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Septal complexity in ammonoid cephalopods increased
mechanical risk and limited depth

Thomas L. Daniel, Brian S. Helmuth, W. Bruce Saunders, and Peter D. Ward

Abstract.—The evolution of septal complexity in fossil ammonoids has been widely regarded as an
adaptive response to mechanical stresses imposed on the shell by hydrostatic pressure. Thus, septal
(and hence sutural) complexity has been used as a proxy for depth: for a given amount of septal
material greater complexity permitted greater habitat depth. We show that the ultimate septum is
the weakest part of the chambered shell. Additionally, finite element stress analyses of a variety of
septal geometries exposed to pressure stresses show that any departure from a hemispherical
shape actually yields higher, not lower, stresses in the septal surface. Further analyses show, how-
ever, that an increase in complexity is consistent with selective pressures of predation and buoy-
ancy control. Regardless of the mechanisms that drove the evolution of septal complexity, our re-
sults clearly reject the assertion that complexly sutured ammonoids were able to inhabit deeper
water than did ammonoids with simpler septa. We suggest that while more complexly sutured
ammonoids were limited to shallower habitats, the accompanying more complex septal topogra-
hies enhanced buoyancy regulation (chamber emptying and refilling), through increased surface
tension effects.
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Introduction

Ammonoids were externally shelled ceph-
alopods whose history spanned over 300 m.y.
before they abruptly became extinct at the
K/T boundary, some 65 million years ago.
They display some of the highest rates of evo-
lution, speciation, and extinction in the fossil
record; this, in turn, has made them one of the
best of all fossil chronometers. The study of
ammonoid evolution focuses in large part on
their septal sutures: these mark the intersec-
tions between internal septa that subdivide
the chambered portion of the shell (the phrag-
mocone) and the external shell wall (Fig. 1).
The ammonoid suture has long been recog-
nized as one of the most complex and rapidly
evolving structures in the fossil record, and
increased suture complexity has been thought
to be a response to stresses generated by hy-
drostatic pressure. However, the exact selec-
tive pressures driving these changes are still
poorly understood.

Starting with their origin in the Early De-
vonian, the vast majority of ammonoid lin-
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eages showed a consistent pattern of in-
creased septal complexity. Although cases of
reduction in complication are known from
some lineages (e.g., the pseudoceratites of the
Cretaceous), such exceptions are few. Given
that this trend toward greater septal elabora-
tion is now cited as a key example of the evo-
lution of complexity in biology (Boyajian and
Lutz 1992), it is crucial to understand the se-
lective pressures that must have driven this
persistent and recurrent evolutionary pattern.

The prevailing views about this problem fo-
cus largely on the mechanical consequences of
various septal geometries: septal folding and
fluting provided buttressing against hydro-
static pressure on the phragmocone, by reduc-
ing the risk of implosion, along with saving
weight (and energy) in shell and septal con-
struction (e.g., Buckland 1836; Pfaff 1911; Wes-
termann 1971, 1975; Hewitt and Westermann
1986, 1987a,b). Other explanations have been
suggested, including increased area for body
attachment (Spath 1919), respiration (Newell
1949), muscle attachment (Henderson 1984),
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FIGURE 1.

Maorites densicostatus (magnification 2X)
from the Upper Cretaceous, showing two septal sur-
faces lining the interior of the chamber wall. The si-
phuncle would be located at the uppermost region of the
exposed chamber.

mantle tie points (Seilacher 1975), and cameral
liquid transport and buoyancy control (Mut-
vei 1975; Ward 1987; Kulicki and Mutvei 1988;
Seilacher and LaBarera 1995), but the notion
that the septal geometry represents an adap-
tation to stresses imposed by hydrostatic pres-
sure has prevailed (Buckland 1836; Pfaff 1911;
Westermann 1971, 1975; Hewitt and Wester-
mann 1986, 1987a,b). In fact, this “buttress-
ing”” view has become so entrenched that with
few exceptions (e.g., Saunders 1995: Fig. 1) it
is now largely unchallenged (e.g., Jacobs 1990,
1996).

If indeed hydrostatic pressure is a key se-
lective agent driving the evolution of septal
geometry, we must ask how this pressure acts
on all surfaces exposed to it. This means that
there is a net pressure stress acting not only
over the lateral surface of the phragmocone
but also on the last-formed septum. Since this
septal surface is exposed to ambient pressure
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transmitted by the incompressible body, its
stress distribution will be different from that
borne by all previously formed septa and by
the walls of the phragmocone. This paper fo-
cuses on two questions: does the last-formed
septum experience greater stresses than any-
where else on the phragmocone; and, if so,
does an increase in its complexity augment
such stresses? As we show here, the answer to
both is yes. This, in turn, raises concern about
how one interprets the bathymetry of ammo-
noids.

Since all forms began with very simple sep-
ta, which, through ontogenetic and evolution-
ary development, underwent increases in
complexity, the crucial issue here is how any
increase in complexity affected stress distri-
bution. As such, our goal focuses on under-
standing the mechanical consequences of
changes in septal geometry from simple hemi-
spherical shapes to those with simple lobes
and saddles. These shapes, with many similar
forms in the fossil record, permit us to probe
how the interaction of septal geometry and
pressure stresses are manifested as stresses
anywhere within the phragmocone. In doing
so, we use a combination of analytical and
computational methods in conjunction with
empirical data to address this issue.

Methods and Computational Approach

Forces Acting upon the Ammonoid Shell.—
There is no question that the chambered ceph-
alopod shell and its ultimate septal face are
subject to mechanical stresses, since pressure
within the phragmocone is always less than 1
atm (Denton and Gilpin-Brown 1973; Ward
and von Boletzky 1984; Ward 1987). Thus for
example, Nautilus, the sole living externally
shelled cephalopod, at 400 m depth has 41 atm
of ambient pressure loaded both against the
external shell and against the last-formed sep-
tum. However, it has not been clear to what
extent the structure and geometry of the
phragmocone and septa determine the mag-
nitude and distribution of stresses throughout
the shell. Accordingly, we examine the stress
distributions in the last fully formed chamber.
We focus on this portion of the shell because
(1) stresses are greatest in larger structures
(Fung 1981; Wainwright et al.1982) and (2)
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FIGURE 2. The tensile stress on the ultimate septal surface is plotted against the longitudinal compressive stress
in the walls of phragmocone for a hypothetical cylindrical chamber (top left) derived from a complete shell (top
right). (h is the height of a dome-shaped septum.) The three different curves correspond to ratios of wall to septum
thickness (t,/t)of 4, 2, 1, and 0.5. Most ammonoid septal faces have a thickness that is far less than that for the
walls of the phragmocone (t,,/t, >> 1 [Saunders 1995]); thus stresses are greatest at the septal face, making that

region at greatest mechanical risk.

this chamber experiences stresses on its lateral
margins and on its ultimate septal face. Here,
pressure acts normal to all surfaces—the lat-
eral surface of the phragmocone as well as the
last-formed septal surface. As a first approxi-
mation we treat the last-formed chamber as a
cylinder with a spherical cap subject to an ex-
ternal pressure stress. For this system, exter-
nal pressure creates compressive longitudinal
and circumferential stresses in the walls of the
cylinder as well as tensile stresses in the
spherical cap. The relative magnitudes of
these stresses can be determined from the ge-
ometry of the exposed surfaces and the pres-
sure stress (P) using classical stress equations
(Fung 1981; Wainwright et al. 1982):

S=t,/t(R/h+ h/R) 1)

where S is the ratio of the tensile stress on the
septal face to the compressive stress on the
phragmocone wall, ¢, is the thickness of the
phragmocone wall, ¢, is the thickness of the
septum, R is the radius of the chamber, and h
is the height of the septal surface (Fig. 2). This
function is non-monotonic for R/h with a
minimum at R/h = 1. For uniform shell thick-
ness (t,,/t,= 1), the stress on the ultimate sep-
tum is greater than or equal to the stress in the
cylinder (Fig. 2). Additionally, data for Paleo-
zoic ammonoids suggest that the maximum
thickness of the septum averages ~25% that of
the shell wall (t,,/t, = 4 [Saunders 1995]). Thus



