayeva and Mi-
khailova, 1982).

The primary varix parallels the external
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Fig. 5. Median cross section of a specimen of
Scaphites preventricosus (AMNH 43035) illus-
trating part of the wall of the protoconch (PCH),
caecum (C), prosiphon (p), and two tubercles (T).
Scale bar = 10 um.

constriction and lies close to its adapical side.
Grandjean (1910: 512) called this feature his
“premiére varice” and noted, “The form of
this varix, in median section, varies little: it
is always an abrupt thickening of the shell
accompanied by a more or less marked un-
dulation [author’s translation].” The post-
ammonitella shell which emerges from be-
neath the primary varix is composed of both
prismatic and nacreous layers.

Landman and Waage (1982) have pointed
out that “Some investigators have used the
term primary varix for the depression the
nacreous welt leaves on the steinkern, but this
is a misapplication of Grandjean’s usage and
etymologically an incorrect use of the term
varix (L = dilation, as of a vein).” The term
“varix trace” was introduced by Landman
and Waage (1982) for this depression. It is
not a morphological feature of an ammonite
but rather an impression of one and cannot
be interpreted as a constriction or varix.

The term ‘“‘nepionic” commonly used to
describe both the constriction and accom-
panying varix is derived from the Greek word
for infant and connotes a postembryonic or
larval stage (LLandman and Waage, 1982). The
term was introduced by Hyatt (in Jackson,
1890: 290 footnote) and subsequently used
by Smith (1898, 1901) although neither spe-
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Fig. 6. Schematic diagram of the morphology
near the aperture of the ammonitella. A. Median
cross section of an ammonitella (without septa).
B. Enlargement of the shell wall at the aperture.

cifically applied it to the ammonite constric-
tion or varix. Willey (1897a) in his study of
juvenile Nautilus borrowed the term to de-
scribe a shell feature which he interpreted to
mark the end of the embryonic stage. The
primary constriction and varix occur early in
ontogenetic development and, therefore, I
prefer the descriptive adjective “primary”
which avoids interpretation.

PROSEPTUM AND SECOND SEPTUM

Schindewolf (1954) referred to the initial
two septa in ammonites as the proseptum and

Fig. 7.
at the primary constriction (PC) and accompa-
nying varix (PV) of a specimen of Scaphites pre-
ventricosus (AMNH 43036). The shell wall adoral
of the constriction consists of an outer prismatic
(OP) and inner nacreous layer (NA). Scale bar =
40 um.

Median cross section of the shell wall



1987 LANDMAN: ONTOGENY OF SCAPHITID AMMONITES 127

Fig. 8. A. Fragment of a protoconch dissected from a specimen of Scaphites cf. whitfieldi free of
matrix (AMNH 42899). The proseptum (1), caecum (C), and flange (F) are visible. Scale bar = 100 um.
B. Interior of the protoconch and part of the first whorl of a specimen of S. cf. whitfieldi (AMNH 43037)
showing the proseptum (1), flange (F), proseptal opening, second (2) and third septa (3), and the septal
neck of the second septum. Scale bar = 100 um. C. Interior of the protoconch and part of the first whorl
of a specimen of S. cf. whitfieldi AMNH 42900) showing the proseptum (1), flange (F), opening of the
proseptum with its necklike attachment (arrow), and the second septum (2). Scale bar = 100 um. D.
View into the interior of the protoconch and part of the first whorl of a specimen of S. cf. whitfieldi
(YPM 6240) reveals the proseptum (1), part of its necklike attachment (upper arrow), and the ventral
traces of the second (2) and third (3) septa. Note that the second septum only intersects the proseptum
at the extreme lateral margins (middle arrow). A prismatic ridge occurs at the base of the proseptum
(lower arrow). Scale bar = 10 um.

primary septum, respectively. According to  They observed nacre in the third septum and
Erben et al. (1969), the proseptum and the therefore called it the first nacroseptum.
primary septum are prismatic in the Jurassic =~ Landman and Bandel (1985) also docu-
genera Xipheroceras, Androgynoceras, Ele- mented that the proseptum is invariably pris-
ganticeras, Quenstedtoceras, and Paviovia. matic. However, they indicated that the pri-
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Fig. 9. A. Close-up of the specimen of Scaphites cf. whitfieldi illustrated in figure 8C reveals the
opening of the proseptum (1), flange (F), and the necklike attachment of the proseptum (middle arrow).
A groove (lower arrow) occurs around the opening of the proseptum. Prismatic attachment deposits
(upper arrow) of the siphuncle occur on the necklike attachment of the proseptum. Scale bar = 40 ym.
B. View from the first whorl looking back into the protoconch of a specimen of S. cf. whitfieldi (AMNH
42901). The proseptum (1) and its necklike attachment (left arrow) are visible. The second septum (2)
with its prochoanitic septal neck (right arrow) appears in the foreground. Scale bar = 40 yum. C. The
proseptum (1) and part of its necklike attachment in the same specimen of S. cf. whitfieldi illustrated in
figure 9B. Prismatic attachment deposits (arrow) occur on the necklike attachment of the proseptum.
Scale bar = 20 um. D. Close-up of the specimen illustrated in figure 9B and C reveals a groove (arrow)
around the opening of the proseptum (1). Scale bar = 10 um.

._._)
Fig. 10. Five serial sections of the same specimen of Scaphites preventricosus (AMNH 42902) pre-
pared parallel to the median plane. A. The most lateral section shows the proseptum (1), flange (F), and
first nacreous septum (2). Scale bar = 20 um. B, In this section the necklike attachment (arrow) of the
proseptum (1) begins to develop. Scale bar = 20 um. C. In this section the proseptum (1) and its necklike
attachment (arrow) display an incipient separation. Scale bar = 20 um. D. In the next to last section,
the proseptum (1) has opened to reveal part of the caecum (C). The necklike attachment (arrow) of the
proseptum is still unbroken. Scale bar = 20 um. E, The final median section reveals the flange (F),
caccum (C), siphuncle (S), proseptum (1), necklike attachment of the proseptum (left arrows), and the
second septum (2) with its septal neck (right arrows). Scale bar = 20 um. F. Close-up of the dorsal part
of the proseptum (1) reveals the flange (F), necklike attachment of the proseptum (upper arrow), caecum
(O), siphuncle (S), and additional prismatic attachment deposits of the caecum and siphuncle (lower
arrows). Scale bar = 20 um (from Landman and Bandel 1985).
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Fig. 11.
imen of Clioscaphites vermiformis (AMNH 43200)
prepared parallel to the median plane. A. The most
lateral section shows the proseptum (1), flange (F),
necklike attachment (arrow) of the proseptum, and
first nacreous septum (2). Scale bar = 10 um. B.
In this section the proseptum (1) and the necklike

Three serial sections of the same spec-

VOL. 185

mary septum is already nacreous in
Quentstedtoceras, Kosmoceras, Euhoplites,
Baculites, Hypacanthoplites, and Scaphites
and allied genera. To avoid nomenclatural
confusion, they simply referred to these ini-
tial septa in numerical sequence starting with
the proseptum as the first septum. All septa
may exhibit additional prismatic deposits
which have been termed false septal necks
(Birkelund and Hansen, 1974), cuffs (Dru-
schits et al., 1977a), auxiliary deposits (Ku-
licki, 1979), and prismatic attachment de-
posits (Bandel, 1982). These serve to attach
the caecum or siphuncle to the septa.

The structural arrangement of the first few
septa in scaphites is difficult to resolve from
thin sections alone. However, specimens of
Scaphites whitfieldi free of matrix from lo-
cality B198a have also been used. Within the
protoconchs of these specimens, the caecum,
flange, and proseptum are visible (figs. 8, 9).
The proseptum surrounds and cups the cae-
cum to form a median saddle. If the caecum
is removed or destroyed due to diagenesis,
the proseptum, proseptal opening, and sec-
ond septum become visible. A necklike at-
tachment of the proseptum appears near the
median plane and extends adorally from the
proseptum, surrounding the smaller end of
the caecum. It rides ventrally on the interior
of the wall of the first whorl and precedes the
second septum.

The shape and arrangement of the prosep-
tum and its necklike attachment may be stud-
ied further using serial sections prepared par-
allel to the median plane and viewed under
scanning electron microscopy. The series of
sections illustrated in figures 10 and 11 were
prepared from a specimen of S. preventri-
cosus and a specimen of C. vermiformis. In
these sections, the wall of the protoconch is
prismatic in structure and passes into the wall
of the first whorl. In the most lateral section,

—

attachment (arrows) of the proseptum open to re-
veal part of the caecum (C). Scale bar = 10 um.
C. The final median section reveals the caecum
(C), proseptum (1), necklike attachment (arrows)
of the proseptum and siphuncle (S). The second
septum (2) is slightly convex toward the aperture
and displays a prochoanitic septal neck. Scale bar =
10 pm.
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the prismatic proseptum forms an unbroken
structure followed by the first nacreous sep-
tum. In the next section, the prismatic neck-
like attachment of the proseptum appears as
either an outgrowth of the proseptum or as
a separate structure. The proseptum and its
necklike attachment subsequently separate
except at their dorsal and ventral ends. Near-
er the median plane, the caecum appears
through the opening of the proseptum. The
opening of the proseptum is wider than that
of its necklike attachment and, therefore, the
necklike attachment is still unbroken. In the
last median section, the proseptum and its
necklike attachment are only visible on the
dorsal and ventral ends. They are less con-
spicuous on the venter and are widely sepa-
rated, having diverged toward the median
plane.

The flange is visible on all lateral sections
but is most conspicuous on the median sec-
tion (figs. 10, 11). It is the blind proximal end
of the protoconch wall but in some specimens
the flange and the wall of the protoconch ap-
pear separated for a short adoral distance.
The flange is clearly visible on specimens free
of matrix (figs. 8, 9).

The proseptum and its necklike attach-
ment are prismatic. A prismatic ridge also
occurs at the base of the proseptum (fig. 8D).
Additional prismatic deposits connect the
proseptum and its necklike attachment to the
siphuncle and caecum. In median section,
these deposits are especially well developed
on the dorsal side and are also conspicuous
on the necklike attachment of the proseptum
in specimens free of matrix (figs. 9, 10F). A
groove appears around the opening of the
proseptum (fig. 9).

The first nacreous septum, that is, the sec-
ond septum, is a moderate distance from the
proseptum and its necklike attachment. It is
slightly convex toward the aperture. It con-
tacts the proseptum at the extreme lateral
margins, as illustrated in figure 8. The second
septum exhibits a prochoanitic neck and is
generally thinner than the proseptum and its
associated structure. On median sections of
S. preventricosus and C. vermiformis, the
proseptum and its necklike attachment each
measure approximately 3—4 um in thickness
whereas the nacreous septum measures ap-
proximately 1.5 um in thickness. The latter
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TABLE 1
Septal Spacing of the Initial Five Septa in Three
Specimens of C. vermiformis”

B239a 1 21425 B235a 7
Septum Angle Septum Angle Septum Angle
ps(1) 0.0 ps(1) 0.0 ps(1) 0.0
neck 19.6 neck 14.5 neck 15.2
2 17.5 2 18.5 2 16.0
3 23.8 3 29.9 3 18.0
4 22.7 4 26.8 4 21.8
5 24.6 S 29.2 5 21.8

2 ps(1) = proseptum; neck = necklike attachment of
the proseptum.

value compares to a thickness of 3 um for the
first nacreous septum in Discoscaphites sp.
(Birkelund and Hansen, 1974). However, on
lateral sections, the proseptum and its neck-
like attachment become thicker whereas the
second septum retains the same thickness.
This discrepancy is due to the oblique angle
of the lateral section through the septa.

The angular distances between the prosep-
tum, its necklike attachment, and the second
septum in three specimens of C. vermiformis
are presented in table 1. The angles are mea-
sured along the venter on the median plane.
Each value represents the average of four
measurements. The angular distance between
the necklike attachment and the proseptum
is sometimes slightly less, and sometimes
slightly more, than the angular distance be-
tween the necklike attachment and the sec-
ond septum. The distances between the sec-
ond and third septa and between the third
and fourth septa are usually larger than the
aforementioned values. On lateral sections
parallel to the median plane, the angular dis-
tance between the proseptum and its necklike
attachment reduces to zero but the distance
between the necklike attachment and the sec-
ond septum increases. All the other angular
distances remain approximately the same.

The marginal plications of the proseptum
and its necklike attachment appear as the
prosuture and a superimposed ventral saddle
(figs. 12, 13). The prosuture is angustisellate
and consists of a ventral and dorsal saddle
separated by two lobes and one umbilical
saddle. The necklike attachment produces a
ventral saddle above the saddle formed by
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Fig. 12. Drawing of the specimen illustrated in figure 8D showing the proseptum (1), necklike
attachment of the proseptum (arrow), and second septum (2), and their corresponding sutures. Scale

bar = 10 um.

the proseptum (fig. 12). On the dorsal side,
the necklike attachment coincides with the
proseptum. The ventral suture of the first na-
creous septum contacts the prosuture at the
lateral margins (fig. 13).

The necklike attachment of the proseptum
may be unique to scaphites. It occurs in all
the scaphites studied in the genera Scaphites,
Clioscaphites, and Pteroscaphites. In a brief
survey of younger scaphites from the Upper
Cretaceous of the Western Interior, I ob-
served this structure in Hoploscaphites sp.
from the Baculites reesidei Range Zone from
the Pierre Shale (USGS loc. D4440) and Hop-
loscaphites nicolleti, H. nebrascensis, and
Discoscaphites conradi from the Fox Hills
Formation. It also occurs in Discoscaphites
sp. from the Maastrichtian of Greenland. It
is absent in other ammonites including Sag-
halinites sp. from the Maastrichtian of
Greenland (a lytoceratid), Baculites sp. from
the Santonian of the Western Interior (an an-
cyloceratid), Neophylioceras ramosum from
the Upper Cretaceous of California (a phyl-
loceratid), Euhoplites from the Albian of
England (an ammonitid), Hypacanthoplites
from the Aptian of Germany (an ancylocer-
atid), and Quenstedtoceras and Kosmoceras
from the Callovian of Poland (both ammon-
itids). Branco (1879, pl. 8, illus. 3; pl. 9, illus.
1, 3) illustrated specimens in which the sec-
ond suture contacted the prosuture. This is
common among ammonites and appears in
scaphites. However, it does not relate to the
necklike attachment of the proseptum.

The necklike attachment of the proseptum
may represent a unique derived character
among all scaphites (a synapomorphy). On
the other hand, it may be restricted to West-
ern Interior and Greenland scaphite species
of close affinity. This feature may help estab-
lish monophyly for scaphites and serve as a
criterion for membership in the group. For
example, Worthoceras has been excluded
from the scaphites by Wiedmann (1965) but
Henderson (1973) has argued for inclusion,
and, indeed, a decision based on adult mor-
phology seems problematic. However, sim-
ple inspection of the prosuture in Worthoc-
eras to determine the presence or absence of
a superimposed ventral saddle may help re-
solve this dilemma.

CAECUM AND PROSIPHON

The caecum is the bulbous beginning of
the siphuncle, originating in the protoconch.
The morphology of the caecum is similar
among the Turonian-Santonian scaphites
from the Western Interior. In median cross
section, it is semicircular in outline and re-
sembles the caecum in several species of
scaphites from Japan as well as in many other
species within the order Ancyloceratina (fig.
10; Tanabe et al., 1979; Tanabe and Ohtsuka,
1985). In specimens of S. whitfieldi free of
matrix, the caecum appears as an oblate el-
lipsoid nestled in the median saddle of the
proseptum (fig. 8A). The caecum is devoid
of ornament and its microstructure in median
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Fig. 13. A. Ventral view of the prosuture (1), suture formed by the necklike attachment of the
proseptum (arrow), second suture (2) and third suture (3) of a specimen of Scaphites cf. whitfieldi AMNH
42903). B. Dorsal view of a steinkern of S. cf. whitfieldi (AMNH 42904) shows that the prosuture (1)
and second suture (2) are distinctly separated.

cross section and on fractured surfaces ap-
pears to be homogeneous. It probably is com-
posed of the same organic material as the
siphuncle. The thickness of the caecal wall
along its convex adapical side averages 2.5
pm in a specimen of S. whitfieldi and a spec-
imen of S. preventricosus (figs. 14 and 15).

The caecum is not surrounded by a cal-
careous sheath although such a structure has
been observed in several species of scaphites
from Japan including S. planus, S. pseudo-
equalis, Otoscaphites puerculus, and O. kla-
mathensis (Tanabe et al., 1979). This thin
calcareous sheath is comparable in cross-sec-
tional thickness with what I am interpreting
as the caecal wall and exhibits a massive mi-
crostructure upon etching with weak acid. The
caecal wall in the Japanese scaphites is much
thicker than the wall I observed, approxi-
mately 20 um in thickness, and is character-
ized by a multilayered microstructure. These
differences may be explained by diagenesis
(see Tanabe and Ohtsuka, 1985). The scaph-
ites do not exhibit any elaborate structure
housing the caecum as in Desmophyllites
(Zakharov, 1972).

The caecum illustrated in figure 14 in a
specimen of S. whitfieldi measures 142 um in
length along its long axis. The maximum di-
ameter of the caecum was measured on pho-
tographs of median sections of ten specimens
of S. preventricosus and C. vermiformis. The
maximum diameter averages 68 um (SD =

5.58, CV = 8.20) measured from the dorsal
part of the proseptum to the opposite side of
the caecum. The ratio of the length of the
caecum to its maximum diameter equals ap-
proximately 2.0.

The caecum is attached to the wall of the
protoconch chiefly by means of prosiphons.
These structures are similar in size and shape
among all the scaphite species studied. As
illustrated in a specimen of S. whitfieldi free
of matrix (fig. 14), the prosiphon extends as
a nearly continuous apron along the convex
surface of the caecum adapical of the pro-
septum. The prosiphon consists of several
prominent extensions in the form of bands
or folds that are attached to the interior of
the protoconch wall. The adapical ends of
these extensions are directed slightly toward
the median plane in a convergent fashion.

Scanning electron micrographs of serial
sections prepared parallel to the median plane
of a specimen of S. preventricosus allow fur-
ther study of the prosiphonal configuration
(fig. 15). In a lateral section, the prosiphon
and caecum form a swollen attachment near
the ventral part of the proseptum. Dorsally,
the caecum rests against the dorsal part of the
proseptum. One-third way up the caecum, a
long prosiphonal strand extends to the wall
of the protoconch creating an open space.
Nearer the median plane a small opening de-
velops near the dorsal part of the proseptum
and an organic connection extends almost to
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Fig. 14. A. Caecum (C) and prosiphonal attachment sheets (p) in a specimen of Scaphites cf. whitfieldi
(YPM 6239). Scale bar = 100 um. B. View of the fractured surface of the caecum (C) in the same
specimen. Scale bar = 10 um. C. Another view of the same caecum (C) and prosiphonal attachment
sheets (p) in the same specimen. Scale bar = 10 um. D. Close-up of the prosiphons (p). Scale bar =

10 um.

the flange. Commonly, the caecum will touch
the flange if this structure is very prominent.
Ventrally, a small prosiphonal strand ap-
pears. The long prosiphonal strand previ-
ously observed is still present. The maximum
length of this long strand in two specimens
of S. preventricosus averages 30.5 um. It is
shorter than the prosiphonal strands ob-
served in S. planus, S. pseudoequalis, and O.
klamathensis, which range from 83 to 120

um (Tanabe et al., 1979). On the median
plane, a third much smaller strand develops
near the ventral part of the proseptum cre-
ating another open space. Such small strands
have been called partial septa by Shimizu
(1929) and compose part of the larger pro-
siphonal attachment complex (see Grand-
jean, 1910; Druschits and Doguzhayeva,
1974; Tanabe et al. 1979).

A similar arrangement of the prosiphon
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Fig. 15. Three serial sections of the same spec-
imen of Scaphites preventricosus (AMNH 43035)
prepared parallel to the median plane illustrating
the caecum (C) and prosiphonal attachment sheets
(p). A is the most lateral section and C is the me-
dian section. Scale bar = 10 um.
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OPENING

Fig. 16. Diagrammatic side view of a proto-
conch of Clioscaphites vermiformis illustrating
measurement of the maximum diameter (D,). Note
the opening of the proseptum.

and caecum to that in figure 15 has been il-
lustrated previously in a specimen of Disco-
scaphites sp. from Greenland (Birkelund and
Hansen, 1968). According to Tanabe et al.
(1979) and Tanabe and Ohtsuka (1985) short,
adorally convex prosiphons are common in
scaphites as well as in many other species
within the order Ancyloceratina.

SHAPE AND DIMENSIONS OF THE
PROTOCONCH

In the Turonian-Santonian scaphites from
the Western Interior, the protoconch is an
oblate ellipsoid (fig. 16). The protoconch was
measured in three ways (figs. 16, 17). First,
the maximum diameter of the protoconch
was measured on a median cross section. The
maximum diameter is defined as the distance
from the adapical ventral edge of the prosep-
tum through the center of the protoconch to
the opposite side, excluding the thickness of
the outer walls. Second, the minimum di-
ameter of the protoconch was measured on
a median cross section. It runs perpendicular
to the maximum diameter and through the
center of the protoconch. Third, the maxi-
mum width of the protoconch was measured
on a dorsoventral section.

The choice to exclude the thickness of the
outer walls in measuring the maximum di-
ameter of the protoconch permits compari-
sons with published protoconch measure-
ments, which are normally made on
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Fig. 17. Measurements of maximum (D) and
minimum (D,) diameter of the protoconch on a
median section. Protoconch width (PW) is mea-
sured on a dorsoventral section.

steinkerns without shell (e.g., Palframan,
1967). Even so, my definition of maximum
diameter differs from that of Tanabe et al.
(1979) who run their line of measurement
through the apical tip of the caecum. How-
ever, as Druschits and Khiami (1970: 30)
point out in regard to using the caecum as a
standard reference point, ““it is comparatively
rare for the caecum to be preserved, and even
when it is, its shape and size vary widely even
in members of a single species [especially be-
cause of differences in preservation]. On the
other hand, it is possible to determine where
a spiral whorl starts and the position of the
first septum even in the absence of a cae-
cum.” Measurements of the same specimens
using the two techniques indicate that my
method yields comparable or only slightly
larger values than the method of Tanabe et
al. (1979).

The size of the protoconch varies slightly
among scaphite species. The maximum and
minimum diameters are listed in table 2. The
individual measurements of maximum di-
ameter range from 250 to 469 um. The means
range from 313 um for individuals of S. whit-
fieldi from a single concretion and individuals
of S. warreni from one locality, to 365 um
and 366 um for individuals of S. nigricollen-
sis and S. depressus, respectively from var-
ious localities. The coeflicients of variation
vary widely and are highest in samples from
mixed localities. However, a sample of S.
warreni from a single locality exhibits an
anomalously high coefficient of variation be-
cause the specimens are very poorly pre-
served. An F-test to determine the equality
of variances of the maximum diameter of the
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protoconch among species based on samples
from all localities reveals significant differ-
ences at the 1, 2, and 5% levels (table 3). The
only nonsignificant differences occur between
C. vermiformis and S. whitfieldi, S. larvae-
Jormis and S. whitfieldi, S. larvaeformis and
S. nigricollensis, and S. larvaeformis and S.
preventricosus. Performing a Student’s ¢-test
(table 4) among these four pairs of species to
determine the equality of means of the max-
imum protoconch diameter yields a nonsig-
nificant difference between S. larvaeformis
and S. whitfieldi but significant differences at
the .2% level between S. larvaeformis and S.
nigricollensis, S. larvaeformis and S. pre-
ventricosus, and S. whitfieldi and C. vermi-
formis. These results approximately imply
that the maximum diameter of the proto-
conch is significantly different among all the
species tested except for the pair S. larvae-
formis and S. whitfieldi. However, C. ver-
miformis is not significantly more different
than the other species tested within the genus
Scaphites.

Tanabe et al. (1979) reported a slightly more
elevated range of the maximum diameter of
the protoconch in four Turonian scaphite
species from Japan. The maximum proto-
conch diameter in these species, Scaphites
planus, S. pseudoequalis, Otoscaphites puer-
culus, and O. klamathensis ranges from 351
to 581 um. In general, these protoconchs are
small relative to those in most other am-
monites (Druschits et al., 1977a). For ex-
ample, in Gaudryceras sp. and Tragodes-
moceras sp. within the Lytoceratina, the di-
ameter of the protoconch averages 800-900
um (Tanabe et al., 1979).

The minimum diameter of the protoconch
is only reported for C. vermiformis. It aver-
ages 270 um for individuals from locality
B235a (table 2). The coefficient of variation
equals 8.80 and is comparable to that for the
maximum diameter of the protoconch. Tana-
be et al. (1979) report much higher values for
the minimum diameter of the protoconch in
four individuals of the four Turonian species
listed above (413-509 um). The discrepan-
cies are very large and are probably not due
to minor differences in measuring technique.
The ratio of maximum to minimum diam-
eter of the protoconch in C. vermiformis
equals 1.24.
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TABLE 2
Maximum and Minimum Diameters of the Protoconch in Turonian-Santonian Scaphite Species from
the Western Interior

Mean (um)

SD (um) Cv Range (um)

Maximum diameter of protoconch (D))
S. larvaeformis adults
N =136
(all available localities)
S. warreni adults
N=9
(locality B191b)
N=15
(all available localities)
S. whitfieldi adults and juveniles
N=113
(single concretion, locality B176a)
N = 183
(all available localities)
S. nigricollensis adults
N =16
(locality B240)
N =35
(all available localities)
S. corvensis adult
N=1
(USGS locality near Lander, Wyo.)
S. preventricosus adults and juveniles
N =39
(locality B228a)
N =61
(all available localities)
S. depressus adults
N=3
(localities B253, USGS localities
D4630 and 17957)
C. vermiformis adults and juveniles
N =44
(locality B235a)
N =67
(all available localities)

Minimum diameter of protoconch (D,)*

C. vermiformis adults and juveniles
N =44
(locality B235a)

318.7

313.2

335.0

313.2

320.1

358.0

364.7

342.6

343.5

366.3

334.6

337.5

270.1

17.96 5.64 281.4-361.8

37.86 12.09 268.0-375.2

40.71 12.15 268.0-388.6

23.05 7.36 247.9-375.2

29.09 9.09 247.9-402.0

11.72 3.27 335.0-375.2

15.78 4.33 335.0-402.0

314.9

18.14 5.29 294.8-388.6

21.80 6.34 294.8-415.4

40.94 11.18 321.6-402.0

28.92 8.64 289.3~435.6

28.58 8.47 289.3-435.6

23.77 8.80 233.2-371.8

2 Maximum diameter/minimum diameter = 1.24.

Measurements of protoconch width are
listed in table 5. The means range from a low
0of 404 um in S. larvaeformis to a high of 532
um for individuals of C. vermiformis from
localities B203-B205. The coefficients of
variation are comparable or perhaps slightly

smaller than those for the maximum diam-
eter of protoconch. The individual measure-
ments of protoconch width range from 395
to 592 pm. I performed an F-test (table 6) to
evaluate the equality of variances of the pro-
toconch width among species based on pooled
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TABLE 3
F-Tests of the Maximum Diameter of the Protoconch Among Species®
S. S.
S. warreni S. whitfieldi nigricollensis preventricosus  C. vermiformis

S. larvaeformis F=5.138 F=1.647 F=1.295 F=1473 F=2.580
(14, 35) (182, 35) (35, 34) (60, 35) (66, 35)

sig. at 1% nonsig. nonsig. nonsig. sig. at 2.5%

S. warreni F=10958 F = 6.656 F = 3.487 F=2029
(14, 182) (14, 34) (14, 60) (14, 66)

sig. at 5% sig. at 1% sig. at 5% sig. at 2.5%

S. whitfieldi F=13.1398 F=1.781 F=1.036
(182, 34) (182, 60) (182, 66)
sig. at 1% sig. at 5% nonsig.

S. nigricollensis F=1.908 F=3.280
(60, 34) (66, 34)
sig. at 5% sig. at 1%

S. preventricosus F=1.719
(66, 60)
sig. at 5%

2 Tests are based on samples from all localities unless otherwise indicated in the text. Numbers in parentheses refer

to the degrees of freedom.

samples (individuals from all available lo-
calities). I excluded individuals of C. ver-
miformis from localities B203-B205 because
of their anomalously high standard deviation
which is probably due to wide variation in
their state of preservation. The results of the
F-tests reveal no significant differences ex-
cept between C. vermiformis and all other
species. A Student’s z-test to evaluate the
equality of means of the protoconch width
among all species except C. vermiformis yields
significant differences at the .2, 1, and 5%
levels. The only nonsignificant differences oc-
cur between S. warreni and S. nigricollensis,
S. warreni and S. preventricosus, and S. pre-
ventricosus and S. nigricollensis (table 7). An
approximate interpretation of these results
implies that the protoconch width is signifi-
cantly different among all species tested ex-
cept within the group S. warreni, S. nigri-
collensis, and S. preventricosus. No data are
available on protoconch widths from Euro-
pean or Japanese scaphites to permit a com-
parative study.

The ratio of the average width of the pro-
toconch to the average maximum diameter
of the protoconch for each species is listed
_below. The difference between the average
width and the average diameter is also cal-
culated.

Width —

Width/  diameter
diameter (um)
S. larvaeformis 1.27 85.1
S. warreni 1.44 147.4
S. whitfieldi 1.39 123.9
S. nigricollensis 1.30 109.6
S. preventricosus 1.34 116.4
C. vermiformis 1.31 105.9

Protoconch width averages approximately 1.3
maximum protoconch diameter; proto-
conchs are slightly more spheroidal in S. /ar-
vaeformis and slightly more ellipsoidal in S.
warreni. The protoconchs in younger scaph-
ite genera such as Hoploscaphites are similar
in shape although they are much more ellip-
soidal in Discoscaphites sp. (Waage and
Landman, in prep.).

Based on the difference between proto-
conch width and diameter, Druschits et al.
(1977a) subdivided the protoconchs of Cre-
taceous ammonites into three shape cate-
gories: spherical in which W — D = 100 um,
“ridge-like” in which W — D = 101-200 um,
and fusiform in which W — D = 201 um.
According to this classification, the scaphite
protoconch is “ridge-like” although I prefer
the more general adjective, oblate ellipsoid.

Figure 18 is a plot of the average proto-
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TABLE 4
t-Tests of the Maximum Diameter of the Protoconch Among Species”
S. whitfieldi S. nigricollensis S. preventricosus C. vermiformis
S. larvaeformis nonsig. sig. at .2% t=15765
df =95
sig. at .2%
S. whitfieldi t=4.208
df = 248
sig. at .2%

“ Tests are based on samples from all localities unless otherwise indicated in the text.

TABLE 5
Protoconch Width in Turonian-Santonian Scaphite Species from the Western Interior
Mean (um) SD (um) Cv Range (um)
S. larvaeformis adults
N=10 418.2 26.16 6.25 394.8-460.6
(locality B189)
N =16 403.8 33.38 8.27 361.9-460.6

(all available localities)

S. warreni adults
N =11 482.4 45.89 9.51 427.7-565.9
(all available localities)

S. whitfieldi adults

N =28 437.0 25.43 5.82 394.8-503.4
(single concretion, locality B176a)

N =137 443.5 29.55 6.66 394.8-503.4
(localities B176, B176a)

N =56 4440 34.85 7.85 355.3-519.8

(all available localities)
S. nigricollensis adults

N=10 463.2 24.11 5.20 427.7-493.5
(locality B240)
N=18 474.3 29.66 6.25 427.7-526.4

(all available localities)
S. preventricosus adults and juveniles

N =21 458.9 23.43 5.11 394.8-493.5
(locality B228a)
N =232 459.9 32.23 7.01 394.8-559.3

(all available localities)

S. impendicostatus adults
N=2 439.2 30.26 6.89 417.8-460.6
(locality B225a and USGS locality 23938)

C. vermiformis adults and juveniles

N =18 4425 15.73 3.55 427.7-460.6
(locality B235a)

N=38 532.2 52.80 9.92 427.7-592.2
(localities B203-B205)

N=19 4434 15.84 3.57 427.7-460.6

(all available localities excluding B203-B205)

C. montanensis var. hesperius adult :
N=1 460.6
(locality B235a)
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TABLE 6
F-Tests of the Protoconch Width Among Species®
S. S.
S. warreni S. whitfieldi nigricollensis preventricosus  C. vermiformis

S. larvaeformis F=1.890 F=1.090 F=1.266 F=1.073 F=444]1
(10, 15) (55, 15) (15,17) (15, 31) (15, 18)

nonsig. nonsig. nonsig. nonsig. sig. at 1%

S. warreni F=1.734 F=239 F=2027 F=8.393
(10, 55) (10, 17) (10, 31) (10, 18)

nonsig. nonsig. nonsig. sig. at 1%

S. whitfieldi F=1.380 F=1.169 F =4840
(55, 17) (55, 31) (55, 18)

nonsig,. nonsig. sig. at 1%

S. nigricollensis F=1.181 F = 3,506
(31, 17) (17, 18)

nonsig. sig. at 1%

S. preventricosus F=4.140
(31, 18)

sig. at 1%

2 Tests are based on samples from all localities unless otherwise indicated in the text. Numbers in parentheses refer

to the degrees of freedom.

conch width versus the average protoconch
maximum diameter for six species. These
values are based on samples from all avail-
able localities except for C. vermiformis,
which only represents specimens from local-
ity B235a. The protoconch of C. vermiformis
is similar to that of co-occurring specimens
of Baculites (table 8). In juvenile specimens
of Baculites cf. B. asper, B. codyensis, the
maximum diameter of the protoconch av-
erages 340 um, the minimum diameter av-

erages 284 um, and the protoconch width av-
erages 475 pum. It would be difficult to
distinguish the two genera on the basis of
these measurements.

SIZE AND SHAPE OF THE AMMONITELLA

The ammonitella was measured in two ways
(fig. 19). First, the diameter of the ammoni-
tella (A.D.) was measured on a median sec-
tion. The diameter is defined as the distance

TABLE 7
t-Tests of the Protoconch Width Among Species®

S. warreni S. whitfieldi S. nigricollensis S. preventricosus
S. larvaeformis t=15.163 t=4.106 t=6.522 t = 5.560
df = 25 df =70 df = 32 df = 46
sig. at .2% sig. at .2% sig. at .2% sig. at .2%
S. warreni t=3.167 t = 0.580 t=1.786
df = 65 df = 27 df = 41
sig. at 1% nonsig. nonsig.
S. whitfieldi t=3.319 t=2.115
df =72 df = 86
sig. at .2% sig. at 5%
S. nigricollensis t = 1.559
df = 48
nonsig.

2 Tests are based on samples from all localities unless otherwise indicated in the text.
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Fig. 18. Plot of mean protoconch width (PW) versus mean protoconch maximum diameter (PD) for

six species.

Diameter and Width of the Protoconch in Baculites sp. cf. B. asper, B. codyensis from Locality B235a

Mean (um) SD (um) Ccv Range (um)
Maximum diameter (D,)* 340.5 18.27 5.36 308.7-382.1
Minimum diameter (D,)* 284.2 16.81 5.92 255.2-320.1
Protoconch width?® 475.1 42.48 8.94 427.7-526.4

= Locality B235a; N = 18; D,/D, = 1.20.
> Locality B235a; N = 5.
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Fig. 19. Median section of an ammonitella il-
lustrating the measurement of ammonitella angle
(AA) and ammonitella diameter (AD).

from the end of the primary constriction and
its accompanying varix through the center of
the protoconch to the opposite side. Second,
the angle of the ammonitella was measured
on a median section. The apex of the angle
is located at the center of the protoconch and
its two legs are positioned at the ventral part
of the proseptum and the ventral edge of the
ammonitella.

This last measurement differs slightly from
that of Grandjean (1910) who measures “the
angle of involution corresponding to the pri-
mary varix” from the middle of the caecum
to the middle of the primary varix [author’s
translation]. Druschits and Khiami (1970)
note that the caecum is rarely preserved and
prefer to measure “the angle of the primary
varix” from the proseptum to the middle of
the primary varix. This practice is also fol-
lowed by Tanabe et al. (1979), although Ta-
nabe and Ohtsuka (1985) later extend their
measurement to the end of the primary varix.
I also use the proseptum and end of the pri-
mary varix as markers because they may be
easily and consistently spotted.

The measurements of ammonitella diam-
eter are listed in table 9. The ammonitella
diameter varies slightly among the Turonian-
Santonian scaphite species from the Western
Interior. The means range from a low of 582
pm in S. larvaeformis to more than 750 um
in samples of S. depressus, C. vermiformis,
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and C. montanensis. The coefficients of vari-
ation are comparable to those for the mea-
surements of the protoconch. An F-test was
performed to compare the variances of the
ammonitella diameter among species based
on pooled samples (table 10). I excluded the
sample of S. depressus because of its high
coefficient of variation, which may be due to
wide variation in the state of preservation of
these specimens. Similarly, C. vermiformis
was restricted to include all samples except
B203, B204, and B205 because of their un-
usually high joint mean. The results of the
F-test yield no significant differences among
species with two exceptions: between S. pre-
ventricosus and S. whitfieldi and between S.
preventricosus and C. vermiformis. These dif-
ferences are significant at the 2.5% level and
are due to the low variability of the pooled
S. preventricosus sample. A Student’s z-test
(table 11) to compare the mean ammonitella
diameter among species indicates significant
differences at the 2.5 and 5% levels. The only
exceptions are between S. preventricosus and
S. warreni (which were nonsignificant with
regard to their protoconch width as well) and
between S. nigricollensis and C. vermiformis.

The individual measurements of ammo-
nitella diameter range from 525 to 831 um
with one specimen of C. montanensis var.
hesperius at 908 um. Tanabe et al. (1979)
report a slightly more elevated range from
641 to 949 um in the four Turonian scaphite
species they studied. Nevertheless, the am-
monitella in scaphites is small compared to
those of other Cretaceous ammonites, which
may approach a diameter of 1500 um (Dru-
schits et al., 1977a). The ammonitella in bac-
ulites is larger than that in scaphites. The
diameter of the ammonitella of 19 baculite
specimens from locality B235a averages 775
pm and ranges from 707 to 834 um (table
12). The means are significantly different from
those in the co-occurring scaphites at the .2%
level (t = 11.288, df = 64). Collignoniceras
woollgari, which co-occurs with S. larvaefor-
mis, exhibits a slightly larger ammonitella
(820 um versus 582 um; Tanabe et al., 1979).
On the other hand, the ammonitellas of pla-
centiceratids and sphenodiscids, which co-
occur with scaphites in the Campanian and
Maastrichtian approximate 1.5 mm in di-
ameter.
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The ammonitella angle measured from the
proseptum to the ammonitella edge varies
little among the scaphite species studied (ta-
ble 13). The means range from 267° for one
sample of S. nigricollensis to 289° for one
sample of C. vermiformis. The coefficients of
variation are smaller than those for the other
protoconch and ammonitella dimensions and
average approximately 3.6. Nonetheless, an
F-test to evaluate the variances of the am-
monitella angle among species based on
pooled samples reveals significant differences
between S. nigricollensis and S. larvaeformis,
S. nigricollensis and S. preventricosus, and S.
preventricosus and S. whitfieldi (table 14). A
Student’s ¢-test evaluating the equality of
means among species, excluding the three
pairs of species above, indicates significant
differences at the .2 and 1% levels (table 15).
Nonsignificant differences occur between S.
larvaeformis and S. warreni, S. warreni and
S. nigricollensis, S. warreni and S. preventri-
cosus, and S. whitfieldi and C. vermiformis.

Druschits and Khiami (1970) assert that
the angle of the ammonitella varies widely
among ammonites. In phylloceratids and
ammonitids, the angle ranges from 260 to
377° (see also Tanabe et al., 1979). However,
at lower taxonomic levels, the variation is
more restricted. Indeed, Tanabe et al. (1 979)
report similar angles of 280-295° for four
specimens of four scaphite species from Ja-
pan.

The angle of the ammonitella in scaphites
is small compared to that in other ammo-
nites. Among baculites, the ammonitella an-
gle is higher and represents the most obvious
difference between baculites and scaphites at
this stage of development. For example, the
ammonitella angle of baculites from locality
B235a averages 331° whereas it averages 289°
in the co-occurring scaphites (table 12). The
relationship between the ammonitella di-
ameter and angle in scaphites and baculites
is illustrated in figure 20. The two groups are
clearly separated on the basis of these two
measurements,

Within either group, ammonitella angle
does not covary with ammonitella diameter.
For example, in C. vermiformis, the coeffi-
cient of correlation equals —.0545. Large am-
monitellas may or may not possess large am-
monitella angles. This relationship is further

LANDMAN: ONTOGENY OF SCAPHITID AMMONITES 143

demonstrated in figure 21. This figure rep-
resents a plot of mean ammonitella diameter
versus mean ammonitella angle for samples
of seven species from all localities and indi-
cates zero correlation. Tanabe and Ohtsuka
(1985) documented a similarly poor corre-
lation (r = .433) between ammonitella di-
ameter and ammonitella angle within and
among many other ammonite species.

The statistical comparisons of the mea-
surements for the protoconch and ammoni-
tella among species are summarized in table
16. This table presents the results of z-tests
of the four measured dimensions: protoconch
diameter (P.D.), protoconch width (P.W.),
ammonitella diameter (A.D.), and ammo-
nitella angle (A.A.). Samples of species with
anomalously high or low variances, however,
were not included in this comparison.

In general, the differences are significant
among species. The pair S. larvaeformis and
S. preventricosus exhibit the most significant
differences; all of their measurements con-
sistently differ at the .2% level. Significant
differences at the .2% level also occur be-
tween S. larvaeformis and C. vermiformis, S.
larvaeformis and S. nigricollensis, and S. ni-
gricollensis and S. whitfieldi. Significant dif-
ferences at the 1 and 5% levels occur between
S. whitfieldi and S. warreni and between S.
warreni and C. vermiformis. Significant dif-
ferences also occur among species for some
measurements but not others. For example,
S. larvaeformis is significantly different at the
-2 and 5% levels from S. whitfieldi for pro-
toconch width, ammonitella diameter, and
ammonitella angle but not for protoconch di-
ameter. In contrast, no significant differences
occur between the species pair S. warreni and
S. preventricosus.

CORRELATIONS BETWEEN THE
PROTOCONCH AND AMMONITELLA

The ratio of ammonitella diameter to pro-
toconch diameter is similar among the scaph-
ites studied. The values below represent the
ratios between mean ammonitella diameter
and mean protoconch diameter for pooled
samples of each species.

S. larvaeformis 1.83
S. warreni 1.92
S. whitfieldi 1.93
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TABLE 9
Ammonitella Diameter in Turonian-Santonian Scaphite Species from the Western Interior

Mean (gm) SD (um) Ccv Range (um)

S. larvaeformis adults
N =38 582.0 34.22 5.88 525.0-649.0
(all available localities)

S. carlilensis adults
N=2 596.3 9.48 1.59 589.6-603.0
(USGS localities 22608 and 6245)

S. warreni adults

N=28 649.9 47.51 7.31 603.0-723.6
(locality B191b)
N=14 642.7 39.06 6.08 603.0-723.6

(all available localities)
S. whitfield; adults and juveniles

N=119 609.2 32.23 5.29 547.0-683.0
(single concretion B176a)

N =25 663.2 53.15 8.01 549.4-737.0
(locality B176)

N = 144 618.6 41.85 6.76 547.0-737.0
(localities B176, B176a)

N=4 671.1 26.87 4.00 643.2-696.8
(locality B177)

N=29 620.2 40.83 6.58 546.1-707.4
(locality B192)

N=2 658.3 2.37 0.36 656.6-660.0
(locality B193)

N =179 620.2 41.82 6.74 547.0-737.0

(localities just south of Black Hills:
B176, B176a, B177, B192, B193)

N=38 582.2 32.14 5.52 522.6-639.8
(locality B198b)
N =198 619.0 42.49 6.86 547.0-737.0

(all available localities)
S. nigricollensis adults

N =16 676.0 37.84 5.60 603.0-737.0
(locality B240)

N=18 678.2 32.60 4.81 633.2-737.0
(localities B185~B188)

N =41 678.2 36.92 5.44 603.0-755.3

(all available localities)

S. corvensis adult
N=1 670.0
(USGS locality near Lander, Wyo.)

S. preventricosus adults and juveniles

N =39 646.0 28.02 4.34 575.0-696.8
(locality B228)
N =61 644.6 31.00 4.81 575.0-713.6

(all available localities)
S. depressus adults
N=4 754.6 69.17 9.17 676.7-830.8
(locality B253, USGS localities D4630,
D4636, and 17957)

C. vermiformis adults and juveniles

N =14 695.0 49.05 7.06 639.8-763.8
(locality B239a)
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TABLE 9—(Continued)
Mean (um) SD (um) Cv Range (um)

N =47 659.0 37.76 5.73 603.0-809.0
(locality B235a)
N=9 671.8 38.96 5.80 629.8-737.0
(locality 21425)
N =16 765.3 45.21 5.91 607.0-817.4
(localities B203-B205)

C. vermiformis adults and juveniles
N =89 685.4 56.65 8.26 603.0-817.4
(all available localities)
N =173 667.9 42.04 6.30 603.0-809.0
(all localities excluding B203-B205)

C. montanensis var. hesperius adult
N=1 907.85
(locality B20S5)

S. nigricollensis 1.86
S. preventricosus 1.88
C. vermiformis 2.03

The ratios range from 1.8 to 2.0. Taking the
reciprocals of these ratios implies that di-
ameter of the protoconch represents .5 to .6
the diameter of the ammonitella. Simplisti-
cally assuming spherical shapes for the pro-
toconch and ammonitella, these values sug-
gest a volume ratio of 1:8. In Baculites cf. B.
asper, B. codyensis, the ratio of mean am-

monitella diameter to mean protoconch di-
ameter equals 2.04. Taking the reciprocal of
this ratio implies that the protoconch rep-
resents .49 the diameter of the ammonitella.

The relationship between protoconch and
ammonitella diameter is also illustrated in
figures 22 and 23, which represent plots of
these measurements for S. larvaeformis from
all available localities, S. preventricosus from
locality B228a, and C. vermiformis from lo-
cality B235a. The equations of the lines of
best fit through the measurements of each

TABLE 10
F-Tests of the Ammonitella Diameter Among Species®
S. S.
S. warreni S. whitfieldi nigricollensis preventricosus C. vermiformis
S. larvaeformis F=1.303 F=1.542 F=1.164 F=1.218 F=1.509
13,37) (197, 37) (40, 37) (60, 37) (73,37)
nonsig. nonsig. nonsig. nonsig. nonsig.
S. warreni F=1.183 F=1.117 F=1.588 F=1.158
(197, 13) (40, 13) (60, 13) (72, 13)
nonsig. nonsig. nonsig,. nonsig.
S. whitfieldi F=1.324 F=1.879 F=1.022
(197, 40) (197, 60) (72, 197)
nonsig. sig. at 2.5% nonsig.
S. nigricollensis F=1418 F=1.296
(40, 60) (72, 40)
nonsig. nonsig.
S. preventricosus F=1.839
(72, 60)
sig. at 2.5%

 Tests are based on samples from all localities unless otherwise indicated in the text. Numbers in parentheses refer

to the degrees of freedom.
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TABLE 11
t-Tests of the Ammonitella Diameter Among Species*
S. S.
S. warreni S. whitfieldi nigricollensis preventricosus  C. vermiformis
S. larvaeformis t=5463 t=5.059 t=11984 t=9.388 t = 10.855
df = 50 df = 234 df =77 df = 97 df = 109
sig. at .2% sig. at .2% sig. at .2% sig. at .2% sig. at .2%
S. warreni t=2027 t=3.062 t=0.197 t=2.076
df =210 df =53 df=173 df = 85
sig. at 5% sig. at 1% nonsig. sig. at 5%
S. whitfieldi t=28293 t=8429
df = 237 df = 269
sig. at .2% sig. at .2%
S. nigricollensis t=4.987 t= 1310
df = 100 df =112
sig. at .2% nonsig.

S. preventricosus

2 Tests are based on samples from all localities unless otherwise indicated in the text.

species are listed below where A equals am-
monitella diameter and P, protoconch di-
ameter.

Equation Coef-
of the ficient
line of of cor-

Species N best fit relation
S. larvaeformis 36 A=1.00P 525
+ 259.6
S. preventricosus 39 A=1.23P 796
+224.0
C. vermiformis 4 A=106P 812
+ 303.8

The slopes of the lines are similar and the
intercepts are all positive. In general, large
protoconchs correlate with large ammonitel-
las. A plot of mean protoconch diameter ver-
sus mean ammonitella diameter for six

TABLE 12
Ammonitella Diameter and Angle in Baculites
sp. cf. B. asper, B. codyensis®
Mean SD Ccv Range

Ammonitella

diameter (um) 775 3790 489 707-834
Ammonitella

angle (°) 331 794 240 320-342

< Locality B235a; N = 18.

scaphite species also reveals a positive cor-
relation (fig. 24). Similar correlations have
been documented within and among many
other ammonite species (Tanabe and Oht-
suka, 1985; Tanabe et al., 1979).

Although this correlation is positive, the
relationship between ammonitella and pro-
toconch diameter is negatively allometric
within species. In other words, the ratio of
ammonitella diameter to protoconch diam-
eter decreases with increasing protoconch di-
ameter. If measurements of the protoconch
and ammonitella diameter of two species are
plotted on the same graph, the slope of the
line of best fit through the measurements of
both species is higher than the slopes of the
lines of best fit through the measurements of
the individual species. For example, figure 22
represents measurements for both S. larvae-
Jormis and S. preventricosus. Although the
slopes of the lines of best fit through the mea-
surements of the individual species equal 1.00
and 1.23, respectively, the slope of the line
of best fit through the measurements of both
species equals 1.65; the y intercept is 66.8
and the coefficient of correlation is .797.

Figure 23 includes a plot of the measure-
ments of protoconch diameter versus am-
monitella diameter for individuals of Bacu-
lites cf. B. asper, B. codyensis from locality
B235a. The line of best fit through the mea-
surements of these species exhibits a slope of
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clear separation in these dimensions for the two genera.

1.38, a y intercept of 302.2 and a coefficient
of correlation of .665. The value of the y
intercept is similar to that for the line of best
fit through the measurements of the species
C. vermiformis. However, the slope of the
line is higher for Baculites sp. and indicates
that the same size protoconch will be asso-
ciated with a larger ammonitella in Baculites
sp. than in C. vermiformis. Several ammo-
nitellas of C. vermiformis that attain large
sizes, however, do not fall on the line of best
fit for Baculites sp., but more nearly conform
to the line of best fit for C. vermiformis. These
large ammonitellas of C. vermiformis all re-
tain ammonitella angles common for this
species, that is, 290°.

In contrast to the positive correlation be-
tween protoconch and ammonitella diame-
ter, the relationship between protoconch di-
ameter and ammonitella angle exhibits no
correlation within and among species. For
example, a plot of the measurements of pro-
toconch diameter versus ammonitella angle

within C. vermiformis yields a coefficient of
correlation of —.1512. Similarly, ammoni-
tella angle bears no correlation with ammo-
nitella diameter, as previously described.

MODE OF EARLY DEVELOPMENT

Based on the morphology of the initial
whorls of scaphites and other ammonites,
what is the mode of early development? The
similarity in the morphology of the initial
whorls among all ammonites suggests a com-
mon developmental scheme (Druschits et al.,
1977a; Doguzhayeva and Mikhailova, 1982).
Two interpretations of early ontogenetic de-
velopment have been suggested. The first in-
terpretation includes a larval stage (Erben et
al., 1969; Palframan, 1967; fig. 2). According
to this view, hatching occurs after the for-
mation of the protoconch, which, therefore,
represents the end of the embryonic stage.
This is followed by a larval stage of the veliger
type during which time the shell grows to the
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TABLE 13
Ammonitella Angle in Turonian-Santonian Species from the Western Interior

Mean (°) SD () Ccv Range (%)

S. larvaeformis adults
N = 36 279.7 9.19 3.28 266.0-300.0
(all available localities)

S. carlilensis adult

N=1 274.0
(USGS locality 6245)
S. warreni adults

N=12 276.5 10.45 3.78 266.0-290.0
(all available localities) :

S. whitfieldi adults and juveniles

N = 105 287.4 10.41 3.62 266.0-308.0
(single concretion, locality B176a)

N =123 285.9 11.19 3.91 260.0-308.0
(localities B176, B176a)

N=18 277.2 11.89 4.29 260.0-300.0
(locality B176)

N =32 279.0 10.85 3.89 260.0-301.0

(locality 192)
S. whitfieldi adults and juveniles
N = 148 284.0 11.90 4.19 260.0-308.0
(all localities just south of the Black Hills:
B176, B176a, B177, B192, B193)

N=11 284.7 4.18 1.47 279.0-291.0
(locality B198b)
N =168 284.0 11.68 4.11 260.0-308.0

(all available localities)
S. nigricollensis adults

N=15 276.2 9.48 3.43 264.0-300.0
(locality B240)

N=16 266.6 9.67 3.63 253.0-287.0
(localities B185-B188)

N=34 273.0 12.49 4.57 253.0-308.0

(all available localities)

S. corvensis adult
N=1 282.0
(USGS locality near Lander, Wyo.)

S. preventricosus adults and juveniles

N =139 2734 8.63 3.16 256.8-292.0
(locality B228a)

S. preventricosus adults and juveniles
N = 61 273.8 8.01 2.93 256.8-292.0

(all available localities)

S. impendicostatus adults
N=2 282.5 8.48 3.00 276.5-288.5
(locality B228a and USGS locality 23938)

S. depressus adults
N=3 288.3 5.51 1.91 282.0-292.0
(locality B253, USGS localities D4630 and 17957)

C. vermiformis adults and juveniles
N=12 280.1 13.05 4.66 259.2-296.0
(locality B239a)
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TABLE 13—(Continued)
Mean (®) SD () Cv Range (9)

N =46 289.1 9.46 3.27 265.0-306.0
(locality B235a)

N=9 287.2 8.40 2.92 273.0-300.0
(locality 21425)

N=15 282.7 7.02 2.48 268.0-296.0
(localities B203-B205)

C. vermiformis adults and juveniles

N = 86 286.2 9.88 3.45 259.2-306.0
(all available localities)

N=71 286.9 10.28 3.58 259.2—306.0

(all available localities excluding B203-B205)

end of the primary constriction (fig. 3). At
this point, metamorphosis occurs and pro-
duces the primary varix.

This interpretation was based on studies of
the morphology of bactritids and goniatites
in analogy with prosobranch gastropods and
Recent Nautilus. It interpreted the changes
in the morphology of the initial whorls at the
end of the protoconch and at the primary
constriction. Erben et al. (1969) and subse-
quently Birkelund and Hansen (1974) ob-
served that a new shell layer appears at the
beginning of the first whorl and grows in

thickness at the expense of the protoconch
layer, which soon wedges out. Erben also not-
ed that a ventral modification of the aperture
is absent on the protoconch, whereas on the
following whorl, a wide ventral sinus appears
in the growth lines of primitive ammonites.
He interpreted this feature as indicating the
position of a locomotor organ such as a ve-
lum. Erben further pointed out that nacre first
appears in ammonites at the end of the first
whorl whereas in Nautilus it is present from
the start of the shell without any indication
of a subsequent metamorphosis in shell struc-

TABLE 14
F-Tests of the Ammonitella Angle Among Species”
S. S.
S. warreni S. whitfieldi nigricollensis preventricosus  C. vermiformis
S. larvaeformis F=1.293 F=1.615 F=1.847 F=1.316 F=1.156
(11, 35) (167, 35) (33, 35) (35, 60) (85, 35)
nonsig. nonsig. sig. at 5% nonsig. nonsig.
S. warreni F=1.249 F=1.428 F=1702 F=1.119
(167, 11) (33, 11) (11, 60) (11, 85)
nonsig. nonsig. nonsig. nonsig.
S. whitfieldi F=1.144 F=2.126 F=1.398
(33, 167) (167, 60) (167, 85)
nonsig. sig. at 1% nonsig.
S. nigricollensis F=12431 F=1.598
(33, 60) (33, 85)
sig. at 1% nonsig,.
S. preventricosus F=1.521
(85, 60)
nonsig.

= Tests are based on samples from all localities unless otherwise indicated in the text. Numbers in parentheses refer

to the degrees of freedom.
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TABLE 15
t-Tests of the Ammonitella Angle Among Species?
S. S.
S. warreni S. whitfieldi nigricollensis preventricosus  C. vermiformis
S. larvaeformis t=1.010 t=2.074 t=3.317 t = 3.381
df = 46 df = 202 df =95 df = 120
nonsig. sig. at 5% sig. at .2% sig. at .2%
S. warreni t=2.162 t=0.868 t=1.014 t=3.164
df =178 df = 44 df =171 df =96
sig. at 5% nonsig. nonsig. sig. at 1%
S. whitfieldi t=4.950 t=1.494
df = 200 df = 252
sig. at .2% nonsig.
S. nigricollensis t=6.104
df =118
sig. at .2%
S. preventricosus t=8.093
df = 145
sig. at .2%

< Tests are based on samples from all localities unless otherwise indicated in the text.

ture. Because a free-living larval stage is ab-
sent in Recent Nautilus, Erben postulated that
it was present in ammonites.

The interpretation of a three stage devel-
opmental scheme including a larval stage was
proposed earlier by Hyatt (1894) and Smith
(1901). Hyatt formulated his scheme based
largely on sutural patterns. He introduced
terms such a nepionic and neanic to subdi-
vide early ontogeny into as many sequential
stages as possible thereby facilitating com-
parisons between ontogeny and phylogeny.
Smith (1901) inferred a three stage devel-
opmental scheme in his study of Baculites
chicoensis. He considered that the proto-
conch represented the embryonic stage and
the shell extending to the end of the primary
constriction represented the first postem-
bryonic (ananepionic) larval stage. However,
in his studies of Phylloceras and Lytoceras
Smith (1898) interpreted the primary con-
striction as marking the paranepionic and the
end of the metanepionic stages, respectively.
Other developmental interpretations include
those of Branco (1879) who supposed that
only part of the protoconch formed during
the embryonic stage, Schindewolf (1929) who
believed that the entire protoconch devel-
oped during the embryonic stage, and Arkell

(1957) who considered that the protoconch
grew during a larval stage.

In contrast to these interpretations is the
scheme of simple direct development com-
prising only two stages: embryonic and post-
embryonic. According to this view, the em-
bryonic stage consists of the protoconch and
first whorl terminating at the end of the pri-
mary constriction. This developmental
scheme has been discussed previously by a
number of authors (Grandjean, 1910; Dru-
schits and Khiami, 1970; Druschits et al.,
1977a; Kulicki, 1974, 1979; Birkelund and
Hansen, 1974; and Bandel, 1982, 1986). It is
supported by the fact that the tuberculate
sculpture on the ammonitellas of scaphites
and other ammonites is distributed without
interruption to the end of the primary con-
striction (Kulicki, 1974, 1979; Bandel et al.,
1982; Bandel, 1982, 1986). The uniform sur-
face of the ammonitella argues against an in-
tervening larval stage after formation of the
protoconch. The ammonitella also lacks ribs,
characteristic ‘of later ontogeny, whose for-
mation requires an unconstrained position of
the pallial margin.

The ammonitellas of scaphites and other
Mesozoic ammonites also lack growth lines.
Their absence may be due to the rapid min-
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eralization of an originally organic shell sim-
ilar to that which occurs in modern archaeo-
gastropods (Bandel, 1975, 1982, 1986).
According to this hypothesis, the originally
organic shell is mineralized by prismatic
needles of aragonite to form an initial layer
of uniform thickness that preserves the orig-
inal ornamentation of the organic shell (Ban-

del, 1975: 50-52). Subsequently, other min-
eral layers were deposited from the interior,
increasing the thickness of the outer wall. In
contrast, the embryonic shells of molluscs that
grow by secreting mineralized shell incre-
ments from the beginning usually exhibit
growth lines (Bandel, 1982; Bandel et al.,
1982). Growth lines are also present on the
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larval shells of bivalves and gastropods that
include a free-living larval stage as part of
their development.

Whether the primary varix formed before
or after hatching is unknown. Druschits et al.
(1977a) believed that the primary varix
formed after hatching. “It was formed by the
nacreous layer during adaptation of the am-

monitella to the new habitat and the asso-
ciated interruption in accretion.” In contrast,
Kulicki (1979: 128) believed that it formed
before hatching: “The swelling formed during
a phase when the margin of the nacre halted
or even retreated, together with a change in
the secretion of the posterior subzone of the
mantle margin. The differences in secretory
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products of the posterior subzone may result
from, and be correlatable with, processes act-
ing just before hatching.” This latter inter-
pretation is supported by finds of preserved
ammonitellas with completely formed pri-
mary varices.

A scheme of direct development in am-
monites is supported further by the fact that
all cephalopods whose early ontogeny is
known exhibit direct development. In all
species of Nautilus, development is direct
without an intervening larval phase. Al-
though hatching has never been observed in
any Nautilus species, early embryonic stages

of N. belauensis have been obtained in aquar-
ium studies (Arnold and Carlson, 1986).
Based on the morphology of the nautilus shell,
the oxygen isotopic composition of its septa,
and the size of its egg capsules, hatching is
presumed to occur at a diameter of approx-
imately 26 mm in all species (Cochran et al.,
1981; Taylor and Ward, 1983; Landman et
al., 1983; Crocker et al., 1985). Externally,
the point of hatching is marked by a shallow
groove called the nepionic line or constriction
(Willey, 1897b). The first appearance of bro-
ken growth lines and repaired former aper-
tural margins occur only after the formation
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of the nepionic constriction (Stenzel, 1964).
The outer wall possesses all three aragonitic
layers from the shell apex: outer prismatic,
nacreous, and inner prismatic. Internally, the
constriction corresponds with an approxi-
mation between septa 7 and 8 and a change
from thin, widely spaced to thick, closely
spaced septa (Naef, 1923; Stenzel, 1964; Wil-
ley, 1897b; Westermann, 1973; Stumbur,
1975).

Development is also direct in the coleoids
(Arnold and Williams-Arnold, 1977; Wells
and Wells, 1977; Bandel and Boletzky, 1979).
The term “larvae” is sometimes used to de-
scribe early ontogeny but it refers here to
underdeveloped individuals immediately af-
ter hatching. For example, Wells and Wells
(1977) state that the young of octopus species
like those of Octopus vulgaris normally spend
some time in the plankton and are commonly
referred to as larvae. However, these young
do not undergo an abrupt metamorphosis and
the authors suggest that the term “larva™
should be avoided. Larval stages are also ab-
sent in decapods, squids, and cuttlefish. “De-
velopment is direct to a miniature adult which
may or may not enter into a planktonic type
or existence before forming the typical schools
or sedentary life style” (Arnold and Williams-
Arnold, 1977).

NUMBER OF SEPTA AT HATCHING

During growth, the continuous addition of
new internal structures obscures the identity
of those characteristic of any one stage of
ontogeny. Therefore, the description of the
internal features at the embryonic stage of
development based on the inspection of later
stages is difficult. For example, how is the
embryonic part of the siphuncle identified?
The siphuncle is continuously lengthened
during growth and does not display any ob-
vious break which may be confidently relied
upon to subdivide its length into embryonic
and postembryonic parts. This is also true of
the number of embryonic septa. Growth is
marked by the steady addition of new septa
obscuring the number occurring at any one
stage.

Two approaches may be used to determine
the number of embryonic septa in scaphites
and other ammonites. The first approach re-
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lies on the study of the embryonic whorls of
juvenile and mature specimens. These stud-
ies cannot yield definite answers but rather
provide the morphological information on
which the identification of embryonic septa
may be confidently based. For example, study
of the first few septa in scaphites indicates
that the proseptum is prismatic and all sub-
sequent septa are nacreous. This difference
in microstructure may demarcate the embry-
onic from postembryonic septa. The shell wall
of the ammonitella is entirely prismatic until
the primary varix and, therefore, the septa
secreted by the posterior part of the soft body
may also have been composed of this same
microstructure. Similarly, because the post-
embryonic shell wall is composed partly of
nacre, all the nacreous septa may have
developed postembryonically. Therefore,
according to this criterion, the embryonic
scaphite would have possessed only a pro-
septum.

A similar viewpoint is expressed by Dru-
schits and Khiami (1970) and Druschits et
al. (1977a, 1977b). These authors believed
that the ammonitella is characterized by only
one septum, that is, the proseptum, or less
commonly two septa in species in which the
second septum is also prismatic; the first na-
creous septum develops only after hatching.
Birkelund and Hansen (1974) reached similar
conclusions based on their study of Saghal-
inites, Discoscaphites, and Hypophylloceras.

Study of the early septa in scaphites also
indicates that these septa are unevenly spaced.
In analogy with modern Nautilus and Sepia,
a reduction in septal spacing may indicate
the last embryonic and first postembryonic
septa. In Nautilus, hatching is marked by a
closer spacing between septa 7 and 8 (Stenzel,
1964; Cochran et al., 1981). This septal ap-
proximation coincides with a change in the
pattern of septal thickness although the septal
microstructure remains the same (Wester-
mann, 1973). A reduced septal spacing has
also been observed in Sepia officinalis and S.
esculenta. In these two species, the eighth sep-
tum also occurs at a reduced distance from
the preceding septum (Denton and Gilpin-
Brown, 1966). '

However, this criterion of septal spacing
may yield results in conflict with those based
on septal microstructure. For example, Ku-
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licki (1974) determined the number of septa
in the embryonic shell of Quenstedtoceras by
measuring the septal spacing of the first few
septa, excluding the proseptum. A reduction
in septal spacing was interpreted as indicating
the last embryonic and first postembryonic
septa. Kulicki also reported that the angular
length of the whorl from the septum preced-
ing the reduced chamber to the edge of the
ammonitella approximated the angular length
of the juvenile body chamber. He therefore
concluded that at least three septa character-
ized the embryonic shell although only the
proseptum is prismatic.

Measurement of septal spacing also poses
operational difficulties. For example, the ta-
ble below presents measurements made on a
polished median section of a juvenile speci-
men of Baculites with nine septa.

Ang. distance
Septa betw. septa
land 2 8.5°
2and 3 21.5°
3and 4 36.0°
4and 5 25.0°
5 and 6 22.5°
6 and 7 24.5°
7 and 8 26.0°
8and 9 25.0°

The angular distance between the proseptum
and the second septum equals 8.5°, the small-
est angular distance. This reduced distance is
due to the inverted shape of the proseptum.
On a median section, the proseptum is
strongly bent anteriorly and the second sep-
tum posteriorly forming a ventral saddle and
lobe, respectively. However, measurements
of the septal spacing on the same specimen
from a parallel, more lateral section tran-
secting approximately saddle E/L of the sec-
ond septum and lobe 1, which corresponds
to it on the proseptum, yields different values,
which are listed below.

Ang. distance
Septa betw. septa
land 2 37.5°
2and 3 26.0°
3 and 4 35.6°
4 and 5 27.65°
Sand 6 22.55°
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The angular distances between most septa are
approximately the same whereas the distance
between the first two septa is markedly dif-
ferent. Kulicki (1974) recognized this diffi-
culty in his study of Quenstedtoceras and,
therefore, did not consider the angular dis-
tance between the proseptum and second sep-
tum. Instead, he selected the next available
reduced distance as indicating the last em-
bryonic and first postembryonic septa, name-
ly, septa 3 and 4. In my baculite example he
would have chosen the reduced distance be-
tween septa 2 and 3. Nevertheless, it is pos-
sible that only the proseptum developed in
the embryonic stage. An alternative approach
using, for example, volume, may better rep-
resent septal spacing. Volumes could be es-
timated in specimens free of matrix or through
a calibrated series of sections prepared par-
allel to the median plane.

The second approach to determine the
number of embryonic septa relies on the study
of preserved ammonitellas, which are iden-
tified based on their external morphology as
previously described. They consist of the pro-
toconch and first whorl terminating at the
primary constriction. Such shells, which pro-
vide the best data for determining the num-
ber of embryonic septa, are known from ap-
proximately ten localities around the world.
Landman (1985) described preserved am-
monitellas of S. ferronensis from the top of
the Juana Lopez Member of the Mancos Shale
(fig. 25, USGS locality no. D6022). Several
thousand specimens occurred in the body
chambers of 15 adults. These small shells,
which measured 650 ym in diameter, ter-
minated at the end of the primary constric-
tion and accompanying varix or at the varix
trace but did not preserve a caecum or si-
phuncle. They were assigned to S. ferronensis
because this was the only ammonite species
present and because their protoconchs and
ammonitellas were similar in size to those of
this species. The outer surfaces of the am-
monitellas also exhibited the same micro-or-
namentation as that present on the embry-
onic whorls of this species.

A sample of 50 shells that ended at the
primary constriction displayed variation in
the number of septa. Most shells possessed
only a proseptum with body chamber angles
ranging from approximately 270 to 310° (av-
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Fig. 25. A. Preserved ammonitella of Scaphites ferronensis (AMNH 43201) with only a proseptum.
B. Young postembryonic specimen of S. ferronensis (AMNH 43202) with six septa. C. Preserved am-
monitella of Baculites cf. B. mariasensis, B. sweetgrassensis (AMNH 43203) with only a proseptum. D.
Young postembryonic specimen of Baculites cf. B. asper, B. codyensis (AMNH 42907) with two septa.
PV and PC represent the primary varix and constriction, respectively.

erage approximately 290°), similar to the body
chamber angles in older juveniles. Fewer
specimens possessed two to eight septa with
body chamber angles ranging from less than
150 to approximately 260°. However, some
of these specimens were clearly fragments of
young postembryonic shells because their
primary constriction and accompanying va-
rix were broken. In fact, the body chamber

angles of young postembryonic shells with a
comparable number of septa ranged from 220
to 280°. This interpretation was further sup-
ported by the presence of shells completely
filled with septa yielding body chamber an-
gles of less than 60°. The edges of many of
these shells appeared intact although in other
specimens the primary constriction was ob-
viously broken and stray fragments of shell
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were located nearby. Evidently, the junction
between embryonic and postembryonic shell
is a natural point for postmortem breakage
and separation. This observation lends sup-
port to the contention that the shells with
more than a proseptum actually represent
fragments of larger shells; only the proseptum
appears in the embryonic stage.

Two studies of embryonic baculites pro-
vide further support for this hypothesis. Smith
(1901) illustrated a nearly complete ammo-
nitella of Baculites chicoensis from the Cam-
panian of California that possessed only a
proseptum. It is a steinkern but does not dis-
play a varix trace because it is broken at its
edge. Preserved ammonitellas of Baculites
were also described from two horizons in the
Marias River Shale co-occurring with two
scaphite species (fig. 25; Landman, 1982). One
ammonitella was discovered in the broken
septate portion of an adult specimen of S.
preventricosus from locality B230. The co-
occurring species of Baculites consisted of B.
mariasensis and B. sweetgrassensis. The oth-
er embryonic shells were collected from lo-
cality B235a together with Clioscaphites ver-
miformis, Baculites codyensis, and B. asper.

These shells were assigned to Baculites be-
cause their protoconchs and ammonitellas
were similar in size to those of this genus.
They measure approximately 750 um in di-
ameter with body chamber angles averaging
approximately 330°. They terminate at the
primary constriction and accompanying va-
rix and possess only a proseptum (fig. 25).
Several young postembryonic shells that had
developed beyond the primary constriction
displayed nacreous septa in addition to the
proseptum (fig. 25). Other reports of pre-
served ammonitellas from the Lower Aptian
of Ul'yanovsk display only a proseptum
(Druschits and Khiami, 1970: 36).

In contrast to these ammonitellas, Bandel
(1982) has documented intact ammonitellas
of Baculites from the Campanian of Jordan
with five to seven septa and body chamber
angles of approximately 180°, almost half that
of the North American baculite species. This
discrepancy may illustrate the natural vari-
ation in the number of embryonic septa with-
in different species of the same genus. How-
ever, the Campanian specimens were silicified
and may represent fragments of larger shells
that broke at the primary constriction.
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Nevertheless, preserved ammonitellas of Ju-
rassic perisphinctids from the Jagua For-
mation of western Cuba with intact primary
varices also exhibited more than one septum,
generally four or more (Kulicki and Wierz-
bowski, 1983). These specimens averaged 720
um in diameter with body chamber angles of
approximately 215°. Similarly, Wetzel (1959)
reported preserved embryonic shells from the
Jurassic of southern Holstein with one or two
septa and Blind (1979) reported embryonic
shells of Quenstedtoceras with two septa.

These studies indicate that scaphites and
other ammonites may have hatched with as
few as one septum completed, the prismatic
proseptum, although additional septa may
also have formed during embryonic devel-
opment. However, the presence of a single
septum would have been sufficient to permit
buoyancy regulation. If the newly hatched
ammonite only possessed a proseptum, the
measurement, ammonitella angle, indicates
the body chamber angle of the embryonic
animal.

MODE OF LIFE AT HATCHING

The size of the ammonitella varies among
ammonites from 0.5 to 1.5 mm and may im-
ply variation in the mode of life at hatching.
A planktonic mode may have been common,
especially among ammonites such as scaph-
ites with small embryonic shells (approxi-
mately 700 um in diameter). The shape of
these ammonitellas is spherical and may have
been an adaptation to life in the plankton.
The newly hatched animals may have been
passive or capable of weak swimming; their
shell may have functioned as a neutrally
buoyant hydrostatic organ. As Druschits et
al. (1977a) write in reference to ammonites
in general, “The protoconch of the ammo-
nitella, which was filled with gas and, possibly
partly with liquid, was a float of relatively
large diameter . . . . This float maintained the
young animal suspended in the water and
enabled it to lead a planktonic mode of life
for some time.”

A planktonic mode of life at hatching is
common among many modern coleoids, in-
cluding planktonic and nektonic squids, se-
pioids, and benthic octopods with relatively
small eggs (Boletzky, 1974, 1977). Nautilus,
in contrast, hatches at the relatively large size
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Fig. 26. Median section of a juvenile specimen
of Baculites cf. B. asper, B. codyensis (AMNH
43204) showing the edge of the ammonitella ex-
tending beyond the postembryonic shell forming
a tapering, unbroken projection. The postem-
bryonic shell which emerges from beneath the pri-
mary varix (PV) is composed of an outer prismatic
(OP) and inner nacreous layer (NA). Scale bar =
10 um.

of 26 mm in diameter and is reported to be
an active swimmer (Davis and Mohorter,
1973). Commonly, the aperture at hatching
is broken and numerous scars appear on the
postembryonic shell. In contrast, ammoni-
tellas, which measure less than 4% the size
of newly hatched Nautilus, rarely display a
broken aperture. In fact, in one juvenile of
Baculites cf. B. asper, B. codyensis, the edge
of the ammonitella extends above the post-
embryonic shell and forms a fragile, tapering,
but unbroken projection (fig. 26).

A buoyant mode of life at hatching implies
a correlation between the volume of the
phragmocone and that of the living chamber.
Such a relationship appears in the measure-
ments of ammonitella diameter and proto-
conch diameter for the scaphite species stud-
ied as well as for many other ammonites
(Tanabe and Ohtsuka, 1985).

The organ responsible for regulating the
amount of gas and liquid necessary to main-
tain buoyancy in the newly hatched ammo-
nite may have been the caccum. This struc-
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ture and its prosiphonal attachment have been
reported from the preserved embryonic shells
of at least two ammonite species (Druschits
and Khiami, 1970; Landman, 1982). In mod-
ern Nautilus, the siphuncle is permeable and
effects liquid transfer from newly formed
chambers (Denton and Gilpin-Brown, 1966;
Ward et al., 1980). The ammonite caecum
and siphuncle probably performed a similar
function and, indeed, Obata et al. (1980) have
reported that the siphuncular wall in several
Late Cretaceous ammonites resembles the in-
ner conchiolin layer of the siphuncular wall
of Nautilus in its microstructure and elemen-
tal composition. The shape of the caecum
further enhances its effectiveness to remove
liquid from the protoconch of the embryonic
shell. As an oblate ellipsoid, with its length
about twice its diameter, it is similar in shape
to that of the protoconch and presents a large
surface area for the transfer of liquids.

The prosiphonal sheets attached to the cae-
cum also may have helped facilitate cameral
liquid removal. They are composed of the
same material as the caecum. Although they
have traditionally been interpreted as struts
to help attach the caecum to the protoconch
(Crickmay, 1925), they may also have func-
tioned as part of the hydrostatic regulatory
apparatus (Tanabe et al., 1980). They may
have acted as wicks to conduct liquid to the
caecum or they may have provided a network
of tiny openings for interim storage of liquid
as it drained from the protoconch. (Such tiny
openings are observed to appear and disap-
pear in the series of cross sections of caeca
viewed under SEM and called open spaces in
fig. 15.) Thus, the prosiphonal sheets may
have refined and enhanced the ability of the
newly hatched animal to maintain its buoy-
ancy.

Other morphological features of the em-
bryonic shell may also have played a role at
hatching. According to Kulicki (1979), the
weight of the primary varix may have helped
orient the shell in the water. Otherwise, the
nearly spherical shape of the ammonitella
with the protoconch near the center would
result in a coincidence between the centers
of gravity and buoyancy, and a consequent
loss in static equilibrium. The primary varix
may also have reinforced the aperture against
breakage. Within the egg capsule, it may have
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strengthened the margin of the shell as it
pressed against the capsule wall. The actual
process of hatching may have been facilitated
by the tuberculate micro-ornamentation. In
gastropods, for example, hatching is a result
not only of enzyme secretion but also of the
mechanical action of the embryo against the
wall of the capsule leading to its ejection (Ja-
blonski, personal commun.). The granular
surface of the ammonitella may have had a
similar function.

The fauna associated with preserved em-
bryonic shells includes small clams, gastro-
pods, foraminifera, and juvenile and adult
ammonites (Landman, 1985). These associ-
ations do not provide any obvious clues about
the mode of life of newly hatched ammonites.
The accumulations of embryonic scaphites
and baculites in the Western Interior occur
in relatively offshore habitats several hun-
dred kilometers from the strandline (see Ken-
nedy and Cobban, 1976). Like other finds of
preserved embryonic shells (Wetzel, 1959;
Druschits and Khiami, 1970; Kulicki, 1979;
Birkelund, 1979), they consist of large con-
centrations of hundreds to thousands of in-
dividuals. These concentrations suggest a high
mortality and possibly limited dispersal im-
mediately after hatching.

One association of young postembryonic
shells that indicates a planktonic or nektonic
mode of life shortly after hatching consists of
juvenile baculites with shafts up to 1 ¢cm in
length from the Upper Cretaceous Sharon
Springs Member of the Pierre Shale at Red
Bird, Wyoming (see Gill and Cobban, 1966).
These shells occur sparsely without any other
fossils in small grey limestone concretions.
The environment of the Sharon Springs is
interpreted as an anaerobic bottom with ox-
ygenated water above, about 300 km from
shore (Gill and Cobban, 1966; Byers, 1979).
These young baculites must have been plank-
tonic or nektonic shortly after hatching to
have lived in this environment.

The small size of the embryonic shell of
ammonites compared to that of Nautilus ap-
parently correlates with marked differences
in their respective number of offspring. In
Nautilus, Hamada and Mikami (1977) re-
ported that two females laid a total of 17 eggs
over seven months. The large size of newly
hatched Nautilus and their active mode of
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life, much like that of the adult, may repre-
sent an adaptation to a stable deep-water en-
vironment (Saunders, 1984). Ammonites,
judging from finds of preserved embryonic
shells of Scaphites, Baculites, and Jurassic
perisphinctids, produced hundreds to thou-
sands of young that may have led a plank-
tonic existence. These two kinds of devel-
opmental strategy are referred to as K-selected
and r-selected, respectively. An r-selected
strategy stresses maximization of survivors
due to the production of a large number of
eggs rather than their protection (Shuto,
1974). Therefore, ammonites closely resem-
ble many Recent dibranchiate cephalopods
in their number of offspring and their size
and mode of life at hatching. However, they
resemble Nautilus in their possession of an
external shell.

Among ammonites themselves, another
more refined r~-K continuum may be hy-
pothesized on the basis of variation in the
size of the embryonic shell. Species with small
ammonitellas may have displayed different
environmental tolerances and life histories
than species with large ammonitellas. How-
ever, determination of the degree of size dis-
parity necessary to result in differences in life
history requires further work. In the Upper
Cretaceous of Japan, Tanabe and Ohtsuka
(1985) have documented that species with
smaller embryonic shells (~ 700 um) were
more restricted in their geographic distribu-
tion and display more juveniles in their pre-
served assemblages than species with larger
embryonic shells (= 1000 um). Among the
Turonian-Santonian scaphites from the
Western Interior, the range in ammonitella
diameter is small and suggests that all these
species may have shared a common life his-
tory. Co-occurring species of Baculites and
Collignoniceras exhibit similar or slightly
larger ammonitellas, whereas the ammoni-
tellas of placenticeratids and sphenodiscids
from the Campanian and Maastrichtian are
two to three times as large.

Correlations between embryonic size and
life history commonly appear in gastropods
and bivalves, although in these groups a clear
dichotomy exists between planktotrophic and
nonplanktotrophic larvae. The former are
characterized by a long pelagic stage and high
dispersal capability. This dichotomy is sharp-
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ly reflected in the shape and dimensions of
the embryonic shell, which provides a pre-
dictive index of developmental type. Small
shells are associated with planktotrophic, large
shells with nonplanktotrophic, development
(Jablonski and Lutz, 1980). In ammonites,

VOL. 185

however, no dichotomy exists because all
species followed the same developmental
scheme. Therefore, estimating the length of
time an ammonite species may have spent in
the plankton on the basis of the size of its
ammonitella is more tenuous.

EARLY POSTEMBRYONIC GROWTH

METHODOLOGY (APPLICATION OF THE
LOGARITHMIC SPIRAL AND ALLOMETRY)

The object of this section is to document
changes in the shape of the postembryonic
scaphite shell that may indicate changes in
development or mode of life. The embryonic
shell differs from the succeeding whorls in
shape but its identification and extent were
based mainly on changes in microstructure
and micro-ornament. The postembryonic
shell, however, is characterized by a uniform
microstructure. Therefore, recognizing nat-
ural developmental or mode of life changes
relies more heavily on a consideration of
shape and size with all the attendant prob-
lems of standardization and statistical sig-
nificance.

The form of the juvenile scaphite shell
closely conforms to a logarithmic spiral. That
a planispirally coiled ammonite approaches
a logarithmic spiral was recognized as early
as 1838 by Moseley and later on by Thomp-
son (1917), Huxley (1932), and others. The
uniqueness of the log spiral is that it accom-
modates change in size without change in
shape (it remains self-similar). This unique
property is an outcome of the definition of
the spiral. Quoting from Thompson (1917:
753): ’

If our point [P] move[s] along the radius vector
[r] with a velocity increasing as its distance from
the pole [0], then the path described is called an
equiangular [logarithmic] spiral. Each whorl
which the radius vector intersects will be broad-
er than its predecessor in a definite ratio; the
radius vector will increase in length in geomet-
rical progression, as it sweeps through succes-
sive equal angles; and the equation to the spiral
will be r = b,

f represents the rotational angle. Introducing
a constant a into the equation such that r =
ab? implies that » = a when 8 = 0. The con-

stant b can be expressed as €%, that is, the base
of the natural logarithms raised to a constant
k. This yields the traditional formula for the
log spiral:

r, = ae” 1

It is in the form of polar coordinates.
In the context of an ammonite sectioned
on a median plane,

r, represents the distance between the center
of the spiral, approximately the center of
the protoconch, and the venter;

a is the distance between the center of the
spiral and the start of the spiral or, in other
words, the value of r when 8 = O;

0 is the rotational angle commonly expressed
in 7 radians, or less commonly in degrees
or whorl number with an explicit definition
of the point at which § = 0; and

k is a constant which uniquely describes the
rate of expansion of the spiral. McGhee
(1980) called it the specific growth rate con-
stant.

In a logarithmic spiral, such as described by
an ammonite, the value k is also equivalent
to the cotangent of the angle « formed be-
tween a radius to a point on the venter and
a tangent to that point. The angle is constant
and this property supplies the other name for
the spiral, the equiangular spiral.

The constant of spiral expansion relates to
the parameter W employed by Raup (1966,
1967). W is defined as the squared ratio of
two radii one-half whorl-apart.

W = (r,/r,)? @

where r, equals the radius at some 8 and r,
equals the radius at § — = radians, a half
volution earlier.

From the equation of the log spiral

r, = ae? and r, = aeké—™  (3)
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Fig. 27. A. Plot of the equation of the logarithmic spiral, » = 2¢-%, on arithmetic paper. B. Plot of
the rectified form of the equation, In r = .26 + In 2, on semilog paper.

The squared ratio is
(ae®/ae®e—*r)? 4)
which reduces to
k= )

If the ammonite shell follows the same spiral
throughout growth, W is constant. In my cal-
culations, I use the original form of the spiral
equation rather than W because 4, the dis-
tance between the center and start of the spi-
ral, and k, the expansion rate of the spiral,
may be ascertained directly from plotted
measurements of the spiral radius as ex-
plained below.

Equation 1 can be rewritten by taking the
natural logarithm of both sides:

Inr=kf+1na (6)

This is a linear equation which plots as a
straight line on semilog paper. The radius r
is the dependent variable plotted on the or-
dinate and 6, the rotational angle, is the in-
dependent variable, plotted on the abscissa.

The constant k is the slope of the line and a
is the intercept. For example, figure 27A and
Billustrates the exponential trace of the spiral
on arithmetic paper and its rectified form on
semilog paper.

The procedures to measure the spiral
growth of an ammonite and calculate the con-
stant of spiral expansion are explained in the
next few pages. The approach I favor is to
take measurements of a specimen sectioned
on the median plane. However, measure-
ment of the angle a on the venter is often
inexact and nearly impossible. The preferred
method involves measurements of r, the dis-
tance between the center of the spiral and the
ventral edge, versus 8, the rotational angle or
whorl number. I recorded radial measure-
ments every Y% whorl, that is, at Y27 intervals
between the center of the spiral and the venter
(fig. 28A). These measurements were plotted
on semilog paper. If the shape of the am-
monite perfectly conforms to a logarithmic
spiral, these measurements will yield a straight
line. (Departures from a straight line, that is,
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Fig. 28. Left. Diagram of a median section of a scaphite illustrating four measurements of the radius
ofthe spiral. Right. Diagram of a dorsoventral section of a scaphite illustrating measurements of diameter,

whorl width, whorl height, and umbilical diameter.

from a single spiral, are the source and sub-
stance of later discussion.) The slope of the
line k represents the expansion constant of
the spiral and the intercept a represents the
distance between the center of the spiral and
its start.

This kind of analysis has been called a mea-
sure of absolute growth (Kant and Kullmann,
1973; Kullmann and Scheuch, 1972). I pre-
sume this description means that this method
characterizes growth starting from point O (6 =
0). The term “absolute” is probably a mis-
nomer, however, in that growth is still rela-
tive, in this case relative to some starting
point. The term growth, of course, used here
and elsewhere unless otherwise stated, means
simply change in shape or size without any
implication of growth with respect to time.

This method of “absolute” growth requires
recognizing and specifying a starting point,
and consistently locating the same starting
point in all individuals. McGhee (1980), in
a study of convex brachiopod shells, employs
the logarithmic spiral but is faced with the
difficulty of choosing a starting point. In-
stead, he chooses an end point; he measures
the spiral “backwards” as it were from the
commissure in equal angular increments. This
requires that the end point of the spiral, the
commissure, represent the same growth stage

in all individuals. If the pattern of radial in-
crease, that is, the form of the spiral, is slight-
ly different in later growth (the brachiopod
becomes more or less convex), measurements

bt

T4

Fig. 29. Consequences of misplacement of the
center of the spiral from 0 to X results in anom-
alously high and low measurements of the spiral
radius (see text for discussion).
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Fig. 30. Plot of the radius of the spiral (r) versus total rotational angle (§) for a specimen of Clio-
scaphites vermiformis. Measurements were made on a median section in which the center of the spiral
was estimated as the center of the protoconch (measurements through 5).

starting from the commissure of individuals
that are at different growth, stages will pro-
duce confusing results when plotted together.
Given, however, that all the individuals are
mature, for example, there is another prob-
lem in choosing an end point rather than a
starting point in scaphites and I will couch
my discussion in this context.

Scaphites commonly exhibit variation in
the number of whorls at maturity (counting

forward from some starting point). Standard-
izing at maturity and working backwards in
equal angular increments may result in equat-
ing, for example, the second whorl in one
individual with the third whorl in another.
If a change in the spiral occurs at a definite
whorl number (counting from the beginning),
then standardizing from the end and counting
backward will obscure this change when the
specimens are plotted together.
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Fig. 31. Technique to accurately pinpoint the
center of the spiral. The larger spiral (A) is me-
chanically reduced to a smaller spiral (B) which
exhibits the same shape but a reduced distance
between the origin and the start of the spiral, i.e.,
a is reduced. By superimposing the reduced spiral
onto the original one, a close approximation of the
location of the center of the original spiral is ob-
tained.

In my measurements I have chosen as a
starting point the start of the postembryonic
shell marked by the end of the primary con-
striction and its accompanying primary va-
rix. This is an easily recognized point of or-
igin that can be detected in all specimens and
provides a natural point of departure for a
consideration of postembryonic growth (fig.
28A).

The second difficulty in describing the spi-
ral growth of an ammonite is choosing the
center of the spiral. This problem is graphi-
cally illustrated on median sections where ra-
dial measurements are taken every quarter
whorl. Figure 29 illustrates how misplace-
ment of the center to the right, for example,
will produce anomalously low radial mea-
surements r;, and r, and anomalously high
radial measurements r; and r,. The resultant
sinusoidal pattern will be most pronounced
at small diameters and eventually dampen
out. Figure 30 represents a plot of the spiral
radius versus the total rotational angle for a
specimen of C. vermiformis cut exactly on a
median plane. The center of the spiral was
eyeballed as the center of the protoconch, the
usual practice among ammonitologists. If one
were inclined, one could discern at least four
“growth stages” but to what extent are they
an artifact of the mislocation of the center?
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D’Arcy Thompson (1917) devotes three
pages to a discussion of how to locate the
center of the spiral. His suggestions are the-
oretically sound but in practice very difficult,
often yielding too little precision; they have,
in fact, generally been ignored. Earlier in his
chapter on the equiangular spiral, though, he
suggests drawing the outline of a little Nau-
tilus shell within a big one. “We know, or we
may see at once, that they are precisely the
same shape; so that, if we look at the little
shell through a magnifying glass, it becomes
identical with the big one.” This is the clue,
1 think, to most easily locating the center of
the spiral in an ammonite. A camera lucida
or photograph of the early whorls is made.
These approximately conform to a spiral, r =
ae”®, where a represents the distance between
the center and the starting point. If we me-
chanically reduce the drawing, the expansion
constant kK remains the same but the constant
a decreases as one would expect, that is, the
starting point is nearer to the center. The two
spirals still have the same shape. If the shape
of the shell remains approximately the same
throughout growth, one can superimpose the
enlarged spiral on top of the reduced one and
mark the area on the enlarged one near the
point at which the smaller spiral begins. This
method is illustrated in figure 31 and results
in an accurate estimate of the center of the
spiral.

The center of the spiral does not occur in
the eyeballed center of the protoconch but
slightly ventral to it and does not coincide
with any morphological feature (fig. 28A).
Using this method to locate the center, I re-
plotted r versus 6 for the same specimen of
C. vermiformisillustrated previously (fig. 32).
The plot is remarkably smoothed out and the
deviations have disappeared. In all speci-
mens in which the spiral radius versus the
total rotational angle was measured on the
median section, this method was used to lo-
cate the center. The distance between the cen-
ter of the spiral and the start of the spiral (the
end of the primary varix) approximately
equals 60% of the ammonitella diameter in
all species.

Analysis of the growth of the spiral radius
versus the total rotational angle may also be
based on dorsoventral sections (Kullmann
and Scheuch, 1972; Kant and Kullmann,
1973). The ammonite is sectioned so that the
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Fig. 32. Replotted measurements of the radius of the spiral (r) versus total rotational angle (§) for
the specimen illustrated in figure 30. The center of the spiral was located using the method described
in figure 31. (Measurements through 7. The values of r plotted are 0.5 times the actual measurements.)

coiling axis lies in the plane of the section
(fig. 28B). Measurements are taken between
the center and the ventral edge at intervals
of 180°. Location of the center of the spiral
is slightly easier in this method since it nec-
essarily lies along the line of symmetry. In
measurements of diameter rather than radii
on dorsoventral sections, the center of the
spiral does not have to be located at all. How-
ever, use of dorsoventral sections only per-
mits measurements every 2= or 360°. Nor
does it allow for the consistent location of the
same starting point, that is, the point at which
# = 0. The starting point can vary up to as
much as 90° or Yor. For example, figure 33 is

a median section showing the primary varix
and the start of the postembryonic shell. Dor-
soventral sections are made perpendicular to
this median section and run through the cen-
ter of the protoconch. They are represented
by lines “cutting” into the page. In one such
dorsoventral section that fortuitously inter-
sects the end of the primary varix, the first
radial measurement, that is, at 8 = 0, is r,
and the second radial measurement made
one-half whorl forward is r,. However, in
another dorsoventral section, the line of cut
is perpendicular to that in the first section.
In this instance, the first radial measurement,
¥, is offset by 90° from r,. In this way, two
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Fig. 33. Diagram of a median section showing
the primary constriction (PC) and start of the
postembryonic shell. Lines r,7,and r', ', represent
the traces of two dorsoventral planes perpendic-
ular to the median section and running through
the center of the protoconch. The two lines are
themselves perpendicular to each other and r,r,
intersects the primary constriction.

such dorsoventral sections made on identital
specimens will yield different results. In other
words, both r, and 7, would be plotted at § =
0. This problem can be further exacerbated
if the early whorls are poorly preserved. In
these instances, the choice of the point at
which § = 0 may be off considerably more
than 90°. Gutjahr and Hook (1981) described
this difficulty in their study of two nautiloid
genera in which the early whorls were poorly
or not at all preserved. They circumvented
the problem by translating the resultant r ver-
sus 6 patterns for individual specimens along
the # axis until the patterns matched.

The problem of using dorsoventral sec-
tions to describe “absolute” growth has been
faced in the study of other invertebrates. Cut-
bill and Forbes (1967), commenting on fu-
silinids, wrote “In sections containing the
coiling axis there is the added complication
that while the measurements can be made at
precise intervals of whole or half volution,
the actual volution number from the first
chamber can only be specified to the nearest
half volution.” The study of fusilinids is fur-
ther complicated by the presence of micro-
spheric and megalospheric forms in the same
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species. As Dunbar and Skinner (1937) have
eloquently written:

Truly microspheric forms begin with a small
proloculum and pass through several early on-
togenetic stages which are completely omitted
in the megalospheric shells. The comparison of
similarly numbered whorls in the two is, there-
fore, as indefensible in principle as it is futile
in practice; there is no correspondence, even
though both represent a single species.

To avoid this difficulty in locating the same
starting point for r versus § measurements, I
used median sections.

Median and dorsoventral sections may also
be used to study the relative growth of am-
monites (fig. 28B). Relative growth, as com-
pared to “absolute” growth, does not rely
generally on ¢ as one of the variables. Nor
does it require an explicit choice of a starting
point. Usually, one dimension (the depen-
dent variable) is plotted against overall size
(the independent variable). I measured the
growth patterns of several dependent vari-
ables such as whorl height, whorl width, whorl
cross-sectional area, umbilical diameter, the
expansion rate of the spiral, and siphuncular
diameter against overall shell size. The mea-
surements were plotted on log-log paper and
commonly describe a straight line although
curvilinear patterns may also appear. If the
measurements conform to a straight line, their
relationship may be represented by a linear
equation, log y = « log x + log b, where « is
the slope and log b the intercept. This equa-
tion is equivalent to the power function y =
bx*, commonly called the equation of simple
allometry (Gould, 1966). The exponent is an
index of allometry. Exponents greater than
1.0 indicate positive allometry, that is, the
ratio of y to x increases with increasing x.
Exponents less than 1.0 imply negative al-
lometry; the ratio of y to x decreases with
increasing x. An exponent equal to 1.0 in-
dicates isometry; the ratio of y to x is constant
for all x and increase in size does not entail
a change in shape.

In measurements of both absolute and rel-
ative growth, poor preparation of median and
dorsoventral sections will introduce experi-
mental errors. For example, dorsoventral
sections may accidentally be cut above or
below the axis of coiling. The radii measured
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from the center to the ventral edge will, there-
fore, differ from the corresponding radial
measurements made on a section coincident
with the axis of coiling and will thus not de-
scribe a perfect logarithmic spiral, particu-
larly at small diameters. Gutjahr and Hook
(1981) present this explanation to account for
oscillations in the growth pattern of the spiral
radius of two Ordovician nautiloids mea-
sured from dorsoventral sections. The sinu-
soidal pattern dampens with increasing ra-
dius and may be modeled using a cosine
expression that simulates periodicity damp-
ening with increasing size. Kullmann and
Scheuch (1972) describe another example in
which a dorsoventral section is accidentally
cut at an angle resulting in distortion in the
measurements of whorl width. All these kinds
of accidents may also occur in preparing me-
dian sections with similar results but the pres-
ence of the siphuncle often helps to establish
the plane of coiling.

WHORL WIDTH

Whorl width is measured on dorsoventral
sections and plotted against shell diameter.
The plots indicate a marked change at the
embryonic-postembryonic boundary. Even
in the absence of other data about micro-
ornamentation, this change is dramatic
enough to indicate an abrupt shift in devel-
opment. Figure 34 illustrates measurements
for 18 individuals of S. larvaeformis from
locality B189. Measurements of the whorl
width of the embryonic shell, which averages
less than 700 um in diameter, plot almost on
a straight line of zero slope. In other words,
in embryonic development, whorl width is
constant. In postembryonic growth, how-
ever, an increase in diameter coincides with
an increase in whorl width. This relationship
approximates a straight line on log-log paper
although the pattern changes slightly at ap-
proximately 3 mm. The equation of the line
of best fit for postembryonic growth is

log W= 1.134 log D — .625

where W = whorl width, expressed in um
D = shell diameter, expressed in
um
1.134 = the slope, and
—.625 = the intercept.
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The correlation coeflicient requals .9880. Re-
writing the equation as a power function
yields:

W = 237D"13¢

If the measurements were expressed in mm
instead of um, the slope would be the same
but the intercept would be different. This
equation only applies to postembryonic
growth, which begins at approximately 700
um in shell diameter equal to the diameter
of the ammonitella. Below this size, the equa-
tion does not apply. The exponent in the
power function, 1.134, indicates that this re-
lationship is nearly isometric, only slightly
positively allometric. The ratio of whorl width
to shell diameter is nearly constant, display-
ing only a slight increase with increasing di-
ameter. Application of a statistical test de-
veloped by Hayami and Matsukuma (1970)
to discriminate between allometry and isom-
etry with 95% confidence, indicates positive
allometry (Z = 6.68, number of data points =
81).

Measurements of the whorl width of 11
specimens of S. whitfieldi exhibit a similar
pattern with a change in slope between em-
bryonic and postembryonic growth, although
it occurs approximately 100 um later (fig. 35).
The equation of the line of best fit is log W =
.9410 log D — .050 or the equivalent power
function W = ,892D°41° (measurements are
expressed in um). The correlation coeflicient
equals .9973. Application of Hayami and
Matsukuma’s statistical test indicates nega-
tive allometry with 95% confidence (Z =
—7.92, number of data points = 86). In other
words, the ratio of whorl width to shell di-
ameter decreases with increasing diameter.
Measurements of the whorl width of 16 in-
dividuals of S. preventricosus from locality
B228a are illustrated in figure 36. A break in
the slope between embryonic and postem-
bryonic growth appears but, as in .S. whit-
fieldi, it occurs at a diameter of approximately
800 pm. Postembryonic growth approxi-
mates a straight line although a definite si-
nusoidal pattern occurs with an inflexion
point at approximately 3 mm. The equation
of the line of best fit is log W = 1.026 log
D — .336 or the equivalent power function
W = .461D*92¢ (measurements are expressed
in um). The correlation coefficient equals
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Fig. 34. Plot of whorl width versus shell diameter for 18 specimens of Scaphites larvaeformis.

The

dashed vertical line represents the boundary between embryonic and postembryonic growth.

.9967. Allometry is positive with 95% con-
fidence (Z = 2.76, number of data points =
78). Figure 37 illustrates the growth of whorl
width versus shell diameter for 11 specimens
of C. vermiformis from locality B235a. A
marked break occurs at the embryonic-pos-
tembryonic boundary. Postembryonic growth
nearly conforms to a straight line although
some departures from linearity appear. At
shell diameters less than approximately 2 mm,
many points fall below the line of best fit; at
shell diameters greater than approximately 4
mm, many points lie above the line of best
fit. The equation for postembryonic growth
is log W= 1.098 log D — .473 or the equiv-
alent power function W = .336D'9% (mea-
surements are expressed in um). The corre-
lation coefficient equals .9891. Application
of Hayami and Matsukuma’s statistical test
reveals positive allometry with 95% confi-

dence (Z = 4.98, number of data points =
56).

Thus, the growth pattern of whorl width
versus shell diameter for these four species
indicates a marked shift at approximately
700-800 um and is nearly, but not quite, iso-
metric thereafter. The pattern is positively
allometric in three species and negatively al-
lometric in one species. The slopes may be
statistically compared using a test developed
by Imbrie (1956). The test statistic Z is cal-
culated employing the value of the standard
error of the slope. The results of this test in-
dicate that each species is significantly dif-
ferent at the 1% level except the species pair
S. larvaeformis and C. vermiformis (table 17).

At least three of the four species display
slight departures from linearity in their pat-
tern of postembryonic growth. Many of these
changes occur at approximately 3 mm in shell
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diameter. Tanabe (1977) also detected a
change in the pattern of whorl width versus
shell diameter at approximately two whorls
from the constriction in Scaphites planus and
Otoscaphites puerculus.

WHORL HEIGHT

The growth pattern of whorl height versus
shell diameter does not exhibit as dramatic
a break between embryonic and postem-
bryonic development as that of whorl width
versus shell diameter. Nevertheless, the mea-
surements of whorl height for embryonic
growth display a wide dispersion and their
combined slope is different from that of post-
embryonic growth which, as in the examples
of whorl width versus shell diameter, equals
approximately one. Measurements of 18
specimens of S. larvaeformis from locality
B189 approximate a straight line on log-log

paper for diameters greater than 700 um (fig.
38). A slight departure from linearity appears
with points less than 3 mm in diameter falling
below the line, points between 3 and 6 mm
lying above the line, and points greater than
6 mm, falling below the line again. The equa-
tion of the line islog H = 1.113 log D — .709
or the equivalent power function H =
.196D!113 (measurements are expressed in
gm). The coefficient of correlation equals
.9989. Allometry is positive with 95% con-
fidence (Z = 19.53, number of data points =
81). Measurements of 11 specimens of S.
whitfieldi from locality B176a also approxi-
mate a straight line on log-log paper for di-
ameters greater than 700 pm although a slight
inflexion point appears at approximately 3~
4 mm in shell diameter (fig. 39). The equation
of the line is log H = 1.065 log D — .516 or
the equivalent power function H = .304.D!.065
(measurements are expressed in um). The
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Fig. 36. Plot of whorl width versus shell diameter for 16 specimens of Scaphites preventricosus. The
dashed vertical line represents the boundary between embryonic and postembryonic growth.

coefficient of correlation equals .9995. Al-
lometry is positive with 95% confidence (Z =
17.90, 86 data points). In S. preventricosus,
measurements of whorl height versus shell
diameter also nearly conform to a straight
line for diameters greater than 700 pm (fig.
40). A slight sinusoidal pattern appears with
an inflexion point at approximately 3 mm in
diameter. The equation of the line of best fit
is log H = 1.100 log D — .670 or the equiv-
alent power equation H = .214D!!% (mea-
surements are expressed in um). The coeffi-
cient of correlation equals .9971. Allometry
is positive with 95% confidence (Z = 10.41,
76 data points). Similarly, the measurements
of whorl height versus shell diameter for 11
specimens of C. vermiformis from locality
B235a approximately conform to a straight
line (fig. 41). A slight inflexion in the pattern
of growth appears at approximately 3-4 mm
diameter. The equation is log H = 1.107 log
D — .650 or the equivalent power function
H = .225D''97 (measurements are expressed
in um). The coefficient of correlation equals

.9977. Allometry is positive with 95% con-
fidence (Z = 10.36, 53 data points).

Thus, all four species exhibit positive al-
lometry, although the pattern of postem-
bryonic growth may depart slightly from a
straight line. Comparing the patterns of
growth for these four species using Imbrie’s
statistical test reveals that S. whitfieldi is sig-
nificantly different at the 1% level from all
the other species, which among themselves
exhibit no significant differences. In fact, al-
though S. preventricosus was significantly dif-
ferent from both S. larvaeformis and C. ver-
miformis in regard to whorl width versus
diameter, this species is now inseparable from
the other two (table 18).

WHORL CROSS-SECTIONAL AREA

Cross-sectional area versus shell diameter
was measured on dorsoventral sections of 15
specimens of C. vermiformis from locality
B235a (fig. 42). Note that in this instance a
slope of 2.0 equals isometry because area is
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Fig. 37. Plot of whorl width versus shell diameter for 11 specimens of Clioscaphites vermiformis.
The symbols represent different specimens. The dashed vertical line represents the boundary between

embryonic and postembryonic growth.

plotted against a linear dimension. The equa-
tion of the line of best fit for postembryonic
growth is log Area = 2.198 log D — 7.258 or
the equivalent power function Area = 5.52 X
10-3D21%% (measurements are expressed in
mm). The coeflicient of correlation equals
.9982. The statistical test indicates positive
allometry (Z = 12.92; 74 data points).

UMBILICAL DIAMETER

This dimension was measured on dorso-
ventral sections and plotted against shell di-

ameter on log-log paper. Measurements of
the umbilical diameter of 17 specimens of S.
larvaeformis from locality B189 describe a
gently sloping curve without any deviations
between 0.7 and 3 mm in shell diameter (fig.
43). However, an abrupt and graphic increase
in scatter occurs at approximately 3 mm in
diameter and although the subsequent points
may represent a continuation of the earlier
curve, the disruption beginning at 3 mm is
very conspicuous. On the other hand, mea-
surements of the umbilical diameter for 33
specimens of S. whitfieldi from locality B176a

TABLE 17
Statistical Tests of the Allometric Slope of the Growth of Wheorl Width Versus Shell Diameter

S. whitfieldi S. preventricosus C. vermiformis
S. larvaeformis Z=9.26 Z =499 Z=124
sig. at 1% sig. at 1% nonsig.
S. whitfieldi Z =107 Z=6.87
sig. at 1% sig. at 1%
S. preventricosus Z=3.05

sig. at 1%
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Fig. 38. Plot of whorl height versus shell diameter for 18 specimens of Scaphites larvaeformis. The
dashed vertical line represents the boundary between embryonic and postembryonic growth.

do not suggest any apparent changes in the
pattern of growth (fig. 44). In S. preventri-
cosus, measurement of the umbilical diam-
eter for 27 specimens from locality B228a
describes a pattern similar to that in S. lar-
vaeformis. It consists of a fairly tight curve
up to 3—4 mm in shell diameter followed by
a sharp and dramatic increase in scatter (fig.
45). A plot of umbilical diameter versus shell
diameter for 26 specimens of C. vermiformis
from locality B235a also reveals a change at
a diameter of approximately 3-4 mm but
suggests a slightly different pattern thereafter
(fig. 46). In this species, the change at 3—4
mm represents a kind of inflexion point with
subsequent values describing a steeper slope,
although this impression is partly exagger-
ated by the more expanded scale used in fig-
ure 46.

Thus, at least three species indicate a change

in the pattern of growth of the umbilical di-
ameter at approximately 3-4 mm in shell di-
ameter. Tanabe (1977) also recognized a
change in the growth pattern of umbilical di-
ameter at approximately two whorls from the
constriction corresponding to 3—4 mm in shell
diameter in S. planus and Otoscaphites puer-
culus.

CONSTANT OF SPIRAL EXPANSION

The transition from embryonic to postem-
bryonic growth is commonly marked by a
sharp increase in the length of the spiral ra-
dius (fig. 47). However, the subsequent pat-
tern of growth is nearly uniform with only
minor deviations. Figure 48 represents mea-
surements of the growth of the spiral radius
versus the total rotational angle for a juvenile
specimen of S. preventricosus from locality
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B228a. The points, plotted on semilog paper,
approximate a straight line of slope .1420,
which equals the expansion constant of the
spiral (k). The intercept represents the dis-
tance between the center of the spiral and its
start, that is, the point at which § = 0, the
beginning of the postembryonic shell.

The growth patterns for spiral radius ver-
sus total rotational angle are very similar
among the four species studied (table 19). In
four specimens of S. larvaeformis from lo-
calities B189 and B180 and USGS locality
21792, the slope averages .1391 and ranges
from .1310 to .1495. The pattern of growth
for each specimen approximately conforms
to a straight line; the coefficients of correla-
tion exceed .9753. In four specimens of S.
whitfieldi from locality B176 and USGS lo-
cality 21194 the slope averages .1412 and
ranges from .1299 to .1482. The pattern of
growth for each specimen approximates a

straight line; the coeflicients of correlation
exceed .9974. In nine specimens of S. pre-
ventricosus, the slope averages .1441 and
ranges from .1373 to .1561. The pattern of
growth for each specimen also conforms to a
straight line; the correlation coefficients ex-
ceed .9592.The average slope for six speci-
mens of C. vermiformis from localities B235a
and B239a and USGS locality 21425 equals
.1426 and ranges from .1349 to0 .1480. As in
the other examples, the pattern of growth for
each specimen approximately conforms to a
straight line; the coeflicients of correlation
exceed .9574.

To investigate the ontogenetic change in
the constant of spiral expansion, I calculated
the expansion constant every quarter whorl
in two species to obtain a plot of k versus 6
(fig. 49). Changes occur throughout growth
and the constant of spiral expansion is itself
a function of size or rotational angle. In S.
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Fig. 40. Plot of whorl height versus shell diameter for 16 specimens of Scaphites preventricosus. The
dashed vertical line represents the boundary between embryonic and postembryonic growth.

preventricosus, the constant of spiral expan-
sion appears to increase and subsequently de-
crease. In C. vermiformis, the pattern resem-
bles an arch with a peak at approximately
two whorls from the constriction (fig. 50).
Because the equation of the spiral is ¥ = ae®,
we may express k as a function of 6. The
simplest approach is to fit a straight line
through the scatter of points. For example,
in S. preventricosus the equation of the line
of bestfitis k=.001756 + .1252. Substituting

this equation into the equation of the spiral
yields

r= ae(.001759 +.1252)8

or

2
r= ae.001750 +.12528

At low 8, the linear term predominates and
at high 6, the quadratic. The derivative of k
with respect to # may be considered the mod-
ification rate of the constant of spiral expan-

TABLE 18
Statistical Tests of the Allometric Slope of the Growth of Whorl Height Versus Shell Diameter

S. whitfieldi S. preventricosus C. vermiformis
S. larvaeformis Z = 17.06 Z=1.18 Z=.55
. sig. at 1% nonsig. nonsig.
S. whitfieldi Z=3.12 Z=13.82
sig. at 1% sig. at 1%
_S. preventricosus Z=.48

nonsig.
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Fig. 41. Plot of whorl height versus shell diameter for 11 specimens of Clioscaphites vermiformis.

The dashed vertical line represents the boundary between embryonic and postembryonic growth.

sion (McGhee, 1980). The measurements
suggest an increase in the constant of spiral
expansion after approximately two whorls
from the constriction and another approach
would be to construct a step function that
exhibits a shift at this whorl number.

The ontogenetic change in the constant of
spiral expansion may also be analyzed by
plotting the natural logarithm of the ratio of
consecutive diameters separated by one-half
whorl against log diameter. This ratio equals
the constant of spiral expansion. If postem-
bryonic growth conformed to a perfect log
spiral, this ratio would remain constant at all
sizes. The ratio is related to Raup’s “whorl
expansion rate” and is precisely defined in
the following derivation. Let D, represent the
diameter at some § + 7

D, = ae® + ae**m @)

Let D, represent the diameter one-half whorl
forward

D, = aeko+n + geko+an ®)

The ratio of D, to D, is
D, _ aedtks + gelt+2ike ©)
D, ae® + qekttin
which reduces to
aeeT 4 g2k - e + e
ae’(l + &) I + e

1 + &
and finally

1D

The natural logarithm of the ratio equals k=
and dividing by = vields k, the constant of
spiral expansion.

The graphs of the four species exhibit con-
siderable scatter but certain patterns emerge.
Measurements for 26 specimens of S. lar-
vaeformis from localities B189 and B180 and
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Fig. 42. Plot of whorl cross-sectional area versus shell diameter for 15 specimens of Clioscaphites

vermiformis.

USGS localities 21792 and D203 describe a
gentle arc with a peak at approximately 3
mm in shell diameter (fig. 51). The constant
of spiral expansion averages .1401 for post-
embryonic growth (compares to a value of
.1391 calculated previously). After 3 mm in
shell diameter, the constant remains approx-
imately the same or declines slightly. On the
other hand, measurements for 20 specimens

of S. whitfieldi from locality Bl176a indicate
no conspicuous changes except at maturity
(fig. 52). The constant increases until ap-
proximately 10 mm in shell diameter and
then sharply decreases at the onset of ma-
turity. This decrease occurs over the final 0.5-
1.5 whorls of the mature phragmocone and
appears as a tightening of the spiral. The con-
stant of spiral expansion averages .1408 for
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postembryonic growth (compares to a value
of .1412 calculated previously). Measure-
ments for 27 specimens of S. preventricosus
from localities B228a and B227b describe a
trough with a minimum at approximately 3
mm in shell diameter (fig. 53). After this size
the constant increases followed by a decrease
for the final 1.5 whorls of the mature phrag-
mocone. Inasmuch as S. preventricosus com-
monly attains a larger size at maturity than
S. whitfieldi, the increase in k prior to ma-
turity persists longer. The constant of spiral
expansion averages .1396 for postembryonic
growth (compares to .1441 calculated pre-
viously). Measurements for 24 specimens of
C. vermiformis from localities B235a and
B239a and USGS localities 21425 and 10888
describe an arch with a peak at approximately
4 mm in shell diameter (fig. 54). The constant
of spiral expansion averages .1383 for post-
embryonic growth (compares to .1418 cal-
culated previously). The pattern in this species
differs from that in the other species in two
respects. First, the constant of spiral expan-

sion appears to change at approximately 1
mm in shell diameter and second, after a peak
at approximately 4 mm in shell diameter, it
decreases steadily toward maturity.

In summary, the average value of k, the
expansion constant of the spiral, is similar
among these four species and, in fact, resem-
bles the average value of the expansion con-
stant in Otoscaphites puerculus and Scaphites
planus (Tanabe, 1975, 1977). However, k it-
self is not constant during growth and at least
three species exhibit a change at 3-4 mm in
shell diameter. After this size, the pattern dif-
fers among species. In C. vermiformis the ex-
pansion constant steadily decreases whereas
it initially increases or remains the same in
the other three species until the onset of ma-
turity.

The values for the constant of spiral ex-
pansion may be used to solve for diameter
or total rotational angle when only one vari-
able is given. For example, how many whorls
correspond to a diameter of 3.5 mm in S.
preventricosus? The constant of spiral expan-
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sion may equal either .001756 + .12526 or,
for simplicity, the average value of .1394.
The distance between the center of the spiral
and its start, represented by a, equals ap-
proximately 60% of the ammonitella diam-
eter. Choosing an ammonitella of 606 um
yields a value of a equal to 362 um. The
equation is:

D = 362 um e!¥% + 36213940+ (12)
or 3500 um
= 362 um e!13%4(] + ¢!3947) (13)
Solving for 6,

T 1394 1362 um (1 + €14
6 = 9.56 radians or 548°
The angle which corresponds to a diameter

of 3.5 mm is 8§ + 180°, which equals 728° or
2.02 whorls from the primary constriction.

PC

Fig.47. Diagram of a median section of a spec-
imen of Clioscaphites vermiformis showing a
marked increase in the growth of the radius of the
spiral following the primary constriction (PC).
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Similar solutions may be calculated for the
other three species. The value of k is similar
among these species and slight differences in
ammonitella size may result in a small range
of variation in the number of whorls corre-
sponding to a diameter of 3.5 mm.

ORNAMENTATION

Ornamentation was observed on the venter
of the shell in median section and initially
consists of weak, wavy undulations less than
25 um in amplitude. These undulations later

develop into more pronounced ventral ribs.
The first appearance of ornament occurs at
approximately two whorls from the primary
constriction. Table 20 lists the number of
whorls at which ornament first appears for
17 individuals of S. larvaeformis from all
available localities, 109 individuals of S.
whitfieldi from locality B176a, 24 individuals
of S. preventricosus from locality B228a, and
45 individuals of C. vermiformis from local-
ity B235a. The number of whorls at the first
appearance of ornament is similar for all four
species and averages 2.19 whorls with a range
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from 1.5 to 2.6 whorls. S. larvaeformis ex-
hibits the highest average (2.26 whorls) and
the smallest range (2.00-2.56 whorls). This
may be due to the fact that S. larvaeformis
possesses the smallest ammonitella. Because
the constant of spiral expansion is similar
among all four species, an individual that be-
gins growing at a smaller size will have se-
creted more whorls to attain the same di-
ameter at which ornament first appears.

STRUCTURE OF THE OUTER WALL

Ontogenetic changes occur in the structure
of the outer wall. After the formation of the
primary varix, where nacre first appears, the
shell wall consists of both prismatic and na-
creous microstructure. Erben et al. (1969) re-
ported that an inner prismatic layer appears
at 2.75 whorls from the proseptum in Acan-
thoscaphites nodosus and Discoscaphites cf.
conradi. This point corresponds to two whorls
from the primary constriction (the angular
length of the ammonitella equals approxi-
mately 0.75 whorls). However, Birkelund and
Hansen (1974), in a study of Discoscaphites
sp., noted that although the inner prismatic
layer reaches a thickness greater than that of
the outer prismatic layer at two whorls from
the primary constriction, it first appears as a
very thin layer one whorl earlier. Figure 55
is a magnified cross section of the outer wall
of a specimen of C. vermiformis approxi-
mately three whorls from the primary con-
striction. The thin outer prismatic and thick-
er inner prismatic layers sandwich a very thick
nacreous layer. Dorsally, the outer prismatic
and nacreous layers wedge out and only the
inner prismatic layer continues across the
venter of the preceding whorl (fig. 55B; Bir-
kelund and Hansen, 1974). Determination of
the diameter at which the inner prismatic
layer first appears in these Turonian-Santon-
ian scaphites may provide additional support
for recognizing a developmental change at
approximately two whorls from the constric-
tion.

ANGULAR LENGTH OF THE JUVENILE
Bobpy CHAMBER

Are the changes in the shape of the shell
and the development of ornament manifest-
ed internally in changes in the spacing of the
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TABLE 19
Constants of Spiral Expansion (¥ in S.
larvaeformis, S. whitfieldi, S. preventricosus, and
C. vermiformis®

Speci-
Species men k r

C. vermiformis 1 .1461 .9994
k= 1426 2 .1480 9620

3 .1460 9993

4 .1380 9574

5 .1349 .9999

6 .1426 9994

S. preventricosus 1 1387 9997
k= 1441 2 1520 9994

3 .1392 19592

4 .1373 19990

5 .1561 9996

6 .1452 9991

7 1417 9983

8 .1428 9997

9 .1440 .9946

S. whitfieldi 1 .1299 9974
k=.1412 2 .1482 .9999
3 .1419 9985

4 .1449 9996

S. larvaeformis 1 1310 9753
k=.1391 2 .1495 9998

3 .1390 .9949

4 .1370 9760

< The constant of spiral expansion equals the slope of
the line of best fit for measurements of the spiral radius
versus the rotational angle plotted on semi-log paper.

k = mean constant; » = coefficient of correlation.

septa and position of the siphuncle? To an-
swer this question, we must determine the
angular length of the juvenile body chamber.
This information will permit us to relate an
aperture at a particular diameter with the sep-
ta that formed at approximately the same
time.

Ascertaining the angular length of the ju-
venile body chamber requires inspection of
shells actually preserved at juvenile stages.
There is no a priori method of inferring these
data by observations of shells preserved at
maturity. However, measurement of the an-
gular length of the juvenile body chamber is
subject to error because breakage of the body
chamber is not always detectable, resulting
in an underestimate of the actual value. Fig-
ure 56 represents a plot of the measurements
of body chamber angle versus phragmocone
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of Scaphites preventricosus.

angle (in degrees) for 40 juveniles of S. pre-
ventricosus and C. vermiformis from locali-
ties B228a, B235a, and B239a, and USGS
locality 21425. The phragmocone angle is
standardized with zero at the primary con-
striction. In other words, the phragmocone
angle is measured relative to the end of the
embryonic shell. Calculation of the phrag-
mocone angle from the proseptum requires
adding the angle of the ammonitella. The an-
gle of the body chamber exhibits no trend
with increasing phragmocone angle but re-
mains approximately the same throughout
juvenile growth. The body chamber angle av-
erages 266° and ranges from 235 to 302°% the
coefficient of variation equals 7.63. This av-
erage is similar to that for the ammonitella

angle although it may represent an underes-
timate of the actual body chamber angle.

SIPHUNCLE

Having determined an average value for
the angular length of the juvenile body cham-
ber, we may now discuss internal changes and
relate them to the aperture that formed at the
same time. Let us first consider the siphuncle.
The siphuncle is a posterior process of the
body that permits the transfer of cameral lig-
uid to regulate buoyancy and construct new
chambers. The siphuncle is preserved in most
of the scaphite species studied but its pres-
ervation varies widely. For example, in some
specimens of S. whitfieldi free of matrix, the
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of Clioscaphites vermiformis.

siphuncle is unaltered, whereas in other spec-
imens it is shrunken (fig. 57). The condition
of the siphuncle bears on the calculation of
siphuncular strength as defined by Wester-
mann (1971). This calculation relies on actual
measurements of wall thickness and diameter
and, therefore, requires unaltered siphuncles.
The surface of the siphuncle in scaphites is
smooth and bears no growth lines as reported
on the siphuncles of other ammonites by
Grandjean (1910). The scaphite siphuncle also
exhibits a homogeneous structure on frac-
tured surfaces (fig. 57). Its structure is similar
to that of the siphuncles in Darmesites, Eu-
pachydiscus, Mesopuzosia, and Scalarites as
reported by Obata et al. (1980) and inter-
preted as originally organic.

The growth of the diameter of the siphun-

cle is illustrated in figure 58. Measurements
of siphuncular diameter are plotted versus
shell diameter on log-log paper for four spec-
imens of C. vermiformis from locality B235a
and USGS localities 21425 and 10888. The
measurements describe a gently sloping curve
with no obvious breaks or critical points. The
pattern is increasingly negatively allometric,
that is, the siphuncle expands more and more
slowly relative to the diameter of the shell.
This pattern is similar to that in many other
ammonites (Westermann, 1971).

Although the siphuncle eventually attains
a ventral position in later ontogeny, initially
it may occupy a subcentral position. Deter-
mination of the position of the siphuncle is
subject to error, however, in specimens sec-
tioned at an angle to or above or below the



186 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY VOL. 185

20 T T TTTTTI T T T TTTT7T T T TTTTI

Y hd —

Bl —

7k l ° ® 7

6+ l. [ 2P LIPS g. ° .o ]

B i o . _

B o jo° o.‘oa ““...‘.‘ “.’ L 3¢
. 4 ©| o ggWw o’ oo, hd —
7w InD Cec| e ° . Aol
v L Y ] oY g0 b _.
D_’ |3r_ ® .‘~ .. ° °

~ rL . .o f':‘. (1 —

= oy ° * . -

0} o eg e f S. larvoeformis ]

09 |- :°. 22 INDIVIDUALS -

08| —

[ ]

o —

06 | 1“1111113 ] L4ttt i L iitt
10° 10 10? 10°

DIAMETER (pm)

Fig. 51. Plot of v 'In(D/D_,) versus shell diameter for 22 specimens of Scaphites larvaeformis. The
ratio is equivalent to the constant of spiral expansion (k). The vertical line represents the boundary
between embryonic and postembryonic growth.

20 T T TTTTT T T T T TTTIT T T TTTT]
= -
1Bf -
= . _
B .. q.. -
B % % ‘w ® . ~
- " ° o 0:(11 ° %%

| _

™ InD oos 338 oce %7
D, B} 0‘ s . A =
el s St % * .

MR N

n " A IS . —

o |® S. whitfieldi (BI76a)
o » K 20 INDIVIDUALS -
o1 = ] —
osl -
or L 1% i L1 L1t L L1l

1% 103 0t 108

DIAMETER (pm)

Fig. 52. Plot of =~ 'In{(D/D_,) versus shell diameter for 20 specimens of Scaphites whitfieldi. The
ratio is equivalent to the constant of spiral expansion (k). The vertical line represents the boundary
between embryonic and postembryonic growth.



1987 LANDMAN: ONTOGENY OF SCAPHITID AMMONITES 187
2 T T T TTTT1 T T TTTTTI T T 17171711
20 . —
19+ —
[ ]
18 . .. —
e . —
(J
B ° ° ° b .% —
® oo o ®
|5 — ° (] ° Py .. .. " -
-] Y o o
'InD K[ ? > 3% ‘.&’gé"’ * o
@ [ ]
D. s} o< |y omgs C . .
.., o 0 o. [ ] B
2 * 8o oo 4 .
= % o —
o * ¢ S preventricosus |
0o °. 26 INDIVIDUALS
f .
o8| -
o7 . ]
06 | 1 @ 11 t1id | 1 b il | L1 1111
102 03 104 103

DIAMETER (pm)

Fig. 53. Plot of #—!'In(D/D_,) versus shell diameter for 26 specimens of Scaphites preventricosus.
The ratio is equivalent to the constant of spiral expansion (k). The vertical line represents the boundary

between embryonic and postembryonic growth.

median plane and in specimens in which the
siphuncle is diagenetically altered. In median
sections of five specimens of C. vermiformis
from localities B235a and B239a and USGS
locality 21425 in which the siphuncle ap-
peared unaltered, it gradually migrated from
a subcentral to ventral position. The angular
length between the primary constriction and
the point at which the final ventral position

was established averages 498°. It ranges from
456 to 536° and the coefficient of variation
equals 5.75. Adding the average angular length
of the juvenile body chamber (266°) to the
mean value of 498° indicates that this change-
over corresponds to an aperture at 2.1 whorls
from the primary constriction. Functional in-
terpretations of such a changeover in the po-
sition of the siphuncle rely on speculations

TABLE 20
Number of Whorls at the First Appearance of Macro-ornamentation®
N X Range Cv
Scaphites larvaeformis 17 2.26 2.00-2.58 8.12
(all available localities)
Scaphites whitfieldi 109 2.15 1.46-2.58 13.84
(locality B176a)
Scaphites preventricosus 24 2.18 1.72-2.62 8.90
(locality B228a)
Clioscaphites vermiformis 45 2.16 1.72-2.58 10.19

(locality B235a)

2 The number of whorls is measured from the primary constriction.
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regarding the benefits of liquid decoupling
between the siphuncle and cameral fluid (see
Ward, 1979).

SEPTAL SPACING

Do any of the changes in the shape of the
shell correspond to changes in the spacing of
the septa? Figure 59 is a plot of the mea-
surements of septal angle versus septal num-
ber for the initial 40 septa of two specimens
of C. vermiformis from locality B239a and
USGS locality 21425. The septal angle is
measured on median section with the apex
of the angle located at the center of the pro-

—

Fig. 55. A. Microstructure of the shell wall ap-
proximately three whorls from the primary con-
striction in a specimen of Clioscaphites vermifor-
mis (AMNH 43205). Note the nacreous (NA), outer
(OP), and inner (IP) prismatic layers. B. Micro-
structure of the shell wall at the umbilical seam in
a specimen of S. preventricosus (AMNH 43206).
The outer prismatic (OP) and nacreous (NA) layers
eventually wedge out.
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toconch and its two legs positioned on the
ventral edges of the septa. The patterns of
septal spacing for the two specimens are sim-
ilar although one specimen (numbered 1) dis-
plays a higher amplitude than the other
(numbered 2). After the proseptum, the sep-
tal angle increases and attains a peak at ap-
proximately the seventh or eighth septum.
Subsequently, the angle between septa sharp-
ly decreases and reaches a minimum at the
19th septum in one specimen and at the 26th
septum in the other. Thereafter, the septal
angle more or less increases, culminating in
a second maximum in both specimens (septa
37 and 45, respectively). This maximum is
in turn followed by a decline in septal spacing.
In specimen 1, a third maximum occurs fol-
lowed by a final decline (not shown on fig.
59). This final decline or “approximation” is
associated with maturity.

Let us consider the patterns more closely.
In specimen 1, a maximum in septal spacing
occurs at septum 7, 208° from the proseptum.
Adding the angular length of the juvenile body
chamber indicates that this maximum cor-

responds to an aperture at 474° from the pro-
septum. Now, a minor change in the shape
of the shell occurs at 700-900 um in diameter
corresponding to approximately one-half
whorl from the primary constriction, which
occurs in this specimen at 292° from the pro-
septum. Adding one-half whorl to 292° yields
an aperture at 472° from the proseptum, a
value remarkably close to the value of 474°
calculated above. Similarly, in specimen 2 a
maximum in septal spacing occurs at the
eighth septum, 206° from the proseptum.
Adding the angular length of the juvenile body
chamber indicates that this maximum cor-
responds with an aperture at 472° from the
proseptum. The minor change in the shape
of the shell at one-half whorl from the pri-
mary constriction occurs in this specimen at
470° from the proseptum (the ammonitella
angle of this specimen equals 290°), a value
remarkably close to the value of 472° calcu-
lated above. However, in both specimens,
these widely spaced septa also coincide with
the location of the primary constriction and
accompanying varix. The presence of these
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Fig. 57. A. Fragments of a well-preserved siphuncle from a specimen of Scaphites whitfieldi (AMNH
43207). Scale bar = 100 um. B. Close-up of the same siphuncle. Scale bar = 20 um. C. Fragment of a
well-preserved siphuncle from a specimen of S. whitfieldi AMNH 43208). Scale bar = 10 um. D. More
poorly preserved siphuncle from a specimen of S. whitfieldi (AMNH 43209). Scale bar = 100 um.

features may also help explain the wider spac-
ing at this point (see below).

The minimum in septal spacing in speci-
men 1 occurs between septa 16 and 19, that
is, between 480 and 522° from the prosep-
tum. The minimum in specimen 2 occurs at
septum 26, 602° from the proseptum. Adding
the average angular length of the juvenile body
chamber to these values yields apertures at
approximately 788 and 868° from the pro-
septum, respectively. A conspicuous change
in the shape of the shell occurs at approxi-
mately 3-4 mm in diameter, corresponding
to approximately 923° from the proseptum
in specimen 1 and approximately 917° from
the proseptum in specimen 2. In both spec-

imens, these apertures correspond in time of
formation with a few septa adoral of the min-
imum in septal spacing (six septa adoral in
specimen 1 and two septa adoral in specimen
2).

In summary, the first peak in septal spacing
corresponds in time of formation with a mi-
nor change in the shape of the aperture one-
half whorl from the primary constriction. It
also coincides with the location of the pri-
mary varix. The minimum in septal spacing,
however, occurs slightly before the formation
of a conspicuous change in the shape of the
aperture at approximately 3-4 mm in di-
ameter.

The pattern of septal spacing in these two
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specimens also appears in other specimens of
C. vermiformis, S. preventricosus and Bacu-
lites sp. cf. B. asper, B. codyensis measured
on their coiled whorls. The pattern always
consists of a steep increase for the initial ap-
proximately ten septa followed by an equally
steep or gradual decrease reaching a mini-
mum approximately 1.5 whorls from the pro-
septum. This may be followed in turn by a
gentle uniform increase, an increase marked
by steep fluctuations, or a random pattern
with many small oscillations and only a
slightly increasing slope. These patterns are
also remarkably similar to those in Jurassic
Leioceras opalinum (Bayer, 1972) and Quen-
stedtoceras sp. (Kulicki, 1974: 215-216).
Kulicki (1974) constructed graphs of septal
spacing in Quenstedtoceras and noted
“depressions” of narrowly spaced septa, and
“elevations” of widely spaced septa. He wrote:

In all ... a fairly steep elevation, terminating
with the second depression and occurring at the
beginning of the second whorl [that is, after a
little more than one whorl has been completed
and going into the second whorl] is situated be-
hind the first depression [located at the prosep-
tum]. A sector of diagram with a fairly varied
trace in particular specimens is situated behind
the second depression. This sector is marked by
considerable amplitudes of fluctuations. Several
smaller depressions and elevations, occurring
on this sector, are variously situated in various
specimens.

PERIODICITY OF SEPTAL SECRETION
AND SPACING

The period of septal secretion in ammo-
nites and other externally shelled cephalo-
pods has generally been considered a con-
stant governed by an astronomical rhythm.
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Fig. 59. Plot of septal angle versus septal number for two specimens of Clioscaphites vermiformis.

The septal approximation at maturity is not shown.

Using this assumption, Stahl and Jordan
(1969) analyzed the oxygen isotopic comi-
position of consecutive septa in two Jurassic
ammonites. The isotopic ratios yielded a si-
nusoidal pattern. Assuming septal secretion
at equal intervals of time, this pattern was
interpreted as a reflection of seasonality al-
though it may also represent migrational be-
havior. I performed a similar analysis on the

outermost seven septa of an adult specimen
of S. preventricosus from locality B230 (fig.
60). However, if the underlying assumption
is incorrect, that is, if septa are not secreted
at equal time intervals, then even in a strong-
ly seasonal environment, the isotopic com-
position of the septa may not faithfully re-
produce a seasonal pattern. Clearly, starting
out with one septum in the spring, if the next
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Fig. 60. Plot of §'*0 for the last few septa of an adult specimen of S. preventricosus. Septum 1

represents the final septum.

septum is secreted one month later, but the
following septum three months later, any sea-
sonal signal will be distorted.

The period of septal secretion may be stud-
ied directly in the sole surviving externally
shelled cephalopod, Nautilus. In Nautilus,
Denton and Gilpin-Brown (1966) and Kahn
and Pompea (1978) inferred a constant time

interval between septal secretion of 14 and
30 days, respectively. However, recent stud-
ies have indicated that the period of septal
secretion, or chamber formation, in Nautilus
is not constant but uniformly increases
through ontogeny. This pattern was predicted
on the basis of the ontogenetic decrease in
the ratio of the surface area of the siphuncle
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to chamber volume (Chamberlain, 1978). The
period of chamber formation in specimens
of N. pompilius in aquaria increased from a
minimum of 14 to a maximum of 132 days
through ontogeny (Ward and Chamberlain,
1983; Ward, 1985). Specimens of N. mac-
romphalus in aquaria exhibited a similar in-
crease from 49 to 98 days (Ward, 1985). This
ontogenetic increase in the period of chamber
formation appeared exponential although the
period of formation for any particular cham-
ber varied widely among individuals. Periods
in nature are longer but still indicate an on-
togenetic increase. In immature specimens of
N. pompilius in nature, periods of septal for-
mation averaged 60-90 days (Cochran et al.,
1981; Landman and Cochran, 1987). Im-
mature specimens of N. belauensis in nature
exhibited longer periods—from 120 to 230
days, approaching a year at maturity (Saun-
ders, 1983; Cochran and Landman, 1984).

Apparently, the period of septal secretion
in Nautilus is not constrained by an imposed,
external source such as the moon but depends
instead on internal buoyancy requirements
and the rate of apertural growth. As Nautilus
adds shell at the aperture, it initiates the for-
mation of a new chamber to maintain neutral
buoyancy. This process may be effected by a
complex feedback system between levels of
cameral liquid and the growth of the shell at
the aperture (Ward et al., 1980). At the same
developmental stage within a species, vari-
ation in the rate of apertural growth may pro-
duce concomitant variation in the period of
septal secretion but, in general, the period of
septal secretion increases over ontogeny. The
buoyancy system in scaphites and other am-
monites may have been comparable to that
in Nautilus. The ratio of the surface area of
the siphuncle to chamber volume also de-
creases over ontogeny and, therefore, am-
monites may have exhibited a similar onto-
genetic increase in their period of chamber
formation, independent of any astronomical
rhythm (Chamberlain, 1978; Landman, 1983;
Ward, 1985).

On the other hand, the patterns of septal
spacing in Nautilus and ammonites differ
markedly. In Nautilus, the septa tend to be
equally spaced, at an average angular distance
of approximately 25°. However, reductions
in septal spacing coincide with hatching and
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maturity, and also appear immediately after
shell breaks. In scaphites and other ammo-
nites, septal spacing tends to be nonuniform
and is marked by oscillations of varying am-
plitude although reductions in septal spacing
may also coincide with hatching and matu-
rity.

Variation in septal spacing may directly re-
flect variation in the rate of apertural growth
associated with developmental or environ-
mental changes. However, as stated, septa do
not demarcate equal time intervals unlike, for
example, daily growth lines. A reduction in
septal spacing may, indeed, reflect a deceler-
ation of growth at the aperture but the time
interval between adjacent septa may, in fact,
represent a longer period than usual. For ex-
ample, traumatic breakage of the shell margin
and the interruption of the normal cycle of
septal formation may produce septal approx-
imation. In an aquarium study Ward (1985)
observed that a specimen of Nautilus pom-
pilius that was severely broken at its edge
delayed septal formation until after the aper-
tural margin was repaired; the newly formed
septum was approximated. Thus, the time
interval between the secretion of adjacent
septa was longer than usual. Reductions in
septal spacing due to apertural breakage also
appear in animals captured in the wild. The
reduced chamber occurs at an angular dis-
tance of one body chamber’s length from the
position of the former injured and repaired
apertural lip (Ward, 1985).

Variation in septal spacing may also rep-
resent an indirect response to the morpho-
metric modifications coincident with devel-
opmental or environmental changes. Several
parameters of the shell affect septal spacing
including the thickness of the shell wall, the
whorl shape, and the volume of occluded lig-
uid (Westermann, 1973). Changes in these
parameters accompanying a change in the
mode of life may therefore affect the position
of newly formed septa. Thus, the commonly
observed septal approximation at maturity
in Nautilus, scaphites, and many other am-
monites, may reflect both a decline in the rate
of apertural growth as well as modifications
in the thickness of the shell wall and overall
density coincident with maturation (see Wes-
termann, 1973).

Septal spacing may also be affected by the
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configuration of the whorl in which the septa
are being secreted. For example, if a constric-
tion occurs in the whorl, the chamber that
forms there will be longer than previous ones
to accommodate the same proportional in-
crease in volume (Bayer, 1977a, 1977b). In
other words, the newly formed septum will
be more widely spaced. An example is at the
primary constriction where the accompany-
ing varix creates a constriction in the whorl
shape. The septa formed at this point are
commonly more widely spaced as, for ex-
ample, in the two specimens plotted in figure
59.

In addition to the differences in the pattern
of septal spacing between Nautilus and am-
monites, the number of septa also differs
markedly. This may be due to contrasts in
septal thickness and the expansion rate of the
spiral (Westermann, 1971). It may also be
due to differences in the size and morphology
of the embryonic shell. In ammonites, the
small protoconch of the ammonitella pro-
vides an amount of bouyancy commensurate
with its size and, thereafter, newly formed
chambers provide buoyancy sufficient to sup-
port limited growth at the aperture.

INTERPRETATION OF MORPHOMETRIC
CHANGES

The patterns of growth in these Turonian-
Santonian scaphites exhibit departures from
a simple linear trend. Such departures may
indicate changes in development or mode of
life. In general, three kinds of departures from
linearity may occur. These consist of curvi-
linear trends, polyphasic patterns, and
rhythmic fluctuations (Reeve and Huxley,
1945; Gould, 1966). In polyphasic growth,
consecutive departures from a linear trend
are modeled by fitting a number of lines rep-
resenting simple allometry. The inflexion
points between these lines are called critical
points or “Knickpunkte.”

In the ontogenetic study of ammonites,
polyphasic growth has been widely recog-
nized. Kullmann and Scheuch (1972) and
Kant and Kullmann (1973) identified poly-
phasic growth and critical points in their
measurements of whorl width and whorl
height for several Paleozoic ammonoids.
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These points were interpreted as representing
the changeover points from one growth pro-
gram to another. The angle between adjoin-
ing lines was interpreted as a measure of the
magnitude of the changeover. These patterns
were not considered curvilinear because the
“allometric constant [that is, the slope] re-
mains approximately constant over a long
period of growth.” In Cretaceous ammonites,
Obata (1959) identified polyphasic growth in
his measurements of whorl width versus di-
ameter in Desmoceras sp. These phases were
interpreted as representing distinctive growth
stages. Later, Obata (1965) documented the
patterns of growth of the spiral radius, whorl
height, and whorl width in Reesidites mini-
mus. He wrote, “when we carefully examine
the data, we find that the change of growth
ratio [that is, the slope] occurs at a few critical
points in the course of growth.” These
“changes in the specific growth constants [that
is, slopes] are a necessary consequence of . . .
allometric growth.” More recently, Obata et
al. (1979) discriminated a number of growth
phases in three specimens of Subprionocyclus
neptuni on the basis of their measurements
of the growth of the spiral radius versus the
rotational angle. In an ontogenetic study of
Gaudryceras tenuiliratum, Hirano (1975)
documented the growth of the spiral radius
and recognized several critical points. Simi-
larly, Tanabe (1975, 1977) identified several
“growth phases” in the ontogeny of Otosca-
phites puerculus and Scaphites planus from
Japan.

Departures from a linear pattern of growth
require careful analysis to establish their va-
lidity. They may be due to experimental ar-
tifacts introduced by poorly prepared sec-
tions. They may also be statistically invalid.
Gould (1966, personal commun. in Hayami
and Matsukuma, 1970) has claimed that the
interpretation of polyphasic growth is often
based on too few points. “The so-called poly-
phasic allometry and critical point(s) are usu-
ally nothing but pure artifacts of an improper
procedure.” For example, after identifying a
number of critical points, Hirano (1975) de-
termined their “propriety” by performing a
Student’s z-test ‘““on the growth ratios be-
tween the growth stage preceding the critical
point and that succeeding . . . [it] in each
sample.” The size of the samples ranged from
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1 to 14 specimens. However, this method
may not be statistically valid if the chosen
critical points are not conspicuous (Hartigan,
1982, personal commun.). In such instances,
the results of these tests must first be com-
pared to the outcomes of similar tests per-
formed on all other sequential groupings of
data, that is, between all “conceivable inflex-
ion points” before the chosen critical points
are interpreted as statistically significant.

In general, deviations from linearity are
more likely to represent artifacts if they are
slight, occur in only a few specimens, involve
only one parameter, and only appear at very
small diameters where measurements are
more subject to distortion from poorly pre-
pared sections. On the other hand, departures
that are conspicuous and involve a number
of parameters are more likely to be real.

In evaluating the morphometric changes in
the Turonian to Santonian scaphites from the
Western Interior, I have tried to reduce the
number of experimental artifacts. For ex-
ample, I measured the growth of the spiral
radius versus the total rotational angle on
median sections in which the center of the
spiral had been carefully located. The first
departure from linearity occurs in most
species at approximately 700 um in diameter.
It appears in the plots of the measurements
of whorl width versus diameter as an abrupt
shift in the slope of the line of best fit. This
shift is real and corresponds with a marked
change from embryonic to postembryonic
growth at the end of the primary constriction.
However, the change in shape at approxi-
mately one-half whorl later, corresponding to
900 um in diameter, may be an artifact. It is
inconspicuous on most plots of the measure-
ments of whorl height, whorl width, and um-
bilical diameter versus shell diameter al-
though internally it corresponds to a
maximum in septal spacing.

In contrast, the morphological changes at
3-4 mm in diameter appear in most species
and are probably real. They occur at a suffi-
ciently large diameter to preclude artifacts
due to the mislocation of the center of the
spiral. For example, the plot of the measure-
ments of whorl height versus shell diameter
in S. larvaeformis suggests a sinusoidal pat-
tern with respect to the line of best fit (fig.
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38). Between diameters of 0.7 and 3 mm,
most points plot below the line and after 3
mm, most points plot above the line. Simi-
larly, the plot of the measurements of whorl
width versus shell diameter in S. larvaeformis
also suggests a sinusoidal pattern (fig. 35). In
fact, if the points were to be split at approx-
imately 2.7 mm and two regression lines cal-
culated, the slope of the line for diameters
between 0.7 and 2.7 mm would be 1.0861,
still positive allometry but closer to 1, with
a correlation coefficient of .9880. The slope
of the line for diameters greater than 2.7 mm
would be .9980 with a correlation coefficient
of .9898, a case of statistically significant
isometry. This is an example of how a de-
viation, probably a real one, if neglected, can
bias the overall pattern to indicate positive
allometry in a log spiral form when at least
part of the growth is isometric. Other species
exhibit similar patterns in their measure-
ments of whorl height and whorl width versus
shell diameter. At diameters less than 3 mm,
many points fall below the line of best fit and
at diameters above 3 mm, many points lie
above the line.

These morphological changes at 3-4 mm
in diameter coincide with changes in other
parameters. Measurements of umbilical di-
ameter versus shell diameter exhibit in-
creased scatter after approximately two whorls
from the primary constriction in at least three
species. Measurements of the growth of the
spiral radius versus the total rotational angle
also indicate changes in the constant of spiral
expansion at this whorl number in at least
three species. Simultaneously, macro-orna-
mentation gradually begins to develop. In-
ternally, these morphological changes corre-
spond with a broad minimum in septal
spacing and the attainment of a stable, ven-
tral position of the siphuncle. In the closely
related species Otoscaphites puerculus, Tana-
be (1975, 1977) also reported simultaneous
changes in septal thickness and siphuncular
diameter. These internal changes may be a
direct response to metabolic and growth rate
changes or may represent indirect responses
to modifications occurring at the aperture.

The changes in shape at two whorls from
the constriction are not abrupt, however, but
gradual as, for example, in the onset of or-
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namentation and the ventral migration of the
siphuncle. How are these changes in shape
interpreted? Because these changes appear in
individuals of at least three species from a
variety of localities I prefer to interpret them
as indicating a change in the mode of life or
development of the animals rather than a re-
sponse to an environmental perturbation, for
example, seasonality. As discussed in the last
section, scaphites may have assumed a plank-
tonic mode of life at hatching. For some time
at least, the animals may have relied on what-
ever remaining yolk existed as a food source,
later becoming dependent on minute plank-
ton. The slight change in shape at approxi-
mately 1 mm in diameter may correlate with
the transition from a lecithotrophic to a more
planktotrophic mode with an attendant ex-
pansion in whorl width. The more conspic-
uvous changes at 3-4 mm in diameter, how-
ever, may represent the end of the planktonic
stage and the transition to a more active mode
oflife coincident, perhaps, with a descent from
surface water. This would be equivalent to
the end of the pseudolarval stage in modern
cephalopods.

Other ammonites exhibit similar morpho-
metric changes at comparable sizes and whorl
numbers. Gaudryceras tenuiliratum exhibits
three conspicuous changes in the shape of the
shell at 1.25, 2.25, and 5.5 whorls from the
proseptum (Hirano, 1975). The first change
apparently coincides with the end of the am-
monitella (the ammonitella angle exceeds one
whorl as reported by Tanabe et al., 1979).
The second change may reflect a juvenile
growth stage, and the third probably reflects
maturity. Tanabe (1975, 1977) recognized
three changes in the ontogeny of Otoscaphites
puerculus and Scaphites planus at 0.75, 1.75,
and 2.75 whorls from the proseptum. The
first change marks the end of the ammoni-
tella. The existence of the second change is
questionable but corresponds to approxi-
mately one whorl from the constriction. The
third change is very conspicuous and corre-
sponds to two whorls from the constriction,
identical to the break herein described. Ree-
sidites minimus exhibits two changes in
growth at approximately 3.0 and 5.0 whorls
from the proseptum (Obata, 1965) corre-
sponding to 1.5 and 3.5 whorls from the con-

LANDMAN: ONTOGENY OF SCAPHITID AMMONITES 197

striction, respectively, after the angular length
of the ammonitella is subtracted. Subprion-
ocyclus neptuni exhibits two shape changes
at 1.75 and 2.75 whorls from the proseptum
(Obata et al., 1979) corresponding to 1.0 and
2.0 whorls from the constriction, respective-
ly, after the angular length of the ammonitella
is subtracted (approximately 0.75 whorls).
Westermann (1954) identified a juvenile
growth stage at approximately three whorls
from the primary constriction in several
species of Otoitidae and Stephanoceratidae.
In Promicroceras and other Jurassic ammo-
nites, Currie (1942, 1943, 1944) detected sev-
eral changes in shape on the basis of her mea-
surements of whorl height, width, and spiral
angle. The most consistent changes occurred
at 1.0-1.5 whorls from the proseptum, cor-
responding to the end of the ammonitella,
and at approximately 1.5-2.0 whorls later
(corresponding to approximately 2.0-3.0 mm
in diameter). Hewitt (1985) has also docu-
mented a change in whorl strength and su-
tural complexity corresponding to approxi-
mately two to three whorls from the primary
constriction in many ammonites. Finally,
Kulicki (1974) recognized a break in growth
in Quenstedtoceras corresponding internally
with a decline in septal spacing, his so-called
second depression.

Thus, similar morphometric changes ap-
pear in taxonomically unrelated ammonites
such as Quenstedtocerasand Gaudryceras(dif-
ferent suborders) and may have a common
explanation. In other words, just as the sim-
ilarity in the morphology of the embryonic
shell among all ammonites suggested a com-
mon mode of development, the similarities
in the morphological patterns observed in
early postembryonic growth may suggest
common developmental and mode of life
changes. Thus, although the kind of orna-
mentation may differ in different ammonites,
its first appearance on the shell may indicate
a similar change in mode of life. Because these
changes appear in a wide variety of ammo-
nites, they probably do not represent a re-
sponse to the same environmental pertur-
bation, but probably represent a similar
change in ontogenetic development. Gross
changes in ontogenetic development appear,
of course, at maturity to which we now turn.
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MATURITY

In the Turonian-Santonian scaphites from
the Western Interior, maturity is expressed
by the development of a partially or nearly
completely uncoiled body chamber with a
sculpture different from that of the septate
whorls (Cobban, 1951). Thus, as in embry-
onic and early postembryonic growth, a
change in shape is interpreted as indicating
a change in mode of life or ontogenetic de-
velopment. This change in shape is very con-
spicuous. The mature body chamber reflexes
hooklike upon the earlier secreted phrag-
mocone and terminates in a constricted ap-
erture (fig. 61). The form of the body chamber
precludes further development, and as in
many other marine invertebrates, growth is
determinate.

Among these scaphites the shape of the
mature body chamber varies from a loosely
uncoiled to a more tightly but still uncoiled
form. Within a species, by definition, the adult
shape is uniform and comparison, for ex-
ample, of adult diameters among individuals
comprises a valid measure of size variation.
However, some species are so different from
others in their adult shape, that is, the form
of their mature body chamber, that few or no
homologous points of comparison exist. For
example, an individual of S. carlilensis may
exhibit the same maximum length as an in-
dividual of C. vermiformis but in the former
the measurement of maximum length in-
cludes a lot of empty space, whereas in the
latter it is an accurate representation of a
compact form.

DIAMETER OF THE MATURE PHRAGMOCONE

To compare the adult dimensions of dif-
ferent species, yet circumvent the problem
described above, I chose to measure the ma-
ture phragmocone. Unlike the body cham-
ber, the phragmocone exhibits nearly the same
shape, that is a logarithmic spiral, in all
species. However, although the phragmocone
is easily measured on whole specimens of un-
coiled species, its measurement on more in-
volute species such as C. vermiformis re-
quires either broken specimens or median
sections.

Histograms of mature phragmocone di-

ameter measured as indicated on figure 61
were prepared for several species (figs. 62—
67). For example, a sample of 131 individuals
of S. whitfieldi from a single concretion from
locality B176a describes a slightly skewed
normal distribution with a mode between 20
and 22 mm (fig. 63). Another sample of 71
specimens of the same species from several
localities just south of the Black Hills (B176,
B177,B192a, B192, and B193) also describes
a normal distribution with a slightly higher
mode between 26 and 28 mm (fig. 63). Nei-
ther distribution is bimodal. Histograms of
the other species also approximate normal
distributions except for C. vermiformis (fig.
67). The mode, mean, and ratio of maximum
to minimum diameter are listed below for six
species. S. preventricosus and C. vermiformis
exhibit the largest phragmocones and S. lar-
vaeformis exhibits the smallest phragmo-
cones. The ratio of maximum to minimum
diameter ranges from 1.7 to 4.6.

Ratio,
max.
to
min.
Mode Mean diam-

Species N (mm) (mm) eter
S. larvaeformis 55 12-14 13.7 4.0
S. carlilensis 34 20-22 245 46
S. warreni 47 16-20 20.2 2.3
S. whitfieldi 131 20-22 202 28
S. preventricosus 16 4042 41.8 1.7
C. vermiformis 22 38-40 360 2.2

How does adult phragmocone size relate
to the initial ammonitella size? A plot of mea-
surements of ammonitella diameter versus
adult phragmocone diameter for all speci-
mens of S. whitfieldi from locality B176a in-
dicates no correlation (fig. 68). A small am-
monitella may develop into an adult with a
small phragmocone and low whorl number
or, with equal probability, an adult with a
large phragmocone and high whorl number.
Apparently, within species, the size of the
ammonitella does not determine the final
adult size. A similar plot of measurements of
adult diameter versus ammonitella size for
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S. larvaeformis also exhibits zero correlation
(fig. 69).

The correlation between ammonitella size
and adult phragmocone size improves, how-
ever, among species. According to table 10,
the smallest ammonitellas appear in S. /ar-
vaeformis, S. whitfieldi, and S. warreni, and
in turn, these three species exhibit the small-
est adult phragmocones. At the other ex-
treme, C. vermiformis possesses one of the
largest ammonitellas and, consequently, one
of the largest mature phragmocones. How-
ever, the average ammonitella size in S. pre-
ventricosus is similar to that in S. warreni yet
the mature phragmocone of S. preventricosus
more closely resembles that of C. vermifor-
mis. These relationships are also illustrated
in figure 70 in which measurements of am-
monitella diameter are plotted against mea-
surements of mature phragmocone diameter.
The pooled sample means for each species
are used except for S. whitfieldi; the coefli-
cient of correlation equals .7698.

NUMBER OF WHORLS IN THE
MATURE PHRAGMOCONE

The number of whorls in the mature phrag-
mocone is measured on median sections. The
most complete sample available consists of
113 individuals of S. whitfieldi from a single
concretion from locality B176a. Figure 71A
represents a histogram of this sample in which
the number of whorls is measured from the
primary constriction. The histogram de-
scribes a normal distribution with a mode
between 3.7 and 3.9 or 4.0 whorls. This mode
corresponds to the mode between 16 and 22
mm in mature phragmocone diameter. Most
specimens exhibit a range from 3.6 to 4.3
whorls yielding a difference of 0.7 whorls.
The inclusion of two anomalously large spec-
imens extends the range to 4.8 whorls, yield-
ing a difference of 1.2 whorls. A similar his-
togram for 62 adults of S. whitfieldi from other
localities just south of the Black Hills (local-
ities B176, B177, B192, B192a, and B193)
describes another normal distribution with a
mode between 3.9 and 4.0 whorls and a range
from 3.4 to 4.7 whorls, yielding a difference
of 1.3 whorls (fig. 71B). Either singly or com-
bined, the two distributions do not indicate
bimodality.
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Fig. 61.
trating the measurement of mature phragmocone
diameter (Dp) and overall length (L).

Diagram of an adult scaphite illus-

CORRELATION BETWEEN PHRAGMOCONE
S1zE AND WHORL NUMBER

What is the relationship between the di-
ameter of the mature phragmocone and the
number of postembryonic whorls? Figure 72
represents a plot of measurements of the nat-
ural logarithm of the diameter of the mature
phragmocone versus the number of whorls,
measured from the start of the postembryon-
ic shell, for individuals of several scaphite
species, namely S. carlilensis, S. warreni, S.
nigricollensis, S. corvensis, S. preventricosus,
S. depressus, and C. vermiformis. This plot
suggests two observations, relating first to in-
traspecific and, second, to interspecific vari-
ation.

First, within a species, the slope of the line
of best fit for measurements of whorl number
versus phragmocone diameter is generally
lower than that for individual growth. For
example, measurements for 108 adults of S.
whitfieldi from locality B176a approximate a
straight line of slope .7190 with a correlation
coefficient of .8239. Expressing whorl num-
ber in = radians, this slope converts to .1144,
The inclusion of two specimens with 4.76
whorls apiece, which lie outside the general
distribution, lowers the slope of the line of
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Fig. 62. Histogram of mature phragmocone diameter for 55 specimens of Scaphites larvaeformis.

best fit to .6684 or, using = radians, .1064.
These values are lower than the mean slope
of .1408 for the postembryonic growth of the
spiral radius (or diameter) versus the total
rotational angle in an individual specimen of
S. whitfieldi from this locality. Similarly,
measurements of the diameter of the mature
phragmocone versus the number of whorls
for 16 adult specimens of S. larvaeformis from
all available localities approximate a straight
line of slope .6646 with a coefficient of cor-
relation of .8504. Expressing whorl number
in = radians, this slope converts to .1058.
Again, this value is lower than the mean slope
of .1401 for the postembryonic growth of the
spiral radius (or diameter) versus the total
rotational angle in an individual specimen of
S. larvaeformis. How do we explain this re-
peated discrepancy?

The difference is probably due to intraspe-
cific variation in the size of the ammonitella
and in the value of the constant of spiral ex-
pansion (k). Ammonitella size is a measure
of a, the distance between the center of the
spiral and its start. If all individuals of a
species began postembryonic growth with the
same size ammonitella, and assuming for the
moment they all grew with the same spiral
expansion constant (k), the plot of the mea-
surements of mature phragmocone size ver-
sus whorl number would conform to a straight
line whose slope would equal the value of the
spiral expansion constant for individual
growth. Whorls would accrue in larger indi-
viduals as if their addition simply represent-
ed an extrapolation of the growth of smaller
individuals, short of maturity. However, the
size of the ammonitella varies widely within
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a single species, and, therefore, specimensdo  size. Thus, although previously we learned
not begin postembryonic growth at the same  that ammonitella size exhibits no correlation
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with final adult phragmocone size within
species, at any particular adult size, the size
of the ammonitella is inversely related to the
number of adult whorls. For example, in S.
larvaeformis, the size of the ammonitella
ranges from approximately 525 to 650 um.
Ammonitellas at these two sizes will yield
specimens with 3.75 and 3.5 whorls, respec-
tively, at an average phragmocone diameter
of 14 mm. The calculations are as follows:

1 14 mm
b=t AP I mma e )
= 23.56 radians,
#, = 3.75 whorls
0,=7n + L In 14 mm
d4 0 390 mm (1 + e!l%)
= 21.99 radians,

8, = 3.50 whorls
.14

where = the constant of spiral ex-

pansion

60% of the size of the am-
monitella, which measures
525 mm

60% of the size of the am-
monitella, which measures
650 mm

the mean size of the adult
phragmocone.

315 mm

.390 mm

14 mm

At a phragmocone diameter of 20 mm, these
two ammonitellas will yield specimens with
4.15 and 3.91 whorls, respectively.

The variation in the number of whorls at
a given diameter of the adult phragmocone
is further illustrated in figure 73. Measure-
ments of phragmocone diameter versus the
number of postembryonic whorls are replot-
ted for specimens of S. larvaeformis with in-
dividual growth trajectories terminating at
each point. These trajectories are drawn as-
suming a constant slope, that is, a spiral ex-
pansion constant k equal to approximately
.14, The lines are parallel but not coincident
and, therefore, display different y intercepts.
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The intercepts reflect ammonitella size, and  previously, that ammonitella size does not
at any particular adult diameter, specimens  display any correlation with final adult size
with larger ammonitellas (higher yintercepts) and whorl number, considered collectively.
exhibit fewer whorls. Note, however, asshown  Specimens with small phragmocones and low
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whorl numbers may, in fact, exhibit higher
intercepts than those with larger phragmo-
cones and greater whorl numbers. The result
is that the slope of the line of best fit through
the measurements of adult phragmocone di-
ameter versus whorl number is lower than
that for individual growth. (The intercepts in
fig. 73 do not strictly translate as In a because
diameter rather than radius is plotted against
. The equation D = ge*® + qe®~™ is rendered
in natural logarithms as In D=kf# + Ina +
In(1 + e~¥7), and the intercept actually rep-
resents the last two terms.)

In addition to intraspecific variation in
ammonitella size, variation also occurs in the

value of the spiral expansion constant. For

example, the spiral expansion constant in S.
larvaeformis ranges from .1310 to .1495. Be-
ginning with the same size ammonitella, this

difference in the value of the constant of spi-
ral expansion will yield a difference of 0.44
whorls at an adult diameter of 14 mm. The
calculations are as follows:

n 1 In 14 mm
T

1310 394 mm (1 + e13107)

= 23.37 radians,

8, = 3.72 whorls

01=

-+ In 14 mm
.1495 7 394 mm (1 + e!4957)
= 20.63 radians,
6, = 3.28 whorls

02=

where

.1310
.1495

the lower constant of spi-
ral expansion

the higher constant of
spiral expansion
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14 mm = the mean size of the adult -

phragmocone
60% of the mean size of
the ammonitella, which
measures .582 mm in S.
larvaeformis.

.349 mm

At a phragmocone diameter of 20 mm, the
lower and higher values of k will yield spec-
imens with 4.15 and 3.66 whorls, respec-
tively. Thus, as with ammonitella diameter,
the constant of spiral expansion is inversely
related to the number of postembryonic
whorls at any particular adult size and, there-
fore, the slope of the line of best fit through
the measurements of adult phragmocone di-
ameter versus whorl number will not match
that for individual growth.

The second observation emerging from fig-

ure 72 relates to interspecific variation. The
measurements of phragmocone size versus
whorl number for the adults of all species
approximately conform to a straight line of
slope .8121 with a correlation coefficient of
.8865. Expressing whorl number in 7 radians,
this slope converts to .1292, a value ap-
proaching the mean spiral expansion con-
stant for individual growth. This slope prob-
ably also reflects variation in ammonitella
size and the spiral expansion constant. As
shown previously, among species, the rela-
tionship between ammonitella size and num-
ber of postembryonic whorls and adult
phragmocone size exhibits a weak positive
correlation. A species starting out with a larg-
er ammonitella tends to attain a larger size
and more whorls at maturity than a species
starting out with a smaller ammonitella.
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exhibits a positive correlation (correlation coefficient = .7698).

Nevertheless, at any particular adult phrag-
mocone size, the size of the ammonitella is
inversely related to the number of postem-
bryonic whorls.

Likewise, although the mean value of the
spiral expansion constant is similar among
the four species studied, variation in k will

produce concomitant variation in the num-
ber of whorls at any particular adult phrag-
mocone size. The species also differ in their
patterns of spiral expansion after approxi-
mately two whorls from the primary con-
striction. These differences are especially well
marked at the onset of maturity. After two
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Two histograms illustrating the number of postembryonic whorls in the mature phragmocone

of Scaphites whitfieldi. A, 113 specimens from locality B176a. B, 62 specimens from localities B176,

B177, B192, B192a, and B193.

whorls from the primary constriction in S.
larvaeformis the spiral expansion constant re-
mains the same or exhibits a slight decrease.
In S. whitfieldi, the constant of spiral expan-
sion increases after this whorl number but
sharply decreases at maturity. In S. preven-
tricosus the value of k also increases after two
whorls from the constriction and subsequent-
ly exhibits a decrease for the final 1.5 whorls
of the mature phragmocone. The mature
phragmocone of S. preventricosus commonly
possesses more whorls than that of S. whit-
fieldi, and, therefore, the increase in k persists
longer. Finally, in C. vermiformis, the de-
crease in the spiral expansion constant that
typically occurs near maturity in the other
species, appears immediately after two whorls

from the primary constriction in this species.
Thus, the slight decline in the constant of
spiral expansion at maturity in S. larvaefor-
mis is accentuated in S. whitfieldi and S. pre-
ventricosus and appears even earlier in the
ontogeny of C. vermiformis.

The fact that the slope of the line of best
fit for phragmocone size versus whorl num-
ber among species approaches the mean val-
ue of the constant of spiral expansion for in-
dividual growth suggests that, on the average,
differences in size among species more com-
monly entail differences in whorl number
rather than marked disparities in the value
of the spiral expansion constant. The change
in k in larger species is not sufficiently large
to accommodate increase in size and at the
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Fig. 72. Plot of the natural logarithm of the diameter of the mature phragmocone versus whorl
number for several scaphite species including S. corvensis from an unnumbered USGS locality near
Lander, Wyo. (see Appendix II); S. nigricollensis from localities B185-B188 and USGS localities 21198,
23666, D422, and D1363; S. warreni from all available localities; S. whitfieldi from locality B176a; S.
preventricosus from locality B211 and USGS localities 20289 and 23280; S. carlilensis from locality
B183 and USGS locality 21182; C. vermiformis from localities B204 and B205, and USGS locality
21425; S. larvaeformis from all available localities; and S. depressus var. stantoni from locality B253

and USGS locality 17957.

same time maintain the same number of
whorls.

NUMBER OF SEPTA IN THE ADULT
PHRAGMOCONE AND AGE AT MATURITY

How do the numbers of septa relate to adult
size? Recall that in a logarithmic spiral, if the
addition of angular increments is arithmetic,

then increase in diameter is exponential.
Therefore, given the simplifying assumption
that, on the average, septa are spaced at equal
angles, say 20° or in other words, 18 septa
occur per whorl, a specimen whose phrag-
mocone has twice the number of whorls will
exhibit twice the number of septa. However,
a specimen whose phragmocone is twice as
large in diameter will exhibit many fewer than
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Fig. 73. Plot of the mature phragmocone diameter versus the number of postembryonic whorls in
the phragmocones of 16 specimens of Scaphites larvaeformis. Individual growth trajectories are drawn
with a slope, that is, a spiral expansion constant, equal to approximately .14. The slope of the line of
best fit through the adult values is lower than the slope of the individual growth trajectory.

twice that number of septa. For example, a  in diameter, an ammonitella 670 um in di-
specimen with an adult phragmocone 5 mm  ameter, an ammonitella angle of 280°, a spiral
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expansion constant of .138, and septa that
are spaced every 20° will possess a total of
56 septa. Another specimen whose adult
phragmocone is twice that size, that is, 10
mm in diameter, will only display 14 septa
more, and a specimen whose adult phrag-
mocone is four times the original size will
only display an additional 29 septa.

This relationship between the number of
septa and the size of the adult phragmocone
is well illustrated by two adults of S. whitfieldi
from locality B176a. The first specimen dis-
plays an ammonitella angle of 285°. Its ma-
ture phragmocone measures 16.3 mm in di-
ameter and consists of 3.68 whorls from the
primary constriction. The total number of
septa including the proseptum equals 92. The
second specimen displays an ammonitella
angle of 299°. Its mature phragmocone mea-
sures 21.4 mm in diameter and consists of
4.13 whorls from the primary constriction.

The total number of septa in this specimen
equals 101. In other words, although the sec-
ond specimen is 1.3 times the diameter of
the first specimen, it does not possess 1.3
times the number of septa (120). The actual
number of septa may be estimated by the
following procedure: divide the total rota-
tional angle of the first specimen by the num-
ber of septa in that specimen:

3.68 x 360° + 285° _ 1609.8°
, 85° _ 1609.8° _ -

92 92
Given the simplifying assumption that all
septa are equally spaced, the angle between
septa equals 17.5°. Dividing the total rota-
tional angle for the second specimen by 17.5°,
4.13 x 360° +299° 1785.8°
17.5° 17.5°

yields 102 septa, very near the actual number.
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Thus, the number of postembryonic whorls
in the mature phragmocone correlates with
the number of septa at maturity.

Determination of the age at maturity of
these scaphites based on the number of septa
is difficult. In Nautilus, the age at maturity is
estimated at 10~15 years based on extrapo-
lated rates of apertural growth and periods of
septal secretion; animals are known to sur-
vive for several years after maturity (Saun-
ders, 1983; Cochran and Landman, 1984;
Landman and Cochran, 1987). This contrasts
with other cephalopods such as octopus,
squids, and cuttlefish, which rapidly reach
maturity within one or two years, reproduce,
and die (Wells and Wells, 1983). Attempts
to determine the rate of growth and longevity
in ammonites have, in general, relied on the
study and interpretation of patterns of growth,
using Nautilus as an analogy (Westermann,
1971; Kennedy and Cobban, 1976; Hirano,
1981; Doguzhayeva, 1982; Landman, 1983;
Landman, 1986). Growth rate estimates have
also been based on the known growth rates
of encrusting organisms that grew while the
ammonite was still alive (Schindewolf, 1934;
Seilacher, 1960, 1982; Merkt, 1966; Meisch-
ner, 1968; Westermann, 1971; Hirano, 1981)
and the identification of size or year classes
within preserved fossil assemblages (True-
man, 1941). These methods have yielded a
range of estimates that suggest a slow rate of
growth and an extended longevity more sim-
ilar to that of Nautilus than that of modern
dibranchiates. This similarity may reflect the
common *“costs’ of growing a large external
shell (Ward, 1985).

MATURE Bopy CHAMBER

Whatever modifications in shape occur in
the scaphite phragmocone prior to maturity,
they are small compared to the shape changes
coincident with the development of the final
body chamber. Moreover, as already stated,
the shape of the adult body chamber itself
varies among species. Comparing the adult
shapes of different species by conventional
measures of length and width fails to convey
or adequately describe this variation. A sim-
ple, alternate shape ratio is illustrated in fig-
ure 74. The maximum length L of a specimen

i§ Ttasued and divided by the radial dis-
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tance r,. This ratio is a measure of evolute-
ness and the extent to which a hooklike body
chamber is developed. In a logarithmic spi-
ral, this is equivalent to dividing a diameter
at rotational angle # by the radius at angle
§ — = and the quotient will always remain
constant. For example, if k = .14, the ap-
proximate value for the constant of spiral ex-
pansion in these scaphites, and ¢ = .4, then

D, _.4e% + 4el40-

T de140-
.4314(0—1)(1 + 9147)
= 4 140-m
D, =1+ el*
r0—1r

=255

Figure 74 illustrates the mean and standard
deviation of this ratio for six scaphite species.
S. larvaeformis displays a mean of 3.31, S.
carlilensis 3.19, S. warreni 3.10, S. whitfieldi
3.00, S. preventricosus 2.90, and C. vermi-
Sormis 2.55. The incremental decrease by
tenths starting from S. larvaeformis and end-
ing with S. preventricosus reflects a relative
decrease in the uncoiling of the mature body
chamber. The mean of 2.55 for C. vermifor-
mis matches that of a perfect logarithmic spi-
ral (assuming k = .14) and indicates minimal
uncoiling.

The degree of uncoiling and the size of the
adult shell exhibit a positive correlation
among species. Small slender evolute species
contrast with large, robust, involute species.
A quantitative measure of this correlation is
illustrated in figure 75. The same measure-
ments that were previously used to calculate
the shape ratio are slightly modified and con-
sist of two radii, r, and r,, measured along
the line of maximum length. They are plotted
against one another on log-log paper for sev-
eral species. If the shape of the adult shell,
including the body chamber, conformed to a
perfect logarithmic spiral, these two mea-
surements would represent radii separated by
one-half whorl and their ratio would equal a
constant. This would be true of all species,
regardless of their adult size, if their adult
shape conformed to the same logarithmic spi-
ral. A plot of these measurements on log-log
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paper would exhibit a slope of 1, that is, isom-
etry. Similarly, even if the adult shape did
not conform to a logarithmic spiral, which is,
in fact, more the norm than the exception
among these scaphites—but, nevertheless,
adults of larger species displayed the scaled-
up proportions of adults of smaller species—
a plot of these measurements would still ex-
hibit a slope of 1, indicating no change in
shape. However, in these Turonian-Santo-
nian scaphites, the ratio of , versus r; on log-
log paper displays a slope of approximately
.6, indicating negative allometry. As r, in-
creases in size, r, does not keep pace and the
result is an increase in coiling, that is, invo-
luteness.

Due to this negative allometry, the adult
shapes of larger species closely resemble those
of their juvenile shells. In their evolution,
these species exhibit a trend toward larger
size and greater involuteness (Cobban, 1951).
This evolutionary pattern may indicate neo-

teny in which shape is retarded with respect
to developmental stage. Adults of larger
species also possess more whorls than those
of smaller species, suggesting a delay in ma-
turity. Thus, adult descendants are larger but
exhibit a shape characteristic of their ances-
tors at a juvenile stage of ontogeny; they nev-
er develop an extended hooklike body cham-
ber.

How does the angular length of the un-
coiled body chamber, for example, in S. whit-
fieldi, compare with the angular length of the
body chamber in juveniles of the same species
or in adults of coiled species such as C. ver-
miformis? One approach is to treat the un-
coiled body chamber as if it were coiled in a
normal logarithmic spiral. How is an un-
coiled body chamber transformed into a
coiled body chamber? Tanabe (1977) de-
scribed a method called reconstituted spiral
length which posed the question: if a scaphite
were to continue coiling in a logarithmic spi-
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ral, what rotational angle would correspond
to the ventral length of the uncoiled body
chamber? The length of the uncoiled body
chamber is measured along the ventral pe-
riphery. However, we require an equation for
the length of a logarithmic spiral. The general
formula for arc length is

L=J~\/dx2+dy2 (15)

The polar equation of the logarithmic spiral
r = ae® may be converted into cartesian co-
ordinates, remembering that x = r cos ¢ and
y = r sin 8. The new expression is

x = ae®cos
and
y = aesin 6 (16)
The derivatives are
dx/d§ = —aesin 6§ + akecos 0
and
dy/df = ae*cos 6 + ake*sin 6§

Substituting the squares of the derivatives in
formula 15 and simplifying yields

L=f‘

which further simplifies to

- [ veE@ T ay

a*e?(sin%0
+ cos?) + a*k?e**(cos?d sin?f)
a7

and L=fae""\/k2+ 1 (19)
Integrating yields the final expression
o
= ZeVE+ 1]0 (20)

This formula expresses arc length as a func-
tion of rotational angle.

Thompson (1917) presented a formula for
the length of a logarithmic spiral which at
first glance appears to be different from equa-
tion (20). It is

L=rseca 20

where a is the constant angle of the spiral,
the cotangent of which equals k. However,
remembering the trigonometric identity
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tan?a + 1 = sec?a and substituting 1/k2 for
tan’« vields

L=nrn/(/k?) +1 (22)
which simplifies to
L=kVk+1 (23)

This is equivalent to equation (20), remem-
bering that r = ae®.

Equation (20) may be used to calculate the
reconstituted angular body length in two
specimens of S. whitfieldi. In the first speci-
men, the length of the body chamber mea-
sured along the ventral periphery equals ap-
proximately 50 mm. The base of the body
chamber occurs at 4.13 whorls or 25.95 ra-
dians from the primary constriction. The dis-
tance between the center and the start of the
spiral a equals .335 mm, and the mean value
for the constant of spiral expansion k equals
.1408. Substituting in equation (20) and solv-
ing for 0, yields

335 vsosor /CT408F + 1

50 =208
335
— 77" 5.1408(25.95) 2
05 ¢ \V(1408)% + 1
50 = 2.403¢ 1408 — 2.403(38.62)
142.803 _ o8
2.403

59.427 = g 1408¢
6,= 29.011 radians or 1662.2°

The difference between 8, and §,, that is, the
reconstituted body chamber angle, equals
175.4° In the second specimen, the length of
the body chamber measured along the ventral
periphery equals approximately 39 mm. The
base of the body chamber occurs at 3.69
whorls or 23.18 radians from the primary
constriction. The distance between the center
and the start of the spiral g equals .398 mm,
and the mean value of the constant of spiral
expansion k equals .1408. Solving the equa-
tion for 6, equals 26.16 radians or 1499.2°
The reconstituted body chamber angle for this
specimen equals 170.8°.

Tanabe (1977) modified this technique by
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considering the length of the body chamber
as the average of the ventral and dorsal pe-
riphery. In the second specimen of S. whit-
fieldi, for example, this average equals 27 mm.
The calculated body chamber angle reduces
to 125.6°. These values compare to Tanabe’s
values of 216-270° for the reconstituted body
chamber angles in Otoscaphites puerculus and
234° in Scaphites planus.

In S. whitfieldi, the method of reconstituted
angular length of the body chamber yields
body chamber angles smaller than those in
Jjuveniles, which average 266°, or in adults of
tightly coiled species such as C. vermiformis,
which average 255° and range from 210 to
310°. Thus, although this method may pro-
vide a descriptive basis for comparing indi-
viduals within a single species, it may be less
meaningful for interspecific comparisons.
Even within a single species, however, do the
results really represent the angle of the body
chamber if the body chamber remained
coiled? One obvious drawback is that the cal-
culated angle only depends on the length of
the body chamber as measured along the ven-
tral periphery and neglects variation in body
chamber volume. In addition, body cham-
bers of the same length, as measured along
the ventral periphery, attached to larger
phragmocones, will yield smaller reconsti-
tuted body chamber angles. For example, in
the first specimen of S. whitfieldi the length
of the body chamber equals 50 mm and the
number of postembryonic whorls in the
phragmocone equals 4.13; the calculated body
chamber angle equals 175.4°, The same body
chamber length in a specimen with a smaller
phragmocone consisting of, for example, 3.69
whorls, yields the larger angle of 208.6°. Ta-
nabe (1977) also documented an inverse re-
lationship between reconstituted angular body
length and phragmocone size.

Measurement of the angle of the body
chamber generally provides a convenient de-
scription and comparison of similarly shaped
shells. For example, in embryonic and ju-
venile shells, body chamber angles are rou-
tinely measured and compared because the
shape of the body chamber is similar, nearly
conforming to a logarithmic spiral. The per-
sistence of the same body chamber angle in
small and large juveniles may imply that a
constant volumetric relationship between the
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phragmocone and body chamber is main-
tained, perhaps in order to preserve neutral
buoyancy. In other words, measurement of
the body chamber angle may provide a con-
venient means for documenting the volu-
metric relationship between the phragmo-
cone and body chamber in species that
maintain the same shape through ontogeny.
However, once a marked change in shape
occurs, the angle of the body chamber is no
longer an appropriate parameter to measure.
The body chamber and phragmocone of an
adult specimen of S. whitfieldi may exhibit
the same volumetric ratio as that of the body
chamber and phragmocone of a juvenile
specimen but this will not be evident from
angular measurements.

An alternative approach is to measure vol-
ume, Or as an approximation, area. Area is
easily measured on median sections of spec-
imens with a planimeter. Figure 76 represents
a plot of the measurements of body chamber
area versus phragmocone area for eight adults
belonging to S. whitfieldi, S. preventricosus,
S. depressus, and C. vermiformis; two juve-
niles of C. vermiformis; and three ammoni-
tellas of S. preventricosus and C. vermiformis.
The slope of the line of best fit through these
points equals .8839 and the coefficient of cor-
relation equals .9764. This slope indicates
slightly negative allometry, that is, the ab-
solute ratio of body chamber area to phrag-
mocone area decreases with increasing phrag-
mocone area. This area relationship may
reflect a volumetric relationship that is main-
tained to preserve near neutral buoyancy. The
negative allometry suggests a tendency to-
ward increased buoyancy in larger speci-
mens, and, indeed, Tanabe (1977) interpret-
ed a similar pattern in Scaphites planus as
indicating a transition from a benthic to a
planktonic mode of life. However, other pa-
rameters such as shell wall and septal thick-
ness and the volume of occluded cameral
water must also be considered in assessing
buoyancy changes (see Westermann, 1973).

MICROSTRUCTURE, ORNAMENT, AND
ATTACHMENT SCARS AT MATURITY

Throughout most of ontogeny, the dorsal
shell consists of the inner prismatic layer; the
outer prismatic and nacreous layers wedge
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developmental stages in four scaphite species.

out at the umbilical shoulder (Birkelund and
Hansen, 1974). However, at maturity the
body chamber detaches from the coiled sep-
tate whorls but retains an impressed dorsal
zone. The dorsal shell increases in thickness
because the final body chamber is not sup-
ported by the buttressing of juxtaposed
whorls, as in earlier ontogeny. This increase
in dorsal shell thickness appears slightly be-
fore uncoiling and, as in the uncoiled shafts
of Baculites and other heteromorphs, the dor-
sal wall of the scaphite body chamber consists

of all three shell layers (see also Doguzhayeva
and Mikhailova, 1982).

An interruption in ribbing or an attenuated
sector of shell with subdued ornament com-
monly occurs near the base of the body cham-
ber, which coincides in many species with
the transition from a coiled to uncoiled shape.
This pattern is especially common in species
with an extended hooklike body chamber.
For example, in S. warreni the base of the
body chamber exhibits a wider spacing of
ventral ribs (Cobban, 1951). In some indi-
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viduals of S. larvaeformis, the ornament dis-
appears altogether for a short distance im-
mediately adoral of the base of the body
chamber. This pattern of subdued ornamen-
tation, called “stretch pathology” by Land-
man and Waage (1986), also appears on
younger scaphites such as S. hippocrepis and
Hoploscaphites nicolleti (see Cobban, 1969).
Its presence is unclear but may indicate that
this part of the mature body chamber was
secreted rapidly. Indeed, specimens of scaph-
ites with half-formed mature body chambers
are virtually unknown.

Internal molds of scaphite body chambers
also commonly display an isolated, oval-
shaped muscle scar. It occurs on the mid-
venter at the base of the body chamber and
has been documented in many other am-
monites. A midventral line or track some-
times appears adoral of the scar and persists
for a variable distance beyond it. This track
also appears on the body chambers of pre-
served juveniles. Jordan (1968) refers to this
impression as a “‘sipho-strucktur’ but its re-
lation to a similar tracklike feature on the
venter of the septate whorls is unclear.

SEXUAL DIMORPHISM

Like many other ammonites, scaphites ex-
hibit sexual dimorphism (Cobban, 1969; Je-
letzky and Waage, 1978; Crick, 1978). The
dimorphs are referred to as microconchs and
macroconchs and have been tentatively in-
terpreted as males and females, respectively
(Kennedy and Cobban, 1976). In addition to
size, they are distinguished on the basis of
the presence or absence of umbilical swellings
at the base of the mature body chamber, the
diameter of the umbilicus, the curvature of
the umbilical seam, the profile of the umbil-
ical shoulder, and the ratio of whorl width to
whorl height at the base of the mature body
chamber.

Among scaphites, size alone is not a defin-
itive criterion for dimorphic separation. In
the Maastrichtian species Discoscaphites
conradi, *‘size is not a primary distinguishing
characteristic owing to the great variability
in size of both sexes™ (Jeletzky and Waage,
1978). Similarly, size varies widely within
dimorphs of S. Aippocrepis and S. leei which
are largely identified on the basis of size-in-
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dependent criteria. Cobban (1969) indicated
that ““the range in size is such that the largest
males [microconchs] are larger than the
smallest females [macroconchs] but not as
large as the largest females [macroconchs].”
The largest macroconch is approximately five
times the size of the smallest microconch.
Within these dimorphs, the ratio of maxi-
mum size equals approximately 4:1. Cobban
constructed two size histograms of S. leei 111
and S. hippocrepis 1 (the Roman numerals
indicate chronologic subspecies) illustrating
the size distributions of microconchs and
macroconchs which were already diagnosed
on criteria other than size. Size was defined
as maximum length, including the body
chamber, as illustrated in figure 61 (Cobban,
1969: fig. 2). Within species, the dimorphs
overlap in size and, in fact, in S. leei 111, a
combined histogram for microconchs and
macroconchs would exhibit only a single
mode although a combined histogram for the
smaller sample of S. hippocrepis 1 would sug-
gest bimodality. Within species, larger spec-
imens exhibit as much as one more whorl
than smaller specimens. Size histograms for
several scaphite species from Greenland, un-
segregated with respect to sex, exhibit both
unimodal and bimodal distributions (Birke-
lund, 1965). Within S. cobbani, the maxi-
mum size ratio equals 6:1. Larger specimens
of S. cobbani and S. rosenkrantzi exhibit few-
er whorls than smaller specimens, although
intermediate size specimens occur which ex-
hibit an intermediate number of whorls. In
Hoploscaphites constrictus, dimorphism was
identified based on the presence of two non-
overlapping size groups that exhibited a dif-
ference of one whorl (Makowski, 1962).
Within the Turonian-Santonian scaphites
from the Western Interior, a well-marked di-
morphism occurs in many species. Cobban
(1951) assigned varietal names to these di-
morphs when they were especially distinctive
and later interpreted them as sexual in origin
(Cobban, 1969). He based his diagnosis large-
ly on size, stoutness, and the relative degree
of uncoiling. Small, slender, evolute forms
(microconchs) were interpreted as males
whereas large, robust relatively involute forms
(macroconchs) were interpreted as females.
In some species such as S. impendicostatus,
the macroconch possesses a prominent um-
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bilical swelling at the base of the body cham-
ber (Cobban, 1951: pl. 11, figs. 1-28) whereas
in other species, such as C. montanensis, the
umbilical swelling commonly appears in both
dimorphs (Cobban, 1951: pls. 16, 17) and in
still other species it is absent altogether.

As in other scaphites, size does not provide
a firm basis for dimorphic separation in these
species, except perhaps at the extreme ends
of the spectrum. The ratio of maximum to
minimum phragmocone diameter within
species ranges from 1.7 in S. preventricosus
t0 4.6 in S. carlilensis. [Because within-species
ratios are being compared among species,
measurement of maximum length as em-
ployed by Cobban (1969) and Birkelund
(1965) would do equally well and generally
is more often used.] However, the size fre-
quency distributions of phragmocone diam-
eter are generally unimodal although the shape
of the distribution is sensitive to sample size
(figs. 62-67). Nevertheless, even in species
that exhibit bimodal distributions, such as S.
larvaeformis, specimens of intermediate size
commonly occur between the modes.

The largest and perhaps most instructive
sample consists of several hundred speci-
mens of S. whitfieldi from a single concretion
(B176a) and from several localities just south
of the Black Hills (B176, B177, B192, B193).
Both separate locality and combined locality
histograms of phragmocone diameter de-
scribe normal distributions with a maximum
size ratio of 2.8 (fig. 62). The histogram of
the number of postembryonic whorls indi-
cates a maximum difference of approximate-
ly one whorl between large and small speci-
mens although intermediate size specimens
appear (fig. 71). A histogram of maximum
length, including the body chamber, of 266
specimens yields a skewed distribution with
one prominent peak at 29 mm and succes-
sively smaller peaks at 35 and 49 mm (fig.
77). The maximum size ratio equals 2.21.
Separation of these specimens into dimorphs
based on a number of criteria other than size,
including robustness, relative involuteness,
inflation of the mature body chamber, cur-
vature of the umbilical seam, diameter of the
umbilicus, and the ratio of whorl width to
whorl height at the base of the mature body
chamber is represented in figure 77. The di-
morphs overlap in size (maximum length)
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and the ratio of maximum size within each
dimorph is reduced relative to that of the
unsegregated population. The ratio equals
1.88 in microconchs and 1.65 in macro-
conchs. The maximum degree of overlap oc-
curs between 32 and 38 mm in maximum
length. The dimorphs themselves are inter-
gradational in shape over this size range and
the morphological criteria previously used to
discriminate dimorphs are ineffective at these
sizes. This ambiguity may be the result of
analyzing a large sample with implications
about the ease with which dimorphs are dis-
tinguished in very small samples or, and per-
haps more likely, a phenomenon common
to S. whitfieldi and several other scaphite
species.

MODE OF LIFE AT MATURITY

The mode oflife of adult scaphites has been
variously interpreted. Lehmann (1981) pro-
posed that the adult scaphite leads a benthic
existence shoveling up sediment. Tanabe
(1977) suggested a benthic mode for loosely
coiled forms and a planktonic mode for more
tightly coiled forms. Later, however, Tanabe
etal. (1978) favored a nektobenthic or mobile
benthic mode of life for both forms. Cham-
berlain (1981: 320) does ““not find any severe
problems in accepting the view that . . . many
of the heteromorphs were nektobenthonic
. ... In this regard, the similarity in overall
shape between a scaphitid and a sea horse is
uncanny.” On the other hand, Klinger (1982:
346), following Ward and Westermann
(1977), concluded that the most likely “mode
of life is . . . that of a planktonic floater.”

Presumably, if changes in shell shape in-
dicate changes in mode of life, then the dis-
tinctive uncoiling of the adult body chamber
must mark a change in the mode of life from
that of the submature form. Similarly, an in-
volute adult shape closely resembling that of
the subadult shell must indicate the persis-
tence of the same mode of life. When spec-
ulating on mode of life, the question of buoy-
ancy arises. Superficially, measurements of
phragmocone area versus body chamber area
suggest that increased buoyancy correlates
with involuteness (fig. 76). However, buoy-
ancy is also dependent on the amount of cam-
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eral liquid occluded in the phragmocone and
the growth pattern of shell and septal thick-
ness.

It is perhaps more reasonable to argue from
the standpoint of swimming capability and
maneuverability. The submature scaphite
with its planispirally coiled shell would pre-
sumably have been capable of some swim-
ming, although the shape of the shell is not
streamlined; the mode of life may have been
nektobenthic. Uncoiling results in an in-
crease in stability and a decrease in maneu-
verability because the distance between the
centers of buoyancy and gravity diverges. This
consequence of uncoiling seems to be implicit
in all of the suggested modes of adult animals:
benthic crawlers, near-bottom floaters or va-
grants, and near-surface floaters.

However, the shells of larger species do not
represent geometrically scaled-up versions of
the shells of smaller species. For example,

figure 75 illustrates that larger species tend
to be more tightly coiled. Would a specimen
of S. depressus at a diameter of 10 cm be
inadaptive as a geometrically scaled-up ver-
sion of S. whitfieldi? Would it pursue the same
mode of life? One relevant point is that
scaphites are never preserved with their adult
body chambers half completed, or, in other
words, with only half their long shaft formed.
This may be due to an acceleration in the rate
of growth at that point, but, in any event,
hypotheses of shell orientations never con-
sider the animal at this submature stage.
Nevertheless, this stage was successfully in-
corporated as part of the ontogenetic devel-
opment. Would a similarly long shaft be in-
adaptive in a scaled-up version of S.
whitfieldi? Other heteromorphs exhibit long
shafts at large sizes but this may not have
been a viable combination within the scaph-
ite Bauplan.
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TABLE 21
Dimensions of the Protoconch and Ammonitella in 11 Specimens of Pteroscaphites sp.
Ammonitella
diameter
Protoconch Protoconch Ammonitella  Protoconch Ammonitella
Species width (um)  diameter (um) diameter (um) diameter angle (°)

P. praecoquus

N=1

USGS locality D203 314.9 536.0 1.70 262
P. pisinnus

N=7

locality B176a 4277

locality B176a 427.7

locality B176a 314.9 589.6 1.87 296

locality B176a 299.5 558.0 1.86 277

locality B240a 3484 670.0 1.92 265

locality B240b 3484 643.2 1.85 294

locality B240c 361.8 656.6 1.81 260
P. auriculatus

N=3

locality B228a 493.5

locality B228a 308.2 575.4 1.87 278

locality B226 262

MICROMORPHS

Micromorphs display the same shape at
maturity as other scaphites but are reduced
in size. They are represented in the Turonian
to Santonian of the Western Interior by the
endemic genus Pteroscaphites Wright, which
consists of six species. These species are rare
and co-occur with many of the more nor-
mally sized scaphites. Several species devel-
op lappets or auricles at the mature aperture
although these features are smaller and less
conspicuous than those in Jurassic ammo-
nites (Cobban, 1951).

The early ontogeny of Pteroscaphites is
similar to that in the co-occurring larger
scaphite species. Its reduced adult size is not
reflected in a proportionally smaller ammo-
nitella. Table 21 lists the width and diameter
of the protoconch, the diameter of the am-
monitella, the ratio of ammonitella diameter
to protoconch diameter, and the ammonitella
angle for three species of Pteroscaphites,
namely P. praecoquus (Cobban), P. pisinnus
(Cobban), and P. auriculatus (Cobban). P.
praecoquus co-occurs with S. larvaeformis and

these two species display similarities in the
sizes of their protoconch and ammonitella.
P. pisinnus co-occurs with S. whitfieldi (lo-
cality B176a) and S. nigricollensis (locality
B240). At locality B176a, the size of the em-
bryonic shell of P. pisinnus is similar to that
of the embryonic shell of S. whitfieldi. At lo-
cality B240, the size of the embryonic shell
of P. pisinnus coincides more closely with
that of the embryonic shell of S. nigricollen-
sis. P. auriculatus co-occurs with S. preven-
tricosus at localities B228a and B226 and these
two species also display similarities in the
sizes of their embryonic shell.

The growth patterns of whorl height and
whorl width are approximately isometric
based on four specimens of P. pisinnus and
P. auriculatus. The measurements of whorl
height versus shell diameter exhibit a slope
of 1.032. Growth is isometric (Z = .0007)
and the coefficient of correlation equals .9949
(fig. 78). The measurements of whorl width
versus shell diameter exhibit a slope of .9604.
Growth is also isometric (Z = —.5630) and
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Fig. 78. Plot of whorl height versus shell diameter for four specimens of Pteroscaphites auriculatus
and P. pisinnus. Dashed vertical line demarcates boundary of embryonic and postembryonic growth.

the coeflicient of correlation equals .9449 (fig.
79). Nevertheless, as in the other scaphite
species, these patterns of growth exhibit
changes at 1 and 3-4 mm in diameter cor-
responding to approximately one-half and two
whorls from the constriction, respectively.
Measurements of umbilical diameter versus
shell diameter, however, exhibit only a slight
increase in scatter after approximately 3 mm
in shell diameter (fig. 80). The measurement
of 1/ multiplied by the natural logarithm of
the ratio of shell diameters separated by one-
half whorl versus shell diameter, which is
equivalent to the constant of spiral expansion
versus shell diameter, exhibits an increase
after approximately 3 mm, particularly in P.
pisinnus (fig. 81). The average value of £ in
these two species equals . 1358, which is lower
than that in the two co-occurring species, S.
whitfieldi and S. preventricosus. Unlike the
patterns in these latter two species, the con-
stant of spiral expansion does not decrease
abruptly at maturity.

As in the larger scaphite species, the change

in shape at approximately two whorls from
the constriction is nearly coincident with the
first appearance of ornamentation. In three
specimens of P. pisinnus the ornament first
appears at 2.25, 2.27, and 2.39 whorls from
the constriction. More remarkably, however,
this number of whorls coincides approxi-
mately with the end of the mature phrag-
mocone and the beginning of the adult body
chamber. In fact, in most specimens the or-
nament first appears on the body chamber.
That the morphometric changes at ap-
proximately two whorls from the constriction
correspond to the start of maturity in micro-
morphs lends additional support to the in-
ference that a change in development or mode
of life also occurs in the larger scaphites at
approximately this same whorl number and
size. Up to approximately two whorls from
the constriction, both the micromorphs and
the co-occurring larger species share a similar
ontogenetic pattern interpreted as indicating
direct development followed by a planktonic
stage. The end of the presumed planktonic
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Fig. 79. Plot of whorl width versus shell diameter for four specimens of Pteroscaphites auriculatus
and P. pisinnus. Dashed vertical line demarcates boundary of embryonic and postembryonic growth.

stage is marked by a gradual change in shape
and the development of macro-ornamenta-
tion. At this point, Scaphites and Cliosca-
Dphites may have assumed a nektobenthic
mode of life but, in any event, maturity did
not occur for at least another whorl. The mi-
cromorphs, however, accelerated into ma-
turity at this point and developed their hook-
like body chamber. This accelerated maturity
at a juvenile size may have occurred via pro-
genesis. The fact that maturity does not occur
at a smaller size suggests that this size and
whorl number represent a point of flexibility
at which different developmental pathways
may emerge.

The number of postembryonic whorls in
the mature phragmocones of five specimens
of P. pisinnus averages 2.38 and ranges from
2.25 to 2.52. In three specimens of P. auri-
culatus, the number of postembryonic whorls
averages 2.58 and ranges from 2.25 to 2.89.
In one specimen of P. praecoquus the number
of whorls equals 2.23. Within species, the
maximum whorl difference is 0.66 whorls.

This value compares to a maximum differ-
ence of 1.4 whorls in the largest sample of S.
whitfieldi. The number of postembryonic
whorls in the adult phragmocones of the mi-
cromorphs may be compared to the mini-
mum number in the adult phragmocones of
the four co-occurring species: S. larvaefor-
mis, 3.12; S. whitfieldi, 3.4; S. nigricollensis,
3.61; and S. preventricosus, 4.46. The mini-
mum whorl difference between the micro-
morphs and the co-occurring larger species
ranges from a little less to a little more than
one whorl.

The maximum length of five specimens of
P. praecoquus averages 9.5 mm (SD = 2.38)
and ranges from 6.8 mm for one of the small-
est mature scaphites ever observed, to 12.3
min, nearly the same size as that of the small-
est specimen of S. larvaeformis. The ratio of
the largest to smallest specimen is 1.81. The
maximum length of 14 specimens of P. pi-
sinnus averages 8.8 mm (SD = .973) and
ranges from 7.3 to 10.1 mm. The ratio of the
largest to smallest specimen equals 1.4. The
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Fig. 80. Plot of umbilical diameter versus shell diameter for four specimens of Pteroscaphites au-

riculatus and P. pisinnus.

largest specimen is less than half the length
of the smallest specimen of S. whitfieldi. The
maximum length of 11 specimens of P. au-
riculatus averages 9.9 mm and ranges from
7.5 to 11.5 mm (SD = 1.233). The ratio of
the largest to smallest individual equals 1.53.
The largest specimen is approximately one-
fifth the size of the smallest specimen of S.
preventricosus.

P. auriculatus exhibits a weak dimor-
phism. This dimorphism is not based on size
but rather on the diameter of the umbilicus,
the curvature of the umbilical seam, and the
profile of the umbilical shoulder (fig. 82). As
in the larger scaphite species, these dimorphs
consist of a robust relatively involute form
(macroconch) and a slender relatively evolute
form (microconch), which may represent the
female and male, respectively.

The systematic relationship between Pter-
oscaphites, on the one hand, and Scaphites
and Clioscaphites, on the other, is still un-
clear. Wiedmann (1965) has suggested, based
mainly on the presence of lappets, that the
micromorphs may represent the micro-

conchs of the larger size scaphites. In Jurassic
ammonites, lappets are invariably associated
with microconchs. In addition, as I have in-
dicated, the ontogenetic development of these
three genera is very similar until 3-4 mm in
shell diameter. Moreover, sexual dimor-
phism is weak in many species of Scaphites
and Clioscaphites, whereas in the Maastrich-
tian genera Hoploscaphites and Discosca-
phites, sexual dimorphism is well marked and,
at the same time pteroscaphite-like forms are
absent.

This interpretation is weakened, however,
by (1) morphological differences between the
lappets in Pteroscaphites and those in Juras-
sic ammonites suggesting differences in func-
tional significance, (2) an apparent dimor-
phism within the larger scaphite species and
Pteroscaphites itself, and (3) the rarity of Pter-
oscaphites and the lack of co-occurrence with
all of the larger scaphite species. However,
two new occurrences have been documented.
A single individual assigned to P. inaffectus
Crick was discovered in the range zone of S.
carlilensis in Kansas (Crick, 1979). Another
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individual probably belonging to the species
P. auriculatus was discovered in the range
zone of S. ventricosus on the Sweetgrass arch,
Montana.

If the pteroscaphites do not represent mi-
croconchs, then they comprise a separate
group. Is this group monophyletic as sug-
gested by Cobban (1951) or polyphyletic? The
interpretation that they represent a polyphy-
letic accumulation of iterative offshoots relies
on the observation that the ontogeny of each
species of Preroscaphites most closely resem-

bles that of the co-occurring larger scaphite
species. However, species of Pteroscaphites
associated with large species of Clioscaphites
are approximately the same size as those as-
sociated with small species of Scaphites. Nor
are species of Pteroscaphites more closely
coiled when associated with more closely
coiled species of Clioscaphites. In addition,
the lappets, one of the defining characters of
the group, is unlikely to have repeatedly
evolved. Further work is required to resolve
this perplexing problem.

CONCLUSIONS

The scaphites studied are endemic to the
Western Interior and range from the Turo-
nian to the Santonian. Their adult size, shape,
and suture are distinctive and differentiate
them from scaphites outside this region (Cob-
ban, 1951). Their abundance and excellent
preservation permit a detailed study of their
ontogenetic development.

The ammonitellas of all these species are

basically similar although they display inter-
specific variation in size and shape. The am-
monitella consists of a protoconch and ap-
proximately 0.75 whorls, terminating in the
primary constriction. The morphology of the
caecum and prosiphon is also similar among
species and may, in fact, characterize the en-
tire order Ancyloceratina, although this re-
quires further study. On the other hand, the
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Fig. 82. Diagram illustrating macroconch (A) and microconch (B) of Pteroscaphites auriculatus.

necklike attachment of the proseptum ap-
pears to represent a distinctive scaphitid fea-
ture. The scaphite ammonitella closely re-
sembles that of other ammonites and implies
a common developmental scheme. Based on
the uniform microstructure and micro-or-
namentation of the ammonitella, develop-
ment in Mesozoic ammonites may have been
direct without an intervening larval stage.
Finds of newly hatched scaphites and other
ammonites suggest that hatching may have
occurred after the proseptum had formed al-
though additional septa may also have de-
veloped. The newly hatched animal may have
followed a planktonic mode of life.
Subsequently, many of the scaphite species
exhibit a morphological change at approxi-
mately two whorls from the primary con-
striction, corresponding to 3—-4 mm in shell
diameter. This change is well expressed in
the growth patterns of the umbilical diameter
and the constant of spiral expansion. The first
appearance of macro-ornamentation also oc-
curs at this diameter and correlates with a
closer spacing of septa and attainment of a
ventral position of the siphuncle. This change
in morphology may mark the end of the
planktonic stage and a gradual transition to
a more active swimming role. In the pter-

oscaphites, it coincides with an abrupt tran-
sition to maturity, possibly via progenesis.
Other ammonites display similar morpho-
logical changes at comparable sizes and whorl
numbers, which may indicate similar changes
in mode of development. Additional studies
of shell microstructure and the growth of sep-
tal thickness and siphuncular diameter may
lend further support to this interpretation.
The uncoiling of the final body chamber
indicates the attainment of maturity. The ra-
tio of the maximum to minimum diameter
of the adult phragmocone ranges from a low
of 1.7 in §. preventricosus to a high of 4.6 in
S. carlilensis. A positive correlation occurs
between mature phragmocone diameter and
the number of postembryonic whorls, with
larger individuals displaying more whorls.
However, discrepancies in the size of the am-
monitella and the constant of spiral expan-
sion introduce variation into this relation-
ship. The final adult size and the degree of
uncoiling of the mature body chamber covary
within and among species. Small, slender
shells with relatively evolute body chambers
contrast with large, robust shells with rela-
tively involute body chambers. Within
species, these morphs may represent males
and females. Among species, more involute
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forms tend to exhibit more whorls and attain
a larger size before reaching maturity. At this
stage, they closely resemble the shape of their
juvenile shell and the juvenile shells of pre-
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sumed ancestors. These patterns may suggest
that shape is retarded with respect to devel-
opmental stage if a hypothesized evolution-
ary trend toward involuteness is correct.

SYSTEMATIC DESCRIPTIONS

SUBORDER ANCYLOCERATINA
WIEDMANN, 1566

SUPERFAMILY ANCYLOCERATACEA MEEK, 1876
FAMILY SCAPHITIDAE MEEK, 1876
GENUS SCAPHITES PARKINSON, 1811

TYPE SPECIES: Scaphites equalis J. Sowerby
designated by Meek (1876).

Diagnosis: Early whorls in close contact;
mature body chamber partially uncoils and
reflexes hooklike upon the phragmocone;
whorl section ranges from compressed to de-
pressed. Ornament consists of simple ribs on
the whorl flanks that branch and cross the
venter and become separated by intercalary
ribs. Umbilical and ventrolateral tubercles
may occur on the mature body chamber. Ap-
erture is constricted, commonly collared and
may bear lappets. Dimorphism is well ex-
pressed in many species.

Scaphites larvaeformis Meek and Hayden

Scaphites larvaeformis Meek and Hayden, 1859:
58. Mecek, 1876: 418, pl. 6, fig. 6a-c. Stanton,
1893: 182, pl. 44, fig. 2. Logan, 1898: 473, pl.
104, fig. 2. Reeside, 1927: 31. Cobban, 1951:
19-20, pl. 1, figs. 4-22. Cobban et al., 1956: text
fig. LA. Easton, 1960: text figs. 11.28-1a, b. Ken-
nedy, 1977: text fig. 18 (3, 4). Kaufmann, 1977:
261, pl. 23, figs. 1, 2.

Scaphites larvaeformis Meek [and Hayden]. Frech,
1915: 556, fig. 1.

Holcoscaphites larvaeformis (Meek and Hayden).
Nowak, 1916: 66.

HoroTypE: USNM 229; plesiotypes,
USNM 106743-106745.

DEescrIPTION: S. larvaeformis Meek and
Hayden consists of a small, slender morph
(microconch, interpreted as the male) and a
relatively large, inflated morph (macroconch,
interpreted as the female) called S. larvae-
Jformis Meek and Hayden var. obesus Cobban

(1951: 20, pl. 1, figs. 16-22). Several aspects
of the ontogenetic development of this species
may be added to Cobban’s (1951) descrip-
tion. The maximum diameter of the proto-
conch (D,) averages 319 um and ranges from
281 to 362 um. The maximum width of the
protoconch averages 404 um and ranges from
362 to 461 um. The ratio of average proto-
conch width to average protoconch diameter
equals 1.27. The diameter of the ammonitella
averages 582 um and ranges from 525 to 649
um, The ammonitella angle averages 280° and
ranges from 266 to 300°. The average whorl
widths, whorl heights, whorl width to whorl
height ratios, umbilical diameters, and um-
bilical diameter to shell diameter ratios are
listed for shell diameters between 1 and 10
mm in table 22. The average whorl width to
whorl height ratios range from 1.37 to 1.45
between 1 and 10 mm indicating a depressed
whorl section. The ratio of umbilical diam-
eter to shell diameter decreases over ontog-
eny with the sharpest decrease in the initial
3 mm of shell diameter. The number of whorls
at the first appearance of ventral ribs averages
2.26 whorls from the primary constriction
and ranges from 2.00 to 2.58 whorls, ap-
proximately corresponding to a diameter of
4 mm.

Measurements of the diameter of the ma-
ture phragmocone of 55 specimens from var-
ious localities conform to a normal distri-
bution with a mode between 12 and 14 mm,
a mean of 13.7 mm, and a range from 6 to
24 mm. The ratio of the maximum to min-
imum values equals 4.0. The number of post-
embryonic whorls of 16 adult specimens
ranges from 3.2 to 4.15 with a maximum
difference of .95 whorls. The average shape
ratio (L/r,) of a sample of 50 adult specimens
equals 3.31 indicating marked uncoiling of
the adult body chamber and departure from
a logarithmic spiral.

MATERIAL: Approximately 70 adults and
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TABLE 22
Average Measurements of the Whorl Width (W),
Whorl Height (H), the Ratio of Whorl Width to
Whorl Height (W/H), Umbilical Diameter (U),
and the Ratio of Umbilical Diameter to Shell
Diameter (U/ D), at Shell Diameters between 1 and
10 mm in S. larvaeformis®

VOL. 185

TABLE 23 .
Average Measurements of the Whorl Width (W),
Whorl Height (H), the Ratio of Whorl Width to
Whorl Height (W/H), Umbilical Diameter (U),
and the Ratio of Umbilical Diameter to Shell
Diameter (U/ D), at Shell Diameters between 1 and
10 mm in S. whitfieldi’

D w H W/H U U/D D w H W/H U U/D
1 0.59 0.43 1.37 0.30 0.30 1 0.59 0.47 1.26 0.22 0.22
2 1.33 0.93 1.43 0.52 0.26 2 1.13 1.00 1.13 0.38 0.19
3 2.07 1.47 1.41 0.67 0.22 3 1.65 1.55 1.06 0.50 0.17
4 2.87 2.05 1.40 0.79 0.20 4 2.15 2.10 1.02 0.62 0.16
5 3.70 2.60 1.42 0.86 0.17 5 2.65 2.65 1.00 0.72 0.14
6 4.55 3.17 1.44 0.94 0.16 6 3.18 3.20 0.99 0.82 0.14
7 5.45 3.78 1.44 0.99 0.14 7 3.70 3.80 0.97 0.92 0.13
8 6.32 4.36 1.45 1.04 0.13 8 4.18 4.30 0.97 1.00 0.12
9 7.20 4.99 1.44 1.07 0.12 9 4.60 4.90 0.94 1.09 0.12

10 8.10 5.58 1.45 1.10 0.10

10 5.10 5.50 0.93 1.15 0.12

2 All measurements in mm.

20 juveniles from various localities listed in
the appendix.

DISTRIBUTION: S. larvaeformis is middle
Turonian in age and occurs in the Colligno-
niceras woollgari regulare (Haas) subzone in
the Western Interior of North America. It is
present in the Pool Creek Member of the Car-
lile Shale along the flanks of the Black Hills
in western South Dakota and northeastern
Wyoming. Associated ammonites include
Tragodesmoceras carlilense Cobban, Binney-
ites carlilensis Cobban, and rare specimens
of Hamites sp. Other fossils include Pseu-
domelania hendricksoni Henderson, Aniso-
myon apicalis Sidwell, and Inoceramus fra-
gilis Hall and Meek.

Scaphites whitfieldi Cobban, 1951

Scaphites warreni Meek and Hayden. Whitfield,
1880: 444, pl. 13, figs. 1-4. Stanton, 1893: pl.
40, figs. 5-7. Logan, 1898: pl. 104, figs. 5-7.
Logan, 1899: pl. 23, fig. 5.

Scaphites warreni Meek- [and Hayden]. Frech,
1915: pl. 557, fig. 4a, 4b.

Scaphites wyomingensis Meek. Whitfield, 1880:
446, pl. 13, figs. 5-7.

Scaphites whitfieldi Cobban. Cobban, 1951: 24, pl.
4, figs. 30-40; pl. 5, figs. 1-4. Kennedy and
Cobban, 1976: pl. 8, fig. 1. Kauffman, 1977:
260, pl. 22, figs. 9, 10; pl. 23, figs. 9, 10. Hook
and Cobban, 1979: 40, text fig. 3A-D.

HoLotype: USNM 106735; paratypes,
USNM 12258a, 106736, 106737, 106738a-b.

4 All measurements in mm.

DescripTION: Cobban (1951) provided a
comprehensive description of this species. It
is marked by dense and evenly spaced ribbing
on the adult body chamber. Several points
may be added concerning its ontogenetic de-
velopment. The maximum diameter of the
protoconch (D,) averages 320 um and ranges
from 250 to 400 um. The protoconch width
averages 444 um and ranges from approxi-
mately 360 to 520 um. The ratio of average
protoconch width to average protoconch di-
ameter equals 1.39. The diameter of the am-
monitella averages 620 um and ranges from
approximately 550 to 740 um. The angle of
the ammonitella averages 284° and ranges
from 260 to 308°. The average whorl widths,
whorl heights, whorl width to whorl height
ratios indicate that after 5 mm in shell di-
ameter to shell diameter ratios are listed for
shell diameters between 1 and 10 mm in table
23. The average whorl width to whorl height
ratios indicate that after 5 mm in shell di-
ameter, the whorl section is slightly com-
pressed (ratios equal slightly less than 1.0).
The ratio of umbilical diameter to shell di-
ameter decreases over ontogeny with the
sharpest decrease in the initial 3 mm of shell
diameter. The number of whorls at the first
appearance of ventral ribs averages 2.15
whorls from the primary constriction and
ranges from 1.46 to 2.58 whorls, approxi-
mately corresponding to 4 mm in shell di-
ameter.
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Measurements of the diameter of the ma-
ture phragmocone of 131 specimens from a
single concretion (locality B176a) describe a
slightly skewed normal distribution with a
single mode between 20 and 22 mm or more
broadly between 16 and 22 mm. Another
sample of 71 specimens from other localities
just south of the Black Hills (B176, B177,
B192a,B192, and B193) also describes a nor-
mal distribution with a slightly higher mode
between 26 and 28 mm. Altogether, the di-
ameter of the mature phragmocone ranges
from 12 to 34 mm and the ratio of maximum
to minimum values equals 2.8. Measure-
ments of the number of postembryonic whorls
in the adult phragmocones of the sample from
locality B176a describe a normal distribution
with a single mode between 3.7 and 3.9 whorls
or more broadly between 3.7 and 4.0 whorls,
corresponding to the mode between 16 and
22 mm in phragmocone diameter. Most spec-
imens exhibit a range between 3.6 and 4.3
whorls, yielding a difference of 0.7 whorls
although the maximum difference equals 1.2
whorls. In another sample of 62 specimens
of S. whitfieldi from other localities just south
of the Black Hills (localities B176, B177,
B192, B192a, and B193), measurements of
the number of postembryonic whorls also
conform to a normal distribution with a sin-
gle mode between 3.9 and 4.0 whorls. The
number of postembryonic whorls in this sam-
ple ranges from 3.4 to 4.7 whorls with a max-
imum difference of 1.3 whorls.

Measurements of maximum length (di-
ameter) of a sample of 266 adults from var-
ious localities describe a right skewed distri-
bution with one prominent peak at 29 mm
and successively smaller peaks at 35 and 49
mm. The ratio of maximum to minimum
values equals 2.21. S. whitfieldi exhibits di-
morphism although size is not the sole, nor
best, discriminating criterion except at the
extreme ends of the spectrum. Cobban (1951,
1969) interpreted large, robust, relatively in-
volute morphs as macroconchs or females
and small, slender, evolute morphs as mi-
croconchs or males. Microconchs commonly
range from 23 to 38 mm in overall length;
macroconchs commonly range from 31 to 48
mm in overall length. The ratio of maximum
to minimum size within each morph equals
1.88 in microconchs and 1.65 in macro-
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conchs. However, between 32 and 38 mm in
maximum length, the dimorphs intergrade in
shape. The average shape ratio (L/r,) of a
sample of 108 specimens equals 3.0, indi-
cating marked uncoiling of the body chamber
and departure from a logarithmic spiral.

MATERIAL: Several hundred adults and nu-
merous juveniles from various localities list-
ed in the appendix.

DISTRIBUTION: S. whitfieldi is late Turo-
nian in age and represents an important bio-
stratigraphic zone in the Western Interior of
North America (Cobban, 1984). It ranges
from south-central Montana to southern New
Mexico. Cobban (1984) summarizes its dis-
tribution as follows: in south-central Mon-
tana, the Carlile Member of the Cody Shale;
along the flanks of the Black Hills, the Turner
Sandy Member of the Carlile Shale; in north-
central, south-central, and southeastern Wy-
oming, the Frontier Formation; in north-
western Colorado and northeastern Utah, the
Mancos Shale; in east-central Utah, western
Colorado, and northern New Mexico, the
Juana Lopez Member of the Mancos Shale;
in west-central and southern New Mexico,
the D-Cross Tongue of the Mancos Shale;
and in southeastern Colorado, an unnamed
calcareous shale member at the top of the
Carlile Shale. Associated fauna include Ino-
ceramus perplexus Whitfield, Prionocyclus
novimexicanus (Marcou), Pteroscaphites pi-
sinnus (Cobban), Baculites yokoyamai To-
kunaga and Shimiza, and Lopha lugubris
(Conrad).

Scaphites preventricosus Cobban, 1951

Scaphites preventricosus Cobban, 1951: 26, pl. 9,
figs. 1-16. Casanova, 1970: text fig. 79. Cobban,
1976: 124, pl. 1, figs. 8, 9. Kauffman, 1977: 263,
pl. 24, figs. 1, 2. Cobban, 1983: 10, pl. 8, figs.
11-13.

HoLotypPE: USNM 106675; paratypes,
USNM 106676a-d, 106679.

DEscripTION: Cobban (1951) provided a
comprehensive description of this species and
its varietal form sweetgrassensis Cobban
(1951: 27, pl. 10, figs. 18-25). The latter is
more slender than the type species with a
comparatively more uncoiled body chamber
at maturity. It has been interpreted as the
microconch of the dimorphic pair (Cobban,
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TABLE 24
Average Measurements of the Whorl Width (W),
Whorl Height (H), the Ratio of Whorl Width to
Whorl Height (W/H), Umbilical Diameter (U),
and the Ratio of Umbilical Diameter to Shell
Diameter (U/D), at Shell Diameters between 1 and
10 mm in S. preventricosus®

D w H W/H U U/D
1 0.56 0.42 1.33 0.27 0.27
2 1.14 0.91 1.25 0.54 0.27
3 1.72 1.43 1.20 0.75 0.25
4 2.30 1.95 1.18 0.91 0.23
5 2.90 2.53 1.15 1.02 0.20
6 3.50 3.10 1.13 1.10 0.18
7 4.10 3.67 1.12 1.16 0.16
8 4.70 4.20 1.12 1.21 0.15
9 5.28 4.80 1.10 1.26 0.14

10 5.85 5.40 1.08 1.30 0.13

_ % All measurements in mm.

1983). Several aspects of the ontogenetic de-
velopment of this species may be added to
Cobban’s (1951) description. The maxi-
mum diameter of the protoconch (D,) aver-
ages 344 um and ranges from 295 to 415 um.
Protoconch width averages 460 um and ranges
from 395 to 559 um. The ratio of average
protoconch width to average protoconch di-
ameter equals 1.34. The diameter of the am-
monitella averages 645 um and ranges from
575 to 714 um. The ammonitella angle av-
erages 274° and ranges from 257 to 292°. The
average whorl widths, whorl heights, whorl
width to whorl height ratios, umbilical di-
ameters, and umbilical diameter to shell di-
ameter ratios are listed for shell diameters
between 1 and 10 mm in table 24. The av-
erage whorl width to whorl height ratios range
from 1.08 to 1.33 indicating a slightly de-
pressed whorl section especially at 1 to 3 mm
in shell diameter. The ratio of umbilical di-
ameter to shell diameter is largest at small
diameters and steadily declines thereafter.
The number of whorls at the first appearance
of ventral ribs averages 2.18 whorls from the
primary constriction and ranges from 1.72 to
2.62 whorls, corresponding to a diameter of
3 t0 4 mm.

Measurements of the diameter of the ma-
ture phragmocone of a sample of 16 adults
nearly conform to a normal distribution with
a mode between 40 and 42 mm and a mean
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of 41.8 mm. The diameter of the phragmo-
cone ranges from 30 to 52 mm; the ratio of
maximum to minimum values equals 1.7.
The number of postembryonic whorls in a
sample of three adults ranges from 4.45 to
4.75 whorls with a maximum difference of
approximately 0.3 whorls. The average shape
ratio (L/r,) of a sample of 12 adults equals
2.90, indicating moderate uncoiling of the
adult body chamber and departure from a
logarithmic spiral.

MATERIAL: Approximately 60 adults and
juveniles from various localities listed in the
appendix.

DISTRIBUTION: S. preventricosus is early
Coniacian in age and comprises an important
biostratigraphic zone in the Western Interior
of North America. It occurs in the lower part
of the Kevin Member of the Marias River
Shale in north-central and northwestern
Montana (Cobban et al., 1976). It also occurs
in the upper part of the Frontier Formation
in central and western Wyoming and in gla-
cial drift in southwestern Minnesota. In the
Kevin Member of the Marias River Shale in
north-central Montana, the associated am-
monites include Scaphites mariasensis Cob-
ban, S. impendicostatus Cobban, Pterosca-
phites auriculatus (Cobban), and Baculites
mariasensis Cobban. Other fossils include
Inoceramus waltersdorfensis Andert, I. erec-
tus Meek, Cremnoceramus deformis (Meek),
and Actinocamax sp.

GENUS CLIOSCAPHITES COBBAN, 1951

Type SpeCIES: Clioscaphites montanensis
Cobban, 1951.

DiagnNosis: Early whorls in close contact;
mature body chamber tightly enrolled com-
pared to the typical scaphitoid shape; whorl
section commonly depressed. Ornament
consists of simple ribs on the whorl flanks
that branch and cross the venter and become
separated by intercalary ribs. Ventrolateral
tubercles and bullae may occur on the mature
body chamber. Aperture is constricted and
collared; suture displays trifid or asymmet-
rically bifid first lateral lobe. Dimorphism is
well expressed in many species.

DiscussioN: Cobban (1951) considered this
genus as polyphyletic, originating from three
independent lineages in the mid-Santonian.
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However, the question of multiple origins re-
quires further study.

Clioscaphites vermiformis
(Meek and Hayden, 1862)

Scaphites vermiformis Meek and Hayden, 1862:
22. Meek, 1876: 423, pl. 6, fig. 4. Stanton, 1893:
183, pl. 44, fig. 3. Logan, 1898: 474, pl. 104,
fig. 3. Reeside, 1927: 7, pl. 6, figs. 9, 10.

Holcoscaphites vermiformis (Meek and Hayden).
Nowak, 1916: 66.

Clioscaphites vermiformis (Meek and Hayden).
Cobban, 1951: 35-36, pl. 18, figs. 30-40. Wright,
1957: 1228, fig. 255, 7a, b. Scott and Cobban,
1964: pl. 7, figs. 10-12. Miller, 1968: 44. Cob-
ban, 1976: pl. 125, pl. 2, figs. 3, 4. Kennedy and
Cobban, 1976: pl. 10, fig. 6; text fig. 17. Kauff-
man, 1977: 263, pl. 24, figs. 7, 8. Hattin, 1982:
pl. 8, figs. 4, 5.

HoLoTyPE: USNM 1902; plesiotypes
USNM 106713a-f.

DESCRIPTION: Like other Turonian-San-
tonian scaphites from the Western Interior,
C. vermiformis consists of a relatively small,
slender morph (microconch, interpreted as
the male) and a more inflated, larger morph
{macroconch, interpreted as the female) that
was previously described as C. vermiformis
var. toolensis Cobban (1951: 36, pl. 19, figs.
1-10). In addition to overall size, these di-
morphs are differentiated on the basis of the
umbilical diameter and the curvature of the
umbilical seam of the mature body chamber.
In microconchs, the umbilical diameter is
larger and the umbilical seam is curved in
side view. Several aspects of the ontogenetic
development of this species may be added to
Cobban’s (1951) description. The maximum
diameter of the protoconch (D,) averages 338
um and ranges from 289 to 436 um. The
minimum diameter of the protoconch (D,)
averages 270 um and ranges from 233 to 372
um. The ratio of the average maximum to
average minimum diameter of the proto-
conch equals 1.24. Protoconch width aver-
ages 443 pym and ranges from 428 to 461 um.
The ratio of average protoconch width to av-
erage protoconch maximum diameter equals
1.31. The diameter of the ammonitella av-
erages 685 um and ranges from 603 to 817
um, The ammonitella angle averages 286° and
ranges from 259 to 306°. The average whorl
widths, whorl heights, whorl width to whorl
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TABLE 25
Average Measurements of the Whorl Width (W),
Whorl Height (H), the Ratio of Whorl Width to
Whorl Height (W/H), Umbilical Diameter (U),
and the Ratio of Umbilical Diameter to Shell
Diameter (U/D), at Shell Diameters between 1 and
10 mm in C. vermiformis-

D w H W/H U U/D
1 0.67 0.47 1.42 0.25 0.25
2 1.44 1.01 1.42 0.34 0.17
3 2.25 1.58 1.42 0.35 0.12
4 3.04 2.16 1.41 0.34 0.08
5 3.90 2.78 1.40 0.38 0.08
6 4.78 3.40 1.40 0.47 0.08
7 5.65 4.02 1.40 0.58 0.08
8 6.56 4.67 1.40 0.70 0.09
9 7.40 5.30 1.40 0.82 0.09

10 830 595 1.40 0.93 0.09

4 All measurements in mm.

height ratios, umbilical diameters, and um-
bilical diameter to shell diameter ratios are
listed for shell diameters between 1 and 10
mm in table 25. The whorl width to whorl
height ratios range from 1.40 to 1.42 between
1 and 10 mm indicating a depressed whorl
section. The ratio of umbilical diameter to
shell diameter decreases with an accelerated
decrease in the initial 3 mm of shell diameter.
The number of whorls at the first appearance
of ventral ribs averages 2.16 whorls from the
primary constriction and ranges from 1.72 to
2.58 whorls, corresponding to approximately
4 mm in shell diameter.

Measurements of the diameter of the ma-
ture phragmocone of a sample of 22 adults
yield a discontinuous histogram with a mode
between 38 and 40 mm and a range between
26 and 56 mm. The ratio of maximum to
minimum values equals 2.2. The number of
postembryonic whorls in the mature phrag-
mocone in a sample of six adults ranges from
4.4 t0 5.0 whorls with a maximum difference
of 0.6 whorls. The average shape ratio (L/r,)
of a sample of 26 adults equals 2.55 indicat-
ing a tightly coiled adult body chamber.
However, in median section, the dorsum of
the body chamber does not touch the phrag-
mocone for a short distance.

MATERIAL: Approximately 90 adults and
juveniles from various localities listed in the
appendix.
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DisTrRIBUTION: C. vermiformis is middle
Santonian in age and represents an important
biostratigraphic zone in the Western Interior
of North America. It ranges from north-
western New Mexico to north-central Mon-
tana. In north-central Montana it occurs in
the upper part of the Kevin Member of the
Marias River Shale (Cobban et al., 1976). In
central and western Wyoming, it occurs in
the Cody Shale. In southwestern Wyoming it
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is present in the Hilliard Shale. In western
Colorado, central and northeastern Utah, and
northwestern New Mexico, it occurs in the
Mancos Shale. Associated ammonites in-
clude Clioscaphites montanensis Cobban,
Pteroscaphites coloradensis (Cobban), Bacu-
lites asper Morton, and B. codyensis Reeside.
Other fossils include Inoceramus (Cordicer-
amus) cordiformis Sowerby and Pseudoperna
congesta (Conrad).

APPENDIX I
Fossil Localities

Yale Peabody

Museum no.;
Local- USGS
ity no. Mesozoic local-

on ity no.; other

fig. 1 designation Collector; year of collection; geographic description; stratigraphic assignment

1 B175 N. H. Landman and K. M. Waage, 1977, SE% sec. 12, T. 36 N, R. 62 W, Niobrara
County, Wyo. Carlile Shale, 16Y%: ft above base of Turner Sandy Member.

1 B176 Same as B175. Carlile Shale, 8 ft septarian concretionary interval 27.5 ft above base

B176a,b of Turner Sandy Member. “a” and “b” refer to individual concretions.

1 B177 Same as B175. Carlile Shale, ledge 41.5 ft above base of Turner Sandy Member.

2 B178 N. H. Landman and K. M. Waage, 1977. Near Newcastle, in the NE% SW sec. 33,
T. 45 N, R. 61 W, Weston County, Wyo. Carlile Shale, limestone concretion layer
37 ft below base of Turner Sandy Member.

3 B180 N. H. Landman and K. M. Waage, 1977. Near Newcastle, in the W2 sec. 31, T. 45
N, R. 61 W, Weston County, Wyo. Carlile Shale, limestone concretions in upper
39.1 ft of Pool Creek Member.

4 21792 W. A. Cobban, 1948. One mile west of Newcastle, Weston County, Wyo. Carlile
Shale, light grey limestone concretions 62 to 70 ft above base.

5 B183 N. H. Landman and K. M. Waage, 1977. Near Belle Fourche, in the NE% sec. 15, T.
9 N, R. 2 E, Butte County, S.Dak. Carlile Shale, ferruginous concretions in Pool
Creeck Member 28 or more ft below base of Turner Sandy Member.

6 B18S N. H. Landman and K. M. Waage, 1977. Near Belle Fourche, in the SW¥% sec. 33, T.

B185a,b,c,d 10 N, R. 2 E, Butte County, S.Dak. Carlile Shale, 20 ft interval in Turner Sandy
Member 90.5 ft above base. “a” and “b” refer to interval 90.5-98.5 ft above base,
and “c” and “d” refer to rusty weathering concretionary ledge 110.5 ft above base.

7 B186 N. H. Landman and K. M. Waage, 1977. Near Belle Fourche, in the NE% NWY sec.
10, T. 9 N, R. 2 E, Butte County, S.Dak. Carlile Shale, rusty weathering concretion-
ary ledge 110.5 ft above base of Turner Sandy Member.

8 B187 N. H. Landman and K. M. Waage, 1977. Near Belle Fourche, in the center S%: sec. 29
and center N2 sec. 32, T. 10 N, R. 2 E, Butte County, S.Dak. Carlile Shale, concre-
tionary interval 90.5-98.5 ft above base of Turner Sandy Member.

8 B188 Same as B187. Carlile Shale, concretionary ledge 110.5 ft above base of Turner Sandy
Member.

9 21182 W. A. Cobban, 1947. Five miles north of Belle Fourche, in the SW¥% SEY SWs sec.
11, T. 9 N, R. 2 E, Butte County, S.Dak. Carlile Shale, in ferruginous concretions
57 to 81 ft above base.

9 21187 Same as 21182. Carlile Shale, from large calcareous concretions 14.5 ft above base of
Turner Sandy Member.

10 21194 W. A. Cobban, 1947. Six miles north of Belle Fourche, in the N%2 sec. 10, T. 9 N, R.

2 E, Butte County, S.Dak. Carlile Shale, 164 ft above base.
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11 21195 W. A. Cobban, 1947. Six miles north of Belle Fourche, in the NE% NE% NWY% sec.
10, T. 9 N, R. 2 E, Butte County, S.Dak. Carlile Shale, 272 to 274 ft above base.

11 21198 Same as 21195, Carlile Shale, 293 ft above base.

12 B197 N. H. Landman and K. M. Waage, 1977. Near the Belle Fourche Reservoir, in the

B197a,b NEY SE% NEY% sec. 18, T. 9 N, R. 4 E, Butte County, S.Dak. Carlile Shale, lime-
stone concretions in Turner Sandy Member. “a” and “b” refer to individual concre-
tions.

12 B198 Same as B197. Carlile Shale, small red weathering concretions in Turner Sandy Mem-
ber.

13 D1166 E. Post, 1956. EY2 sec. 19, T. 9 S, R. 5 E, Fall River County, S.Dak. Carlile Shale,
sandy limestone concretions.

14 B189 N. H. Landman and K. M. Waage, 1977. Near Edgemont, in sec. 7, T.9 S, R. 2 E,

B189%a Fall River County, S.Dak. Carlile Shale, limestone concretions in Pool Creek Mem-
ber 30-50 ft below base of Turner Sandy Member. “a” refers to single concretion.

14 B190 Same as B189. Carlile Shale, limestone concretions in Pool Creek Member 10-15 ft
below base of Turner Sandy Member.

14 Bl9la,b,c, d Same as B189. Carlile Shale, basal ledge of Turner Sandy Member. *““a” refers to ledge
and “b,” “c,” and “d” refer to concretions within ledge.

14 B192 Same as B189. Carlile Shale, 8 ft septarian concretionary interval 27.5 ft above base

B192a, b, c, d, of Turner Sandy Member. Letters refer to individual concretions.
e fg

14 B193 Same as B189. Carlile Shale, ledge 41.5 ft above base of Turner Sandy Member.

15 D1524 D. E. Wolcott and C. E. Price, 1957. SEY% SWY SW'% sec. 35, T. 7 S, R. 6 E, Fall
River County, S.Dak. Carlile Shale, base of Turner Sandy Member.

16 D203 R. J. Dunham, 1954, NE% NW sec. 28, T. 35 N, R. 47 W, Dawes County, Nebr.
Carlile Shale, large concretions of laminated silty limestone 131-133 ft above
Greenhorn Limestone.

17 Conlin Ten miles northeast of Rock River, Albany County, Wyo.

collection
(USGS)

18 D6928 W. A. Cobban, 1969. EY>» NEYs SW¥ sec. 31, T. 22 N, R. 75 W, Albany County, Wyo.
Frontier Formation, Wall Creek Sandstone Member.

19 Lander, Wyo. Near Lander, in N¥2 SW¥% sec. 31, T. 2 N, R. 2 W, Freemont County, Wyo. Frontier

(USGS Formation, 694 ft above base.
collections)

20 17956 W. G. Pierce and J. B. Reeside, Jr., 1938. SW¥% SW% sec. 26, T. S8 N, R. 103 W,
Park County, Wyo. Cody Shale, 590 ft above base.

21 17957 W. G. Pierce and J. B. Reeside, Jr., 1938. Line Creek, in the SEYs SW sec. 26, T. 58
N, R. 103 W, Park County, Wyo. Cody Shale, 760 to 810 ft above base.

22 D4630 J. R. Gill and W. A. Cobban, 1964. At stream bend in SWY% NEY% SE% SW% sec. 26,
T. 58 N, R. 103 W, Park County, Wyo. Cody Shale, small brownish-weathering
limestone concretions and reddish ironstone concretions 760-810 ft above base.

23 B253 N. H. Landman and S. M. Kidwell, 1978. Line Creek, 40 miles north of Cody, in sec.
26, T. 58 N, R. 103 W, Park County, Wyo. Cody Shale.

24 D4636 J. R. Gill and C. R. Givens, 1964. NWis NWY SW¥ sec. 16, T. 8 S, R. 24 E, Carbon
County, Mont. Colorado Shale, from lower third.

25 10888 G. F. Moulton, 1921. 17 miles southwest of Lodge Grass, near center of sec. 21, T. 7
S, R. 33 E, Big Horn County, Mont. Cody Shale, Niobrara Member.

26 21372 W. A. Cobban and R. W. Imlay, 1946. Two miles north of Fort Shaw, in the SY%: secs.

35 and 36, T. 21 N, R. 2 W, Cascade County, Mont. Colorado Shale, 184 to 208 ft
above top of calcareous shale of Greenhorn age.
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27 B203 N. H. Landman and S. M. Kidwell, 1978. Northwest of Kevin, in the secs. 3 and 4, T.
35N, R. 3 W, Toole County, Mont. Marias River Shale, Kevin Member, corre-
sponds stratigraphically to bed no. 139 in middle unit of type section (Cobban et al.,
1976).

27 B204 Same as B203. Marias River Shale, Kevin Member, corresponds stratigraphically to
USGS Mesozoic locality 21665 in middle unit of type section (Cobban et al., 1976).

27 B205 Same as B203. Marias River Shale, Kevin Member, corresponds stratigraphically to
USGS Mesozoic locality D1244 in top unit of type section (Cobban et al., 1976).

28 B211 N. H. Landman and S. M. Kidwell, 1978. Northwest of Kevin, in the N¥: sec. 15, T.
35 N, R. 3 W, Toole County, Mont. Marias River Shale, Kevin Member, corre-
sponds stratigraphically to bed no. 20 in lower unit of type section (Cobban et al.,
1976).

28 B212 Same as B211. Marias River Shale, Kevin Member, corresponds stratigraphically to
bed no. 28 in lower unit of type section (Cobban et al., 1976).

29 20289 C. E. Erdmann and J. T. Gist, 1944. Three miles north of Kevin, in the SW¥% NEY
NW4 sec. 15, T. 35 N, R. 3 W, Toole County, Mont. Colorado Shale, about 600 ft
below top. )

30 D1245 W. A. Cobban, 1956. NE% NEY sec. 17, T. 35 N, R. 3 W, Toole County, Mont.
Colorado Shale, 2.5 ft below bed D or 166 ft below top of formation (Cobban et al.,
1976).

30 21665 C. E. Erdmann, 1956. Same geographic locality as D1245. Marias River Shale, brown
to dusky red weathering concretionary dolostone 196 ft below top of Kevin Mem-
ber.

31 23666 W. A, Cobban, C. E. Erdmann, R. W. Lemke, and E. K. Maughan. SWY% NW sec.
13, T. 35 N, R. 2 W, Toole County, Mont. Marias River Shale, 78.5 ft below top of
Ferdig Member.

32 B240 N. H. Landman and S. M. Kidwell, 1978. North of Shelby, in sec. 3, T. 35 N, R. 2 W,

B240a, b, ¢, d Toole County, Mont. Marias River Shale, Ferdig Member, corresponds stratigraph-
ically to bed no. 30 in middle unit of type section (Cobban et al., 1976). “a” and
“b” refer to individual concretions and “c” and “d” to float.

32 B241 Same as B240. Marias River Shale, Ferdig Member, corresponds stratigraphically to
bed no. 44 (USGS Mesozoic localtiy 20912) in upper unit of type section (Cobban
et al., 1976).

33 D1253 C. E. Erdmann, 1956. SWY% NEY% SW'% sec. 12, T. 35 N, R. 2 W, Toole County,
Mont. Colorado Shale, 21 ft below bed O or 693 ft below top of formation (see
Cobban et al., 1976).

34 D1363 W. A. Cobban, 1957, 1964. Ten miles north of Shelby, in SW' NEY NW sec. 4, T.
33 N, R. 2 W, Toole County, Mont. Colorado Shale, from grey limestone concre-
tion in sandy member.

35 D4485 W. A. Cobban, 1964. NEY NE% SEY% sec. 16, T. 32 N, R. 2 W, Toole County, Mont.
Marias River Shale, from 5 ft shale interval overlying D4484 which consists of
limestone and ironstone concretions 8.5 ft below cone in cone layer.

36 23280 K. H. Holmes, 1951. SW¥% sec. 8, T. 30 N, R. 1 W, Toole County, Mont. Colorado
Shale.

37 B217 N. H. Landman and S. M. Kidwell, 1978. Marias River, 8 miles south of Shelby, in
the sec. 26, T. 31 N, R. 2 W, Toole County, Mont. Marias River Shale, lower of
two limestone concretion layers in lower part of Kevin Member.

37 B218 Same as B217. Marias River Shale, upper of two limestone concretion layers in lower
part of Kevin Member.

38 B225 N. H. Landman and S. M. Kidwell, 1978. Marias River, 5 miles south of Shelby, in
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B225a sec. 19, T. 31 N, R. 2 W, Toole County, Mont. Marias River Shale, upper of three
fossiliferous limestone concretion layers in lower third of Kevin Member. “a” refers
to a single concretion.

38 B226 Same as B225. Marias River Shale, middle of three fossiliferous limestone concretion
layers in lower third of Kevin Member.

38 B227 Same as B225. Marias River Shale, lower of three fossiliferous limestone concretion

B227a layers in lower third of Kevin Member. “a” refers to single concretion.

39 B229 N. H. Landman and S. M. Kidwell, 1978. Marias River, 5 miles south of Shelby, in
sec. 20, T. 31 N, R. 2 W, Toole County, Mont. Marias River Shale, Kevin Member,
limestone concretions above large septarian concretions.

39 B230 Same as B229. Marias River Shale, Kevin Member, limestone concretions below large
septarian concretions.

40 21421, 21422 W. A. Cobban, 1935. North bank of Marias River, 5.5 miles south of Shelby, in the
NE% sec. 20, T. 31 N, R. 2 W, Toole County, Mont. Colorado Shale, 617 to 634 ft
below top.

41 B228 N. H. Landman and S. M. Kidwell, 1978. Marias River, 5 miles south of Shelby, in

B228a the SE% sec. 13, T. 31 N, R. 3 W, Toole County, Mont. Marias River Shale, non-
septarian, fossiliferous, grey limestone concretions immediately below large septari-
an, nonfossiliferous, grey limestone concretions in lower third of Kevin Member.
“a” refers to single concretion.

42 B233 N. H. Landman and S. M. Kidwell, 1978. Marias River, southwest of Shelby, in sec.
13, T. 31 N, R. 4 W, Toole County, Mont. Marias River Shale, Kevin Member,
limestone concretions below lowest ironstone layer.

42 B234 Same as B233. Marias River Shale, Kevin Member, lowest ironstone layer.

42 B235 Same as B233. Marias River Shale, Kevin Member, large, orange weathering concre-

B235a tions and large, flat grey weathering concretions above lowest ironstone layer. “‘a”
refers to a single concretion.

42 B236 Same as B233. Marias River Shale, Kevin Member, limestone concretions between

B236a lower and upper ironstone layers. “a” refers to float.

42 B237 Same as B233. Marias River Shale, Kevin Member, limestone concretions immediate-
ly below upper ironstone layer.

42 B238 Same as B233. Marias River Shale, Kevin Member, upper ironstone layer. “a” refers

B238a to float.

42 B239 Same as B233. Marias River Shale, Kevin Member, limestone concretions above up-

B239a per ironstone layer. “a” refers to single concretion.

43 21425 W. A. Cobban, 1940. East bank of Marias River, 11 miles southwest of Shelby, in the
W2 NEV: SE% sec. 14, T. 31 N, R. 4 W, Toole County, Mont. Colorado Shale, 234
to 252 ft below top.

44 D422 B. R. Alto, 1956. Right bank of Summit Creek 175 ft south of Rocky Mountain Tav-
ern, in the NE% SE% sec. 12, T. 30 N, R. 13 W, Glacier County, Mont. Colorado
Shale.

45 D7230 J. R. Gill, Blanchard, and W. A. Cobban, 1969. North of Ivie Creek near center of
sec. 13, T. 23 S, R. 6 E, Sevier County, Utah. Mancos Shale, from teepee-butte
limestone masses about 100 ft above top of Ferron Sandstone Member.

46 D7227 J. R. Gill, Blanchard, and W. A. Cobban, 1969. Five miles east of Ferron, in the
NWis sec. 9, T. 20 S, R. 8 E, Emery County, Utah. Mancos Shale, from a grey
limestone concretion about 100 ft above the Ferron Sandstone Member.

47 23938 Seven miles south-southwest of Emery, Emery County, Utah. Mancos Shale.

48 D3684 W. A. Cobban, 1961. Highway 84, 0.3 miles north of state boundary, Tierra Amarilla

Grant, Archuleta County, Colo. Mancos Shale, limestone concretions about 20 ft
below marly bed.
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49 D4398 G. O. Bachman, 1961. North of Rio Gallena, in SE¥% sec. 15, T. 25 N, R. 1 E, Rio
Arriba County, New Mex. Juana Lopez Member, about 75 ft above base.
50 D4083 G. R. Scott, 1963. Roadcut about 200 ft northwest of top of hill 1.6 miles southeast of
Jjunction of U.S. 84 and Colorado 17, Rio Arriba County, New Mex. Carlile Shale.
51 22608 Renfro collection. East of power plant on Mountain Creek Lake and east side of road
and along hillside, Dallas County, Tex. Eagle Ford Group, Arcadia Park Formation.
52 6245 Conlin, 1934. Dallas County, Tex. Eagle Ford Group, Arcadia Park Formation.
53 21838 W. A. Cobban, 1948. Three miles south-southeast of Tipton, in the SEY% sec. 4, T. 9
S, R. 10 W, Mitchell County, Kans. Carlile Shale, in upper part of Blue Hill Shale
Member.
APPENDIX II
List of Scaphite Species Studied by Locality
Species Localities
S. larvaeformis B178, B180, 21792, B189, B189a, B190, D1166, D203
S. carlilensis B183, 21182, 22608, 6245, 21838
S. warreni 21187, B191, B191a—d, D1524, D3684, D4398, D4083
S. whitfieldi B175, B176, B176a, b, B177, 21194, B197, B197a, b, B198, B192, B192a—g, B193, Conlin
collection (USGS), D6982, D7227 :
S. nigricollensis Bi185, B185a—d, B186, B187, B188, 21195, 21198, 23666, B240, B240a-d, D1253, D1363,
D422
S. corvensis Lander, Wyo. (USGS), B241

S. preventricosus

S. impendicostatus
S. depressus
C. vermiformis

C. montanensis
P. praecoquus
P. pisinnus

P. auriculatus

21372, B211, B212, 20289, D4485, 23280, B217, B218, B225, B225a, B226, B227, B227a,
B229, B230, 21421, 21422, B228, B228a

B225a, B226, B228, D7230, 23938

17956, 17957, D4630, B253, D4636

10888, B203, B204, B205, 21665, B233, B234, B235, B235a, B236, B236a, B237, B238,
B238a, B239, B239a, 21425

B203, B204, B205, D1245, 21665, B238, B239

B189, B189%a, B190, D203

B176a, B240a, b, ¢

B226, B228a
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