CHAPTER 21

LIFE HABITS OF AMMONOIDS

Gerd E.G. Westermann and Cameron J. Tsujita

INTRODUCTION

Ammonoids resemble other ectocochleate cephalopods
in the development of shell shapes consistent with the
constraints of accretionary growth, whilst accom-
modating the structural requirements of au external
vacuum vessel with attached body chamber. This shell
design was adapted for protection as well as weight
reduction, and produced near-neutral buovancy. In
contrast to Palaeozoic nautiloids (and belemnites)
discussed above, however, ammonoids produced no
calcareous (prismatic aragonitic) counterweights. This
includes the ancestral, ortho-longiconic Bactritida,
now also placed in the Ammonoidea. Their shells
had relatively large body chambers (samples kindly
made available by R.II Mapes) and were thus unable
to carry water ballast sufficient for counterweight
(in contrast to some Cretaceous orthoconic
heteromorphs, i.e. baculitids, discussed below). These
small organisms, therefore, were vertically oriented
and, according to their frequent occurrence in
oxygen-deficient sediments, mostly planktic. This
indicates that the ammonoids evolved from
“primitive” pelagic, orthoconic nautiloids, which are
discussed in Chapter 20 (R.A. Hewitt, personal
communication).

Stability against rotation about the coiling axis, in
coiled forms, depended on the relative length of the body
chamber, and this requirement varied greatly with the
basic adaptation of the animal, i.e. planktic microphage
versus nektic predator (Figure 21.1). Hewitt (1990),
Westermann (1996) and other authors have recently
treated this subject (autecology) at some length, together
with the geological evidence for the biotic and physical
parameters of the habitats (synecology). The reader is
referred to that work for additional data and literature
(Landman et al., 1996).

Major differences of the shell from that of most
nautiloids are the minute eggshell, as evident from the
ammonitella (Figure 21.2); the consistently fluted septa,
which developed the (much debated) complex sutures,
beginning in the late Palacozoic (Figures 21.3-21.5; cf.
llewitt and Westermann, 1997 and below) and the
siphuncular structures (Figure 21.3; e.g. Doguzhacva,
1988; Tanabe et al., 1993). In cxceptional cases, the
chambers of some Palaeozoic and Mesozoic ammonoids
(e.g. Weitschat and Bandel, 1991) preserve
phosphatised organic membranes. Such [inds suggest
that, unlike those of Nautilus, camerae of ammonoids
at first housed a gel (Hewitt et al., 1991; Checa, 1996),
rather than water or gas (Seilacher and LaBarbara,
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Figure 21.1 Centres of buovancy and mass
(body chamber) and the relation between
aperture orientation and body-chamber “length”
(angle) in empty, planispiral cephalopod shells.
A. Nautilus. B. Typical brevidomic ammonoid. C.
Atypical shell intermediate between brevidomic
and longidomic. Note that the extruding body
should rotate the aperture downward. (After
Raup, 1967; Raup and Chamberlain, 1967)
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primory constriction

Figure 21.2 Ammonitellci and beginning of post-
hatchling (neanoconch) stage of Cretaceous
scaphitid with total diameter of c. 1mm. (After
Landman and Waage, 1993)

Figure 21.3 Internal view of a perfectly
preserved, empty shell of Haplophylloceras, an
Upper Jurassic phylloceratid from Indonesia,
with aragonitic shell and phosphatic siphuncle.
This posteiior view shows the lobules of the
external lobe (E) with septal neck, and part ofa
lateral lobe (L), together with the connecting ring
and shell wall (covered with remnants offungal
hyphae). Note that the septa and connecting ring
of this mesopelagic form are relatively thick.
(After Hewitt and Westeimann, 1986)

1995), which supported the uncalcified septal mem-
branes during shell growth. The physiology of cameral
growth was therefore more like in the coleoid Sepia.
This is consistent with the recent consensus that the
ammonoid organism had a closer resemblance to
coleoids than to Nautilus (e.g. Jacobs and Landman,
1993; Engeser, 1996).

The fluting patterns of the marginally thinning
septum (Figure 21.4) and the shape of its suture are in
part genetically determined, but also depend on whorl
section and coiling (Figure 21.5). The major stresses due
to ambient hydrostatic pressure have been analysed for
the connecting rings of the siphuncle and the septa and,
most recently (Hewitt and Westermann, 1997), for the
phragmocone wall. These permit rough, but quantitative,
estimates of implosion depth. From these data,
maximum habitat depths are estimated by calibration
on the living Nautilus, originally with application of a
constant “safety factor” of 1.3 (Figures 21.6-21.8). More
recently, however, a “graded safety factor” has been
used, which ranges from 1.3 in the deep-water taxa to 2
(or higher) in shallow-water forms (Hewitt and
Westermann, 1990a).

Ammonoids also differed from nautiloids (Ward,
1987) in their more substantive morphological changes
during shell growth, which, in turn, imply adaptive
changes in habits and, presumably, habitats during
ontogeny. As expected, these morphogenetic changes
were best developed in well-oxygenated epicontinental
seas (i.e. platform and shallow-basin facies), which
accommodated a broad spectrum of pelagic and benthic
habitats. In the widespread Palaeozoic and Mesozoic
epeiric seas with basinal facies, on the other hand,
bottom waters were often hypoxic (dysaerobic) and
surface waters sometimes subhaline, ultimately
restricting ammonoid habitats to the middle to upper
levels of the water column. Similarly, in the oceans,
habitats were limited by wave action, predation and
water pressure to a few hundred metres of subsurface
waters (mid-epipelagic to upper mesopelagic). In
contrast, the shells of oceanic ammonoids included
diverse planispirals and, especially, heteromorphs,
which tended either to vary little during growth
(longidomic spherocones and
orthocones, cyrtocones, gyrocones) or to develop cyclic
without discrete adult modification
(hamitocones, vermicones).

serpenticones,

changes
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Figure 21.4 Septal surface of a Cretaceous Pachydiscus with 60 mm whorl width. Contours show the
radial thinning of the septum, from 0.9 mm in the centre to less than 0.3mm at the margin; thickness in
the folioles and lobules of the suture is further reduced to about 0.1 mm. The concentric elongation of the
septum (El) by subradial fluting of several orders (determined by polishing down the steinkern)
compensates for the radial reduction of thickness (Th.), so that overall septum volume and mass
approximate that of a plate with the uniform thickness of the septum centre. Flute axes of lobes (dashed
lines) and saddles (solid lines) are indicated. (After Westermann, 1975)

THE AMMONOID SHELL

SHELL SHAPE

The shape and architecture (macrostructure) of
ectocochleate shells and their principal mechanical
functions and, by inference, adaptations, have
recently been outlined and discussed in detail
(Westermann, 1996; Hewitt and Westermann, 1997).
The principal shell shapes are illustrated in Figures
21.9 and 21.12:

Planispirals (“Ammonitocones”) (Figures 21.9-
21.11)

Coiled with advolute (whorls touching) to overlapping
whorls (evolute to involute). “Streamlining” generally
increases with whorl compression and overlap, and
steerage with acute ventral margin, whereas stability
decreases with body-chamber angle (however, adult
elliptical uncoiling, i.e. elliptospherocone, increases
stability). Prominent ornament decreases streamlining
but improves defence against predation. See Figure 21.1
for a classification by body-chamber “length”, i.e. the
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Figure 21.5 The principal fluting patterns of ammonoid septa, with lobe axes (solid) and saddle axes
(dashed), and examples of their sutures, with the “hidden” dorsal parts shaded. Note that in planispiral
Jorms, the axes are either continuous with those of the inner whorls or connect opposing flanks,
whereas they become radial in uncotled forms. (After Westermann, 1965)

angle subtended by the body chamber, which determines
the slope (orientation) of the aperture (Trueman, 1941).

o  Brevidomic Body chamber one-half of a whorl or

less, commonly “streamlined” (e.g. platyconic,
discoconic or oxyconic; Figure 21.10D,F). Stability
high, aperture/hyponome orientation strongly
inclined downward, commonly a consequence of
high expansion (Raup’s W) or thick shell. Horizontal

jet force, commonly below hydrodynamic centre, o

causes rocking, but hyponome is low enough to
permit controlled forward as well as backward and
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upward swimming with moderate steerage,
depending on cross-section. Relatively rapid
swimmers (e.g. discoconic Nautilus).
Mesodomic  Body chamber about three-quarters of
a whorl (Figure 21.10B,C,E). Stability moderate,
but aperture/hyponome mid-lateral. Swimming
restricted to backward movement (but without
rocking), and sluggish upward and downward
movenient. Slow but efficient swimmers(?).
Longidomic Body chamber one whorl or more.
(a) No marked adult modification. Mostly either
evolute serpenticones (Figure 21.10A) or



LiFE HABITS OF AMMONOIDS

Q . : mer ‘U Hydrastatic

pressure P
Ventrolateral

Compressio,

thrust

Figure 21.6 The major stresses in the phragmocone wall and suture. Above, the transverse section of
a goniatite (from Hewitt and Westermann, 1987); below, the anticlastic lobule of the lust septum of an
ammonite with orthogonal radii (R1 and R2) as seen in Figure 21.3, under hydrostatic pressure from
body and sea water causing tensile and compressive stresses (arrows)

involute-globose spherocones. Stability very Heteromorphs (Figure 21.12)

low but aperture/hyponome orientation (Note that this term obviously does not apply to the

potentially changeable. Swimming very nautiloids, where orthocones and cyrtocones are the
sluggish at best, but multidirectional. Change  ;5rm in the Palacozoic.)

of orientation may facilitate feeding on

plankton. o Orthocones All are longicones (apical angle <7°),
(b) Adult modification substantial (e.g. ellipto- with uncoiling following the ammonitella. High

spherocones with elliptical uncoiling of body vertical stability (except when partially water-

chamber; Figure 21.11A). Subadult as in (a). filled). Usually a vertical “migrant”, but some adult

Adult similar to mesodomes but usually Baculites were apparently horizontal swimmers,

vertical migrant. with counterbalance (neutral equilibrium) achieved
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Figure 21.7 Siphuncle strength index of late-
Jjuvenile and adult ammonoids and Nautilus,
and the inferred habitat depth limits as calibrated
on Nautilus from Fiji. Note that the application of a
“sraded safety factor” (implosion versus habitat
limits that decrease with depth, as for septal
strength) would substantially reduce the
shallower habitat depth limits. All measured
phylloceratines and lytoceratines have indices as
high or higher than Nautilus, whereas among
measured ammonites only desmocerataceans
(15, 16, E) and some oppeliids (13a,b) reach
Nautilus wvalues — all have complex sutures;
weakest siphuncles are represented by the
hoplitacean Placenticeras (14a,b) and several
acanthocerataceans (G, D). Vertical bars
represent ranges and oblique lines connect
ontogenetic stages of single specimens. (After
Westermann, 1982)
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by water in the apical part of the phragmoconé
(Rigures 21.13, 21.18).

Cyrtocones Curvature less than one whorl. Iligh
stability with aperture inclined for forward and
backward mobility (Figure 21.13C). Most
commonly benthos-feeders (demersal).

Gyrocones Curvature greater than one whorl.
Moderate to low stability and poor “streamlining”.
At least the small forms were planktic or
pseudoplanktic on drifting algal meadows (Figure
21.13D).

Scaphitocones Adult body chamber forms U-
shaped hook that becomes separated from sphero-
conic or discoconic phragmocone (Figure 21.11B)
(intergrading with elliptospherocones). Subadult
poorly known; adult with greater stability than
longidomic planispirals of category (b). Subadult
possibly planktic; adult mainly sluggish vertical
swimmer; probably pelagic vertical migrant.
Hamitocones Several, parallel orthoconic
segments growing in opposite directions (Figure
21.14A). Body chamber comprising the lower
“hook”; section subcircular; deposits absent. Stable
vertical position with adult aperture upward.
Vertical swimmers; very sluggish backward
swimming possible; mainly pelagic vertical migrant.
Doguzhaeva and Mutvei (1993) considered the shell
of Ptychoceras as potentially internal. This was
refuted by Westermann (1996), who estimated the
buoyancy of the shell alone as close to neutral,
eliminating the possibility of a large external body;
furthermore, the body chamber is “normal”. Hence,
the shell was “semi-internal” with the mantle
overlapping the body chamber, as illustrated in
Figure 21.14A.

Ancylocones Open spiral (gyrocone) is followed
by single suborthoconic shaft and large hook
(Figure 21.14B). Shell function and habit similar
to hamitocones.

Torticones Coiling three-dimensional, snail-like.
Much more compact “design” of slowly tapering
(low W) shell than round-whorlish planispirals;
deposits absent; stable vertical position. Swimming
restricted to upward and lateral; mainly demersal
bottom-feeders.

Vermicone Sequence of rotated three-axial coils,
superficially “worm”-like (cf. Okamoto, 1988).
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Figure 21.8 Correlation between the siphuncle strength index and the original septal flute index, based
on 21 adult ammonoid taxa and Nautilus, with ontogenies indicated (arrowed lines). There is good
correlation for most measured Ammonitina, Lytoceratina (except juvenile lytoceratid no. 2) and
heteromorphs, but with the notable exception of the compressed, deep-water phylloceratids (nos 3, 4) in
which the septa functioned significantly as lateral braces. (After Hewitt and Westermann, 1987)

Rare, neutrally buoyant form (for Nipponites, cf.
Ward and Westermann, 1975). Deposits absent; low
to very low stability. Megaplanktic drifters.

GROWTH STAGES

Four growth stages of the shell are presently
distinguished, together with their implied adaptations
(Westermann, 1996), which are summarised as follows.

1. Ammonitella (eggshell) Subspherical, consisting
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of a subelliptical protoconch (initial chamber) and a
whor! that contained the embryo (Figure 21.2).
Diameter roughly 1mm and presumably
approximating the size of the organic egg capsule,
resembling the smallest eggs of coleoid cephalopods
(Nesis, 1987) with planktic (r-type) breeding
strategy. Density was close to that of sea water,
since calcification occurred only immediately
before hatching (Bandel, 1986; Kulicki and
Doguzhaeva, 1994). A small deficiency in buoyancy
could have been neutralised by gelatinous masses
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encasing single eggs or, more likely, whole egg
masses. Eggs could have been shed directly into the
water column (planktic), laid in floating or benthic
algal mats (pseudoplanktic or pseudobenthic) or
directly on firm or hard benthic substrata, or
brooded (ovovivipary) in specialised, large female
shells (macroconchs), analogous to the living
Argonauta. The overriding condition was good
oxygenation, and warm water greatly enhanced
development.

2. Neanoconch (neanic stage) The hatchling grew
about three additional whorls to become the
neanoconch of 3-5mm in diameter. It tended to
be planorbiconic or cadiconic and smooth (but
orthoconic and some torticonic heteromorphs
follow the ammonitella with a straight, slender
cone). This “small juvenile” animal was neutrally
buoyant (Tanabe et al., 1995) and presumably, as in
all living cephalopods, essentially a miniature adult.
Arms, tentacles and hyponome, however, were less
effective at this small size for locomotion and prey
capture (Nesis, 1987). Septum and siphuncie
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structure of all post-Devonian ammonoids,
however, could withstand considerably higher
ambicnt water pressure at this early growth stage
than in later stages (e.g. Hewitt, 1993, 1996),
indicating their adaptation to much dceper water.
The minute, neutrally buoyant ammonoid
(Westermann, 1993) was therefore part of the deep
plankton (potentially mnesoplanktic, resembling the
small crustaceans of the epiplankton in both size
and locomotive abilities (e.g. depth control),

Juvenile stage In the “normally” coiled
ammonoids, the great diversification of shell shapes
usually occurred with the beginning (3-5mm
diameter) of this growth stage, which comprises
most of the fully grown shell except for the last
whorl or so. The juvenile body chamber had a knife-
sharp apertural edge and was thinner than the adult
body chamber. It was also (relatively) longer,
usually longidomic (more than one whorl), making
the ammonite unstable. This even pertains to taxa
with mesodomic (c. three-quarters of a whorl) and
hence more stable adult stages. Juveniles are
usually rare in the common aerobic facies of grey
shales, limestones and sandstone, but are
occasionally found in anaerobic and dysaerobic
black shales and limestones, sometimes together
with neanoconchs and adult stages (see below). The
great majority of juveniles, including taxa that later
devcloped a demersal (bottom-feeding) habit (Batt,
1989; Westermann, 1996), were either pelagic
drifters (plankton), swimmers (nekton) or lived in
algal mats (pseudoplankton, pseudobenthos).

Adult stage and sexual dimorphism Most
ammonoids had finite growth, with the adult more
or less clearly differentiated from the subaduit,
especially in the Mesozoic epicontinental
Ammonitina (e.g. Westermann, 1964; Callomon,
1981; Davis et al., 1996). In these cases, sexual
maturation probably coincided with the cessation
of growth (adulthood). The body chamber is
markedly modified and its shell is thickened,
especially at the aperture. Shell diameter within
the same local population (deme) commonly has
two distinct clusters (allomorphs), each of which
varies no more than other morphological features.
The peristome of the small shells (microconchs) is
commouly more strongly moditied than that of the
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Figure 21.10 Planispirals: smooth “ammonitocones”, their potentiul mobilities (see diagram) and
possible feeding adaptations. A-C. Free reconstruction with 10 subequal arms. A. Longidomic
serpenticone (Psiloceras) swimming slowly downward. B. Evolute, mesodomic planorbicone
(Nannolytoceras). C. Mesodomic discocone (Macrocephalites). (B) and (C) both adapted to backward
swimming with moderate steerage. D-F. Alternative feeding model for predators, with long prehensile
tentacles. D. Mid-size brevidomic oxycone (Graphoceras), an expert pouncer. E. Small mesodomic
planorbicone (Strenoceras) (microconch/male), a sluggish ambush predator. F. Large brevidomic
planorbicone with circular whorl section (Lytoceras), a deep-water ambush predator
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Figure 21.11 From spherocone (“ammonito-
cone”) to scaphitocone (“heteromorph”). A. Aduldt
elliptospherocone (Bullatimorphites) swimming
back-upward with maoderate speed, some
“rocking” and poor steerage, contrasting with
spheroconic pre-adult that <was unstable and
essentially planktic. B. Typical scaphitid (but here
smooth), swimming backward with good stability
and moderate steerage and speed, due to
somewhat compressed body chamber, but pre-
adult similar as in (A)

large shells (macroconchs). These adult
modifications indicate that the adult ammonoid
lived for scveral additional breeding seasons
(years), with very diverse, often specialised habits.

The microconch, typically developed in Jurassic-
Cretaceous Ammonitina and almost certainly
representing the male, was commonly between one-
sixth and one-hall the diameter of the macroconch, and
in extreme cascs as little as onc-tenth, e.g. epeiric
Phylloceras (Riegraf et al., 1984), resembling the size
ratio of the Recent Argonauta. Egg clusters have been
found in the body chamber of macroconchs (Lehmann,
1988) and specialised body chambers suggest hrooding

(Landman, 1987). The dimorphic adult shells
(allomorphs), in addition to size, commonly differed
grossly in adaptive shape and sculpture (see below).
These differences, as well as the quite common unequal
sex ratio, ranging roughly from 100:1 to 1:100
(Callomon, 1981), clearly indicate different habits and,
in many cases, habitats of the sexes hetween breeding
seasons.

In contrast, many Palaeozoic and Mesozoic smooth
forms, particularly goniatites of dysoxic basins, the
occanic phylloceratids and lytoceratids, and possibly
many planktic heteromorphs (except ancylocones) may
have had “infinite” growth (Westermann, 1996). Adult
modifications are missing or poorly developed, and one
may surmise that there were repeated breeding seasons
during growth, resembling the condition in some pelagic
squids in present-day oceans (Nesis, 1987). Significantly,
growth and dimorphism in the derived phylloceratids and
lvtoceratids of the epicontinental seas were similar, as in
most epeiric ammonoids (Callomon, 1981; see below).
The adaptive traits of the adult ammonoids, including the
ontogenetic habitat changes implied by adult
modifications and breeding strategies, have recently
been discussed in detail (Westermann, 1996) and will
be commented on in the selected scenarios below.

The most common habit changes at adolescence
(subadult/adult passage) were:

1. From planktic (or demersal vertical migrant) to
nektic or demersal swimming.

2. Increased diurnal vertical migration of planktic or
demersal forms, potentially with mesopclagic and
mesobenthic (>240m depth) forays, or, alter-
natively, the capability to remain at constant depth
in turbulent seas.

J.  Increased acceleration and speed of nektic and
demersal forms or of quasi-planktic (high
infraspecific variation) forms. This last trend was
reversed in many microconchs, hy drag-producing,
protective sculpture and aperture extensions.

RECENT HYPOTHESES ON SHELL FUNCTION

Several hypotheses have recently been proposed (mostly
variations on old themes) that contradict the
predominant views on mechanical shell functions,
especially those for “complex” (intensely folded) sutures.
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Figure 21.12 The principal “heteromorph” shell types, with arrows as in Figure 21.9. (After

Westermann, 1996)

Saunders (1995) and Saunders and Work (1995)
propose that sutural complexity served no mechanical
function, but instead improved the emptying of the
chambers. Their argument, however, is seriously flawed
on different fronts concerning assumptions, mis-
interpretation of published views, measuring, data
“lumping”, etc., whereas their metabolic model is
difficult to comprehend, and appears to follow the old
hypothesis of Mutvei (1967).

Fischer and Bottjer (1995) and Seilacher and
LaBarbara (1993) see complex sutures largely as
improving muscle attachment for a revived, more
elaborate, pre-septal diving organ (Cartesian Diver
model); this was first proposed by Schmidt (192S). Both
hypotheses assume that ammonoids had a gas-pressure-
producing organ that is notably absent in all extant
cephalopods, and they fail to find positive evidence for it
in the shell. These hypotheses differ only in the presence
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orthocone (vert)
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orthocone (honiz.)

Figure 21.13 “Heteromorphs”: vertical
migrants, demersals and pseudoplankton. A,B.
Ortho-longicones. A. Juvenile or small adult with
long body chamber (arrow), round whorls
(Sciponoceras) or compressed whorls (Baculites),
in subvertical orientation swimming upwards,
the compressed form with potential for sluggish
lateral swimming. B. Large adult with short body
chamber and water-filled apex producing neutral
equilibrium, in horizontal orientation, swimming
SJorward. C. Cyrtocone (Protancyloceras) preying
on brachiopods. D. Small gyrocone (Spiroceras)
hanging in floating algae. (After Westermann,
1996)

of either gas or a water-gas mixture in the supposed pre-
septal space. Both hypotheses have been rejected on
several grounds, including inefficiency, lack of
supporting structures in the shell and the absence of
vertical excursions in deep-sea fish with swim-bladders
(Jacobs, 1996; Hewitt and Westermann, 1997).

Figure 21.14 “Heteromorphic” vertical
migrants, swimming down and up respectively
in the water column, with high stability. A,
Hamitocone (Epihamites) catching larger prey
with long tentacles; note mantle overlap (“semi-
internal” shell according to Dogushaeva and
Mutvei, 1993). B. Ancylocone (Ancyloceras) as
microphage

Finally, the objection to mechanical functions of
complex sutures of Oloriz and Palmquist (1995) was
based on fractal analysis. But their analysis, like earlier
ones, merely shows that the size- and depth-related
aspects of sutural complexity are not measured by fractal
dimension (Hewitt and Westermann, 1997).

POST-MORTEM PROCESSES

It is essential to recognise and eliminate post-mortem
processes that result in misleading litho- and biofacies
associations of ammonoids. There have been various
views on the relative prevalence of post-mortem ascent,
followed by drift, versus immediate descent (cf.
Chamberlain et al., 1981; Mapes, 1987; Westermann,
1990, 1996; Hewitt and Westermann, 1996). Valid
evidence for direct post-mortem sinking is scarce (e.g.
aptychi/mandibles or radulae found in the body chamber
in a significant proportion of the assemblage as seen in
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. some black shales). A consensus has developed that

juvenile shells, because of the relatively larger and
thinner-walled connecting rings, refill more rapidly
and, hence, sink more readily and rapidly than adult
shells. The second common opinion, that the incidence
of post-mortem descent versus ascent (after removal of
the soft-body) is roughly proportional to habitat depth, is
largely untrue (e.g. Kase et al., 1995; see helow). The
flooding rate and depth of habitat (or implosion) depend
on the same parameter of the connecting rings and the
same variable relating to strength against ambient pres-
sure (i.e. the siphuncle strength index, SiSI = 100h/r,
where h is wall thickness and r inner radius) (Figures
21.7, 21.8) used to predict implosion and habitat depth.
In other words, all shells of ammonoids that died and/or
lost the body at maximum habitat depth tended to flood
at similar rates depending on the ratio of camera volume
to siphuncle area. On the other hand, refilling would
have been much slower if the animal died within the
upper ranges of its habitat, especially if it was a vertical
migrant with extensive vertical excursions, such as
many lower-epipelagic to mesopelagic ammonoids (e.g.
heteromorphs, lytoceratids and phylloceratids). There
are, furthermore, two overriding conditions. First, ascent
is greatly enhanced by the sudden loss of buoyancy,
caused by such factors as the removal of part of the body
chamber by a predator and descent by perforation of the
phragmocone. Secondly, it is probable that, like
Nautilus, Spirula and Sepia (R.A. Hewitt, in
Westermann, 1996), the “senile” ammonoid lost its
buoyancy control and ascended far above its normal
habitat, even to the surface, before dying.

The duration of surface-drifting depends on the
refilling rate at atmospheric pressure, which, in turn, is
affected by the internal gas pressure, the structure of the
connecting rings and their rate of destruction, and on the
shell form with its particular floating orientation (Hewitt
and Westermann, 1996). Connecting ring permeability
and strength are, again, related to the SiSI. Travel
distance, of course, depends on drift duration and
surface-current velocity. The evidence supports this
hypothesis: large deep-water forms such as Phylloceras
and Lytoceras, attaining diameters of up to 1m, are
among the most extensive drifters (Tanabe, 1979;
Westermann, 1990, 1996).

Another common post-mortem feature is the
encrustation of ammonoid shells by fouling organisms

(e.g. molluscs, brachiopods or bryozoans). Such
organisms lived on floating (pseudoplanktic) or sunken
(pseudobenthic) shells. They are easily mistaken for true
epizoans (i.e. organisms attached to a living substrate),
and interpretations of the ammonoid habitat based on
these post-mortem associations are therefore false. A
recent example is given in the first scenario.

SCENARIOS FOR AMMONOID BIOTOPES

Rather than recording inferred habits and habitats taxon
by taxon, we have chosen to discuss ammonoid biotas in
several scenarios, which represent both common and
exceptional habitats. One of the most basic, but
nevertheless complex, problems in ammonoid ecology
is to distinguish pelagic (used in the broader sense, i.e. as
living in the water column in any sea) from demersal
(hovering or swimming above the sea floor) habits.
Therefore, the comparison of distinctly different water
masses, such as those of hypoxic basins versus oxygen-
rich platforms, is of particular importance. Furthermore,
as recently stressed by Westermann (1996), nektic
(ammonoid) habitats of Palaeozoic-Mesozoic epeiric
seas were usually more isolated and, hence, more
distinct from shelf seas than those of shelf seas were
from the epipelagic habitats of adjoining oceans.
Therefore, three (not two, i.e. epicontinental and
oceanic) principal marine biomes are distinguished, i.e.
epeiric, neritic and oceanic.

The lower limits of ammonoid habitats have recently
been calculated from the estimates of septal strength and
its ontogenetic variation (i.e. the depth at which the
ambient water pressure would break the last septum;
Hewitt, 1996: table 2). Swimming potential can be
inferred from shell diameter, “streamlining”, apertural
orientation, sculpture, and the relative length (angle)
and shape of the body chamber (see above). Shell
thickness and sculpture, mainly protection from
predators, are expected to decrease with depth.

OCEANIC AND NERITIC HABITATS IN THE
MESO0zZoIC

Figure 21.15 illustrates a possible Jurassic-Cretaceous
scenario for the ocean and its margin. Evidence for
ammonoid habitats of the open ocean is difficult to
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obtain, because the ocean floor of that time has largely
disappeared via subduction, and because the thin
aragonite shells were usually dissolved prior to slow
burial. Exceptions are the few poorly preserved, small
haploceratids, aspidoceratids and heteromorphs, as well
as the abundant (but difficult to assign taxonomically)
small calcitic aptychi, discovered mostly from Late
Jurassic-Early Cretaceous deep-sea drill cores from the
North Atlantic and the central Pacific (Renz, 1978; P.
Hantzpergue, in Dommergues et al., 1989; cf.
Westermann, 1996: 627). Lamellaptychus is most
abundant, indicating that the Ilaploceratidae extended
into the open ocean from the epicontinental seas (not
restricted to them as supposed previously; e.g. Ziegler,
1967). Significantly, haploceratids have been included in
the “leiostraca”, together with the phylloceratids and
fytoceratids, a smooth-shelled ammonoid group
commonly considered as characteristic of the deep-
water and/or warm-water Tethyan biofacies. Abundant
aptychi of haploceratids, and scarcer aptychi of
hildoceratids, sonniniids and hecticoceratids as well as
of aspidoceratids, occur also in Jurassic-Cretaceous
accreted ocean-floor sediments such as in the flysch
and radiolarites of Poland and Spain (Gasiorowski, 1962;
J. Sandoval, in Westermann, 1996).

Two important considerations, however, must be
taken into account. First, many of the aptychi are small
and document the oceanopelagic habit of larger
ammonoids for only their juveniles. Secondly, most
major groups of the “leiostraca” (e.g. Phylloceratina,
Lytoceratina, Desmocerataceae), as well as the small,
longidomic spherocones (e.p. Sphaeroceratinae) and
serpenticones (e.g. Dactylioceratidae, Psiloceratidae)
that were potentially oceanoplanktic, had either
uncalcified anaptychi or their buccal organs are
unknown (Lehmann, 1990).

Evidence from deep structural rises and basins at the
ocean margin comes mainly from the Triassic Hallstatt
Limestone and, especially, the well-known Jurassic
nodular Ammonitico-Rosso facies and cherty beds of
southern Europe (cf. Westermann, 1996: 626). With
increasing depth, Phylloceratina, Lytoceratina and small
Haploceratidae (leiostraca) become more and more
dominant. Common among the Ammonitina are
platyconic to oxyconic (“streamlined”) phymato-
cerataceans (nektic) and serpenticonic dactylioceratids
or stephanoceratids (planlktic), sometimes accompanied

by the small cyrtoconic spiroceratids (pseudoplanktic?).
The same Ammonitina were also the major pelagic
(neritic) components of the adjacent outer shelf fauna,
since there was no obvious barrier, and partial
separation between the neritic and oceano-epipelagic
biomes depended mainly on water masses and their food
resources. Relatively few ammonoids were demersal
bottom-feeders on the outer shelf (i.e. some
desmoceratids, see below), but their proportion probably
increased shoreward.

In the near-surface waters of our composite Jurassic-
Cretaceous panorama (Figure 21.15), small Ammonitina
drifted freely between shelf sea and ocean, transported
by surface currents: nektic Haploceras (3), a small
platyconic predator, which bred in floating algal mats;
planktic Dactylioceras (S) and Psiloceras (9),
serpenticonic microphages; and numerous eggs, some
in gelatinous encasings; as well as untold neanic and
juvenile growth stages.

Shown in somewhat deeper waters (50-150m) are
vertical migrants (i.e. the heteromorphs Ancyloceras (8),
a large ancylocone, and Ptychites {4), a hamitocone,
both vertically elongated and with upturned aperture).
Baculites, a compressed orthocone, was potentially
demersal (2) or oceanopelagic (2a) (for large epeiric
Baculites see Figures 21.14, 21.18). Note that, in
contrast to its adult, juvenile Ancyloceras was
serpenticonic and was incapable of rapid vertical
excursions. They lived mainly on the shelf, but extended
into the ocean.

In the deeper waters of the ocean (150-500m),
comprising the lower epipelagon and upper meso-
pelagon, lived the larger, typically oceanic leiostraca
Phylloceras (10), a discoconic predator, and Lytoceras
(11), an inflated planorbicone with the superior shell
strength of a mesopelagic vertical “migrant”. Another
oceanic vertical migrant, living almost as deep, was the
hamitocone Pseudoxybeloceras (12). At least large
species diving below 240m presumably had to ascend
regularly into the epipelagic zone (diurnally, as
Nautilus) in order to prevent flooding of the chambers.

Demersal bottom-feeders were essentially restricted
to the epicontinental seas. The inflated platycone
Desmoceras (7) lived on the deep shelf margin (Batt,
1989), and the planorbicone Stephanoceras (1) on the
shallower shelf as well as in epeiric seas. The discocone
Macrocephalites (6), with a similar habitat as (7), is here
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Figure 21.15 Schematic panorama of a Jurassic-Cretaceous ocean margin. (1) Stephanoceras, (2)
Baculites, (3) Haploceras, (4) Ptychites, (5) Dactylioceras, (6) Macrocephalites, (7) Desmoceras, (8)
Ancyloceras, (9) Psiloceras, (10) Phylloceras, (11) Lytoceras, (12) Pseudoxybeloceras. Ontogenies are
initiated for (2a), (10) and (12). (After Westermann, 1996)
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reconstructed as a facultative horizontal and vertical
swimmer, feeding from the sea floor and water column.
The last two taxa typically display adult shell
modification and sexual dimorphism. The body chamber
became gradually more evolute, lowering the centre of
mass and thereby improving stability. In Stephanoceras,
the peristome of the microconch was extended into
lateral lappets, with uncertain function (?protection
during copulation). The Macrocephalites macroconch
lost its protective sculpture and became smooth for
improved “streamlining”.

A recent controversy about the habitat of the
Cretaceous desmoceratids concerns the home scars of
nearshore to intertidal limpets. If the limpets were
indeed true epizoans on the adult ammonoids, as
claimed at least for those with supposedly repaired
perforations by Kase et al (1994, 1995), then the
earlier consensus of a quite different, deep-offshore
habitat (200-300m) would be invalidated. This
consensus is based on coherent lithofacies, shell and
siphuncle structure data (cf. Westermann, 1996). It is
highly probable, however, that the abundant shell
perforations by the limpet foot were made on the sea
floor, when the shell was already sediment-filled and
possibly even redeposited (Westermann and lewitt,
1995; S. Fernandez-Lopez, personal communication,
1996). A post-mortem ris¢ to the surface and drift of
the shell from deeper-water habitats poses no problem
(see above). And there are other alternatives. Keupp
{1996) proposed that the described home scars were
not produced by algae-grazing limpets, but by filter-
feeding gastropods, such as the neogastropods
Hipponicidae, which were not restricted to surface
waters.

Of all the species living in the ocean, only Haploceras
had calcified aptychi, which atter death sank to the deep-
sea floor where they were preserved (being calcitic in
contrast to the aragonitic shell).

The diverse life cycles include breeding in benthic
algal mats on hard sea-floor substrata at the shelf edge,
accompanied by herbivorous microgastropods
(Phwlloceras, 10) (Sturani, 1971), or in drifting algal
mats at the ocean surface (Haploceras, 3), shedding of
eggs into mid-water (Baculites, 2a), and brooding within
the hooked body cavity (Pseudoxybeloceras, 12).

Among the predators feeding on ammonoids were
sharks, here seen feeding on Iytoceras (11), as well as

the larger nektic ammonoids preying especially on the
juveniles (e.g. 6, 10, 11).

EPEIRIC BASIN AND PLATFORM HABITATS

Toward the interior of the continents, and, accordingly,
more or less separated by barriers of different sorts from
the marginal, neritic seas and adjacent oceans, were the
epeiric (inland-epicontinental) seas. In contrast to the
Recent, they were widespread in the past and, in fact,
have supplied most of our ammonoid collections. Even at
roughly only 100 m depth, the water masses were often
stratified, with increasing hypoxia toward the bottom
and commonly with subhaline (brackish) surface waters
during periods of high run-off. Such conditions existed
on the major continents especially during the Devonian,
Carboniferous and Jurassic, and much recent research
concerns the black-shale lithotacies with their oxygen-
poor, benthic biofacies (e.g. Kauffman, 1981; Brett et al.,
1991; Oschmann, 1991; Wignall and Hallam, 1991; for &
review, see Westermann, 1996). Characteristic benthic
faunas indicating dysaerobic/dysoxic conditions (O, =
0.2-1.0mU/1 water) at the sea floor are the low-diversity
“flat clam” communities, dominated by usually small
(and/or juvenile), epibenthic, pectinoid bivalves (e.g.
Posidoniidae, Oxytomidae, Buchiidae, and the larger
Monotidae and Inoceramidae). Infauna and epifauna
were hoth absent during intervals when anoxia remained
consistently just above the sediment-water interface
(exaerobic), with the exception of raised “benthic
islands”. The sediment was characteristically organic-
rich (kerogen) and laminated, ultimately producing
distinctive “paper shales” (i.e. parts of the classic
Posidonia Shales, discussed below). The only fauna
preserved in the anoxic sediment was pelagic or
pseudopelagic. In the calcareous dysoxic intervals, these
elements occur together with epibenthic “flat clams”.
Only those animals with low metabolism (i.e. oxygen
requirement) were able to live in the upper dysaerobic
zone not far from the sea floor, including sluggish
ammonoids and nautiloids. Most pelagic predators, such
as fish, shark and squid, on the other hand, were
restricted to the fully oxygenated (aerobic) water masses
above. It is therefore reasonable to assume
(Westermann, 1996) that some quasi-planktic am-
monoids and, especially, early planktic growth stages
(but not the eggs) found refuge from the most active
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predators in these slightly hypoxic waters. From time to
time, the surface waters became brackish and hostile to
the large majority of ammonoids.

Major storms and quakes, however, would upset the
stratification of the water masses, and the upwelling
oxygen-depleted and hydrogen-sulphide-rich bottom
waters would kill the ammonoids living in the proximity,
with the possible exception of the large, relatively rapid
swimmers that could escape. At the shelf margin,
upwelling nutrient-rich water masses from the ocean
promoted plankton blooms that produced similar
adverse effects.

Surprisingly few complete juveniles are found in the
common lithofacies of grey shales, limestones and
sandstones, where the ratio of juvenile to adult
specimens recovered is frequently as low as 1:1000
{Westermann, 1996). This is only partly due to the much
thinner, hence more iragile and more readily dissolved,
juvenile body chamber (with knife-sharp edge), relative
to the thicker adult body chamber (often with thickened
aperture or varix). According to their quite consistently
longidomic body chambers, the juveniles of
epicontinental basins were more commonly and more
strictly limited to the plankton than were the adults.
They probably lived separately from the adults,
presumably mostly in deeper, offshore waters, similar
to the neanic stages described above.

CARBONIFEROUS BLACK SHALE AND
PLATFORM FACIES

Figure 21.16 illustrates a scenario for the Namurian
ammonoid biota of the North American mid-continental
cyclothems (e.g. Boardman et al., 1984; Heckel, 1991,
Becker, 1993; cf. Westermann, 1996: 644), based on the
detailed morphotype and facies analysis of Saunders and
Swan (1984) and Saunders and Shapiro (1986). The
basin, shown at high sea level, was roughly 100 m deep,
with stratified, hypoxic water masses in the deeper part
and a dysaerobic sea floor with “flat clams”. To the right
is a ¢. 50m-deep carbonate platform and, to the left, a
gentle slope.

In our scenario, the ammonoids of the basin were
entirely pelagic, and were smooth to weakly sculpted
discocones and spherocones (i.e. typical goniatites). The
mesodomic discocones (1, e.g. Anthracoceras; Saunders
and Swan’s morphotype 1) are slow, backward swimmers

and one is shown in mid-water catching a neanic
ammonoid using long tentacles. Egg clusters may be
shed into aerobic mid-water and encased in a gel
envelope giving them near-neutral buoyancy and

" protection (3). The resulting hatehlings move into the

upper dysaerobic zone for protection. The poorly
oxygenated ocean floor, suggested by some authors as
a spawning site (e.g. Mapes et al., 1992), probably made
poor breeding grounds (cf. Westermann, 1996: 647). The
hatchlings move into deeper waters, as indicated by the
superior strength against ambient pressure of the inner
whorls (Hewitt, 1996), commonly into slightly dysoxic
waters, where the fragile neanic stage found protection
from active predators. In contrast to the neutrally
buoyant planktic ammonoids with low metabolic rate,
sharks, bony fishes and fast cephalopods needed well-
oxygenated water. Yet some of the relatively sluggish
ammonites, with modest metabolism, may have been
able to prey on the young stages here.

The other ammonoids found in the basin, but not
restricted to it, were planktic and mainly vertical
“migrants”, according to their longidomic (unstable)
shells which are either discoconic, smooth or
moderately sculpted (2, e.g. Ramosites; morphotypes V
and VI of Saunders and Shapiro, 1986), or cadiconic (3,
e.g. Glaphyrites; morphotype VII). Glaphyrites lived at
60-125m depth, according to its shell strength (Hewitt,
1996). Many of these longidomic taxa are cosmopolitan
due to passive current-transport in mid-water. Strongly
sculpted, inflated planorbicones and cadicones (4, e.g.
Phillipsoceras; morphotype VIII) are shown in the
photic zone feeding on the microplankton. Coarse
sculpture protected them from predators and currents
transported them world-wide. Some of the shallower
species laid their eggs in floating algal mats, where the
warm and well-oxygenated water provided for rapid
hatching and development of the neanic stage, yet good
protection from surface predators.

In contrast to the oxygen-starved basin, the shallow
slope and platform had mainly demersal ammonoids. In
the shallow waters above the muddy basin slope lived
moderately sculpted, mesodomic discocones with well-
developed hyponome, as indicated by the deep
hyponomic sinus (5, e.g. Eumorphoceras; morphotype
ITI). These backward swimmers were at least partially
demersal, feeding mainly from the rich epibenthos of the
aerobic sea floor.

315



FUNCTIONAL MORPHOLOGY OF THE INVERTEBRATE SKELETON

———n currents
:> ﬂ swimming
ﬂI vertical migration
o + post-mortem drift + sinking
- GL eggs (ingel)
D juvenile 7 aqun

Figure 21.16 Schematic panorama of a Carboniferous epeiric basin with adjacent carbonate
platform. (1) Anthracoceras, (2) Ramosites, (3) Glaphyrites, (4) Phillipsoceras, (5) Eumorphoceras,

(6) Prolccanites. (After Westermann, 1996)

The most abundant ammonoids on the carbonate
platform were brevidomie, thick-shelled platycones, i.c.
the prolecanitids, ancestors of the Mesozoic ammonoids
{6, c.g. Prolecanites; morphotype I1). These carbonate
platforms, however, nced not have been shallow, since
some prolecanitids could live at moderate depth (Hewitt,
1996). Like Nawtilus, they could swim forward and
backward for bottom-{ceding. They are here seen feeding

on small benthos and pscudobenthos in algal mats,
where they may also have bred.

JURASSIC POSIDONIA SHALE, JET ROCK,
Sciist CARTON

These bituminous rocks arc widespread in the Early
Jurassic (Lower Toarcian) of North-west Lurope and
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other parts of the world. The facies consists of a
_relatively “thin sequence of laminated (anaerobic
biofacies) shale and marly shale with bioturbated
carbonate interbeds (dysaerobic biofacies), all bearing
a rich vertebrate and invertebrate fauna (Ulrichs et al.,
1979; Jenkyns, 1988; cf. Westermann, 1996: 650). The
carbonate interbeds are tempestites yielding coquinas
dominated by “flat clams” and nektic belemnites. The
flat-clam fauna of the marly shales consists of small
inoceramids and, more rarely, oxytomids and juvenile
posidoniids. Abundant Ammonitina range through the
sequence, associated with scarce and commonly much
larger Phylioceratina and Lytoceratina. Masses of
planktic serpenticones (Dactylioceras) occur on flat-
clam bedding planes, whereas nektic oxycones and
platycones (Harpoceras, Hildoceras) are concentrated
in benthos-poor shales, often with aptychi preserved in
the body chambers. Spinose and more normally coiled
dactylioceratids (e.g. Peronoceras), on the other hand,
occur in the more oxygenated facies (Schmidt-Effing,
1972; Loh et al., 1986).

Periodic occurrences of low-salinity surface (photic)
waters are indicated by the replacement of stenchaline
dinoflagellates and acritarchs by euryhaline
prasinophytes and “spheroids” (Loh et al., 1986; Prauss
et al., 1991), as well as by trace-metal enrichments
resembling Black Sea sapropels (Brumsack, 1991). With
hypoxic waters in the lower parts of this rather shallow
sea (<100m), oxygenated waters of normal salinity
during these intervals were limited to the mid-water
zone. Even this zone was periodically reduced or even
eliminated when rising anoxia coincided with decreased
salinity during seasons of high run-off. Only euryhaline
or euryoxic organisms could have survived under these
extreme conditions.

Figure 21.17 illustrates this plausible scenario, with
prevailing offshore winds, strong seasonal freshwater
input, and increasing oxygen starvation of the lower
third of the water column. This stratification varied
through the seasons. A log drifting with the slow current
of the surface waters transported pseudoplanktic
crinoids, indicating temporary absence of brackish
waters. As in Figure 21.16, egg masses and hatchlings
lived in the lowest aerobic and upper dysaerobic zones
and many were overcome by anoxia when the eggs sank,
or when the anoxic waters rose. Of the ammonoids, only
the most abundant Ammonitina are illustrated. The

small Dactylioceras (1) is a longidomic serpenticone, a
completely unstable form with highly elongated body
that could not swim effectively but protruded greatly. It
is represented as a planktic microphage, able to rotate at
will and spread its dense net of arms, tentacles and cirri
in any desired plane efficiently to trap microplankton
and/or detritus. Drifting with the subsurface currents up
to 70 m deep in poorly translucent waters, it could not be
seen and could even survive slight hypoxia (R.A. Hewitt,
in Westermann, 1996). Because of its broad adaptations,
it was able to survive in most seas, including oceans
(Figure 21.15). Masses of the large population were
periodically killed when anoxic bottom waters became
disturbed and penetrated the higher, normally oxic,
levels of the water column during exceptional storms or
quakes. The cadavers or empty shells then accumulated
together with the posidonoid “flat clams” on the dysoxic
sea floor.

Small predatory ammonites are also abundantly
present (e.g. the oxyconic Harpoceras, 2, and the
platyconic Hildoceras, 3). They lived, respectively, to
roughly SOm and 60-80m depth (Hewitt, 1996). The
harpoceratids, which, due to their compressed shell with
sharp “bow”, could accelerate rather rapidly and with good
steerage, ambushed mostly young ammonites, including
nektic species, as documented by Lehmann (1975) and
Jiger and Fraaye (1997), who found the small aptychi/
mandibles of the prey in their body chambers (see also
Mehl, 1978a). But recent finds of larger crustacean
appendages in body chambers suggest that some also
preyed on benthos (Fraaye and Jiger, 1996; Jiger and
Fraaye, 1997). The hildoceratids are here shown in deeper
water, where they fed more stuggishly on poorly mobile
plankton. These carnivorous ammonites, in turn, were
eaten by squid (Mehl, 1978b) and ichthyosaurs. Egg
masses were encapsulated in a protective gel float in deep
mid-water and occasionally sank into the dysaerobic zone,
where they died. The neanic stages and juveniles also
inhabited these deep, marginal waters, which active
predators were unable to penetrate.

CRETACEOQUS BASINS AND PLATFORMS OF
THE WESTERN INTERIOR SEAWAY OF
NORTH AMERICA

The history of the extensive Western Interior Seaway
and its rich Cretaceous molluscan fauna is known in
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great detail, and its ammonoid fauna has provided a lavge
souree of data for basin analysis and ammonoid ccology.
Pacticularly outstanding is the work of Kauffman (c.g.
1984) and Batt (e.g. 1989, 1993) on the Albian-Turonian
Greenhorn evelothem with a mixture of lithofacies and
diverse ammonoid assemblages, which has been
discussed at length previously (Westermann, 1996: 659).

Other well-known ammonoid biotas are those of the
GCampanian-Maastrichtian Bearpaw Formation and
coeval upper portion of the Pierre Shale (Figure 21.18).
In southern Alberta. Saskatchewan and the north-
western USA, the basinal facies consists largely of dark-
grev, bioturbated mudstones. The invertebrate tauna is
usually limited to the vare, farge “flar clam”™ Inoceramus,
deposit-fecding nuculid elams, nephropid lobsters and

+ >

ichthyosaur

Schematic penorana of a Jurassic dvsoxic basin: the Posidonia Black Shades of

(3) Hildoceras. (After Westermeann, 19906)

abundant ammonites, especially large, oxveonie
Placenticeras and  compressed-orthoconic Baculites.
Speeimens of the nautiloid Butrephoceras and the squid
Actinosepia are also present, but relatively rare. Clusters
of undamaged neanic Buculites, consisting of the septate
ammonitella and a bodv-chamber shatt, are found
occasionally. In some localities, cvent-horizons
containing abundant and diverse bendhic faunas oceur,
indicating short-lived ¢pisodes of improved benthic
oxyenation and reworking (Tsujita, 1993a.b). Some of
these hotizons vield abundant Scaphitidac and juvenile
Baculites (Tsujita, 1995a).

The large oxveone Placenticeras mecki Bochm is
best known for its exceptionally high incidence of
predation by mosasaurs. In addidon 1o the 10=20% of
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Figure 21.18 Schematic panorama of the Canadian portion of the Upper Cretaceous Western Interior Seaway of North America (note that
this is a composite of several biogones through the Campanian-Maastrichtian). (1a) Placenticeras meeki, (1b) Placenticeras intercalare,
(2a) Baculites spp. (compressus-type forms), (2b) Baculites ovatus, (3) Hoploscaphites, (4) Jeletzkytes, (5) Rhaeboceras, (6) Didymoceras,
(7) Anaklinoceras, (8) Axonoceras, (9) Exiteloceras, (10) Solenoceras. Ammonoid genera 6-10 tend to be restricted to the southern (US)
portion of the seaway where the warm Gulf waters mixed with Boreal waters. Several ontogenies ure indicated
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shells with circular bite-marks (llewitt and Westermann,
1990b; Kauffman, 1990; R. Vandervelde, personal
communication, 1993), many more shells are incom-
plete and are preserved with jagged edges that must also
have been produced by large predators (Tsujita, 1995a).
Shell-structural studies have shown that tooth
penetration of the phragmocone wall occurred in surface
waters (Ilewitt and Westermann, 1990h). Furthermore,
stable isotope analysis revealed that the shell grew in
markedly subhaline waters (Morrison, 1986; Tsujita,
1995a), firmly supporting the prediction of Kauffman
(1984) that the seaway had a brackish cap during times
of high run-off, resembling the Jurassic Posidonia Shale
sea, discussed above. Placenticeras had also the weakest
known siphuncle (Westermann, 1971, 1982) and septa
(Tsujita, 1995a; llewitt, 1996}, which severely limited
habitat depth (<50 m). Placenticeras meeki (1a), and its
noded relative, P. intercalare (1b), ocecur in both
benthos-poor and benthos-rich strata, and have a wide
geographical distribution. This supports the
interpretation that Placenticeras occupied the
shallowest levels of the water column, Thesc large,
brevidomic to mesodomic oxycones, with chitinous
mandibles, were rapid swimmers and predators in the
commonly brackish, photic surface waters, where they
often fell prey to mosasaurs. Adults tended to have
shorter body chambers and rounder keels than
immature stages, indicating highcr stability during the
adult stage (Tsujita, 1995a).

Large, compressed Baculites (2a) specics in our
scenario (belonging to the endemic B. compressus
robinsoni-cuneatus—reesidei-jenseni lineage) were
mostly rapid vertical migrants through niost of the water
column. They may have fed on the dysaerobic benthos
during brief excursions, but, according to their
commonly punctured and fractured shells, also fell prey
to mosasaurs (Kauffman, 1990; Westermann, 1996).
Surprisingly, large, adult Baculites cuneatus (Cobban)
have comparatively much shorter body chambers than
their juveniles. Their phragmocone became twice as long
as the body chamber (2:1), whereas the normal
proportions are near unity (1:1) (Tsujita, 1995a;
Westermann, 1996; Tsujita and Westermann, in
preparation). The mature animal either became highly
buoyant, so that it floated on the surface, or, more likely,
filled many of its chambers with water ballast. The shell
proportions for the conditions of neutral huoyancy and

neutral equilibrium (where the centres of mass and
huoyaney coincide) were calculated for orthoconic
nautiloids with closely similar shell thickness (wall
thickness = 0.04 shell radius) (Westermann, 1977),
Significantly, the phragmocone~body chamber pro-
portions of 1:1 and 1:2 in B. cuneatus coincide with
these predicted for “empty” and “water-ballasted” shells,
respectively. The former were in stable vertical
orientation, as assumed previously for all orthoconic
ammotites, whereas the latter could effortlessly assume
any orientation, but were strongly adapted for horizontal
swimming. Compared with the use of carbonate
counterweights in the Palaeozoic nautilids, however,
water hallast required much more cameral space and,
hence, a much larger phragmocone, making the neutral-
equilibrium shell much less efficient. Although the use of
relatively efficient carbonate hallast was the norm
among the diverse orthoconic nautiloids, the absence
of such deposits in ammonoids presumably made
horizontal swimmers exceptional in their orthoconic
groups. In conclusion, the compressed-ovate cross-
section of B. cuneatus indicates very sluggish lateral
mobility, but its main swimming habit shifted, in the
latest growth stages, from vertical to horizontal (nektic
or demersal). Juvenile specimens of Baculites commonly
occur in dense concentrations, often intermixed with
shelly benthic fauna, suggesting a demersal mode of life
during oxygenation events in the lower water column.
Large adult specimens of Baculites also occur in such
concentrations, but are equally common as isolated
specimens in benthos-poor strata (like Placenticerus),
suggesting a more pelagic mode of life in well-oxygenated
middle to upper waters of the seaway.

Baculites ovatus (2b), a small baculite with a more
ovate cross-scction than the baculites discussed above,
oceurs in dense aggregations in silty to sandy offshore
facies. Both juveniles and adults of this species are only
locally abundant, and were probably demersal.

Scaphitoconic adults of Hoploscaphites (3) and
Jeletskytes (4), both of which possessed chitinous
aptychi, were mainly demersal benthos-feeders. The U-
shaped body chamber of adult shells provided high
stability and permitted vertical and backward swimming,
These scaphitids tend to bhe restricted to shell
concentrations containing diverse benthic assemblages,
and are extremely patchy in their lateral distribution,
suggesting that they lived close to the sea floor and only
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thrived during brief periods when the lower water
column was well oxygenated (Tsujita, 1995a). The
interpretation that the scaphitids Jeletzkytes and
Hoploscaphites occupied deeper habitats (i.e. closer to
the sea floor) than Placenticeras and Baculites is
supported by their high septal strength (Tsujita,
1995a). It should be noted that most Late Cretaceous
scaphitoconic forms that inhabited the Western Interior
Seaway appear to have lived near the sea floor (i.e. were
demersal). However, judging from occurrences in sandy
facies of the Bad Heart and Fox Hills Formations (C.
Coliom, personal communication, 1995; W.S.
Donaldson, personal communication, 1995; Landman
and Waage, 1993), many preferred more nearshore, or at
least shallower-water, habitats than those of the Bearpaw
Sea of Alberta. Unlike the true scaphitoconic forms,
Rhaeboceras had an elliptospheroconic adult shell with
weak septa, and some species, such as R. subglobosus
(5), were longidomic (reflecting low stability). Although
not particularly common in the Bearpaw Formation,
Rhaeboceras had a wider geographical distribution than
other Bearpaw scaphitids and was probably a pelagic
drifter in mid-water (Tsujita, 1995a). The habits of
juvenile scaphitids are poorly known (juveniles, lacking
the distinctive hook in the body chamber, are extremely
rare in the fossil record; c¢f. N.H. Landman, in
Westermann, 1996), but probably were mostly planktic
microphages.

The Bearpaw-equivalent Pierre Shale of Colorado
contains a number of heteromorphs that preferred
warmer waters (Izett et al., 1971; Cobban, 1993). These
include the torticonic ancylocones Didymoceras (6) and
Anaklinoceras (7), the gyrocones Axonoceras (8) and
Exiteloceras (9), and the hamitocone Solenoceras (10).
According to their shell shapes, these taxa were probably
planktic throughout most of their lives and were
probably vertical migrants as adults.

At the height of the Bearpaw transgression, the
shallow-water, sediment-starved eastern platform region
of the Western Interior Seaway was characterised by
deposits of diatom-rich, siliceous muds (McNeil and
Caldwell, 1981; McNeil, 1984), resulting from the
southward spread of cool, nutrient-rich, boreal waters
into the seaway (Young and Moore, 1994). This
contrasted with the higher-magnitude Greenhorn and
Niobrara transgressions, which were characterised by
significant northward incursions of warm Gulf waters

into the seaway and the deposition of collignoceratid and
acanthoceratid ammonoid-bearing chalks and cal-
careous shales (Kauffman, 1984; McNeil, 1984; Cobban,
1993). Extremely depauperate ichnofossil and benthic
body-fossil assemblages in the siliceous Odanah Member
of the Pierre Shale (Manitoba) indicate strongly dysoxic
benthic conditions on the eastern platform during
Bearpaw time. The Odanah has yielded only rare
specimens of Placenticeras, Baculites, Didymoceras
and scaphitids (Young and Moore, 1994)

RESTRICTED SHALLOW PLATFORM
HABITATS

The Early Triassic (Spathian) of China includes
restricted carbonate platforms that surround evaporitic
basins (Wang and Westermann, 1993). The dolomitic
limestones and calcareous dolostones of these platforms
preserve a low-diversity molluscan fauna of euryhaline,
epifaunal and semi-infaunal bivalves (Eumorphotis,
Unionites, Myophoria) as well as small, platyconic to
planorbiconic ceratites with goniatitic to subceratitic
septal sutures (Tirolitidae and Dinaritidae, i.e. the
Tirolites-Dinarites Community). These ceratites
presumably were euryhaline, sluggish demersal
swimmers in very shallow, superhaline waters.

Similar facies, containing similar nodose platycones
with strongly simplified sutures (Progonoceratites,
Ceratites) and a restricted benthos of mainly myophoriid
bivalves, are developed in the Middle Triassic of China
and in the famous German Muschelkalk (Wang and
Westermann, 1993). In the Muschelkalk, iterative
sutural simplification has been observed in several
immigrant clades from the deeper Tethys (Ulrichs and
Mundlos, 1985). Coarsely sculpted platycones were
common at the basin margin (demersal), but smooth
or weakly sculpted discocones were restricted to higher
levels of the water column (nekton).
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