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In many planispiral ammonoid shells, the dorsal wrinkle layer is located not only inside the body chamber, but also pro-
truded beyond the apertural edge, covering the part of the penultimate shell whorl in front of the aperture (similar to the
black layer of Recent Nautilida). This external (relative to the body chamber) part of the wrinkle layer was rarely the fo-
cus of research and its implications for ammonoid paleobiology have not been studied in detail. This paper deals with
this area found on the shells of seven genera of planispiral Jurassic (Callovian and Oxfordian) ammonites from Central
Russia. The size and shape of this area as well as the surface structure of well-preserved specimens are described. The
proposed name “supracephalic attachment area” (SCAA) represents the location and presumed biological significance
of this part of the wrinkle layer. The implications of the existence of this area for the ammonoid mode of life, soft body
structure and aperture orientation are discussed. The location of the part of the wrinkle layer outside of the body chamber
proves that some part of the ammonoid soft body (likely the cephalic region) moved forward beyond the aperture during
active swimming. This forces a review of calculations of ammonite aperture orientation which were based on the postu-
late that the soft body was located largely within the body chamber. • Key words: Ammonoidea, Jurassic, wrinkle layer,
black layer, paleobiology, locomotion, soft-tissues.
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The ammonoid wrinkle layer – a part of the shell with more
or less prominent wrinkles on the surface – has been studied
for more than 150 years. This organic-rich layer covers
dorsal, ventral and lateral walls inside the ammonoid body
chamber and forms part of the dorsal shell wall. It is well
studied in different ammonoid genera (Quenstedt
1845–1849; Sandberger 1851; Merkt 1966; Nassichuk
1967; Walliser 1970; House 1971; Senior 1971; Tozer
1972; Bayer 1974; Kulicki 1979; Mapes 1979; Birkelund
1981; Doguzhaeva 1981; Zakharov & Grabovskaya 1984;
Korn 1985, 2000; Doguzhaeva & Mutvei 1986, 1996;
Keupp 2000; Kulicki et al. 2001; Klug et al. 2004; Korn et
al. 2014). The part of the wrinkle layer, which extends
from the body chamber and covers the surface of the penul-
timate whorl in front of the aperture in the tightly coiled
planispiral ammonoid shells was also repeatedly described
(Senior 1971, Tozer 1972, Birkelund 1981, Doguzhaeva
1981, Keupp 2000, Korn 2000, Kulicki et al. 2001, Klug et
al. 2004). Most likely, the wrinkle layer in ammonoids was
formed by both the mantle edge on the ventral and lateral
sides of the aperture (Klug et al. 2007) and by the edge of
the supracephalic mantle fold on the dorsal side (Kulicki et
al. 2001). The wrinkle layer was found not only in Ammo-

noidea, but also in Paleozoic Bactritida (Mapes 1979,
Kröger et al. 2005) and Orthocerida (Teichert 1964,
Kröger et al. 2005). This layer was also described in the
body chambers of the representatives of the Silurian family
Lechritrochoceratidae, which belongs to the order Barran-
deocerida (Turek 1975). An unusually coarse wrinkle layer
of Early Carboniferous ammonoids was recently described
(Korn et al. 2014).

In the past, this layer was described under different
names: “Runzelschicht” for the dorsal part of the layer and
“Ritzstreifen” for lateral and ventral parts (Sandberger
1851, Walliser 1970, Bayer 1974, Korn 1985, Keupp
2000), as “black layer” (Klug 2004, Klug et al. 2004) and
as “wrinkle layer” (Teichert 1964; Bayer 1974; Mapes
1979; Birkelund 1981; Zakharov & Grabovskaya 1984;
Doguzhaeva & Mutvei 1986, 1996; Keupp 2000; Korn
2000; Kulicki et al. 2001; Kröger et al. 2005; Korn et al.
2014). The structure of this layer in different ammonoid
genera significantly varies in terms of type and proportions
of mineral and organic components (since this layer is
partly mineralized) as well as in the size and shape of the
wrinkles (Keupp 2000, Kulicki et al. 2001, Korn et al.
2014). In some cases, this layer is preserved as dark coating
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on the shell surface (the dark color may be caused by pre-
served melanin or it appeared diagenetically) without a
wrinkled lamella (Birkelund 1981, Klug 2004, Klug et al.
2004). In other cases, the wrinkled surface can be pre-
served, but it may not necessarily be dark (Korn 2000,
Korn et al. 2014), possibly due to the destruction of organic
matter. Nevertheless, the term “wrinkle layer” is more uni-
versal and prevalent in palaeobiological literature and is
used in this publication to designate this structure, even if
the wrinkles on its surface were not found.

The function of the wrinkle layer was repeatedly dis-
cussed (see Keupp 2000), but the part of this layer, located
outside of the body chamber on the surface of the previous
shell whorl, was rarely the focus of research. Its
microstructure was studied in detail in many ammonoids
(Kulicki et al. 2001). This area was interpreted as a place of
attachment of the supracephalic mantle fold (Kulicki et al.
2001, Klug et al. 2004) or additionally of the hood (Klug et
al. 2004, Korn & Klug 2012). However, its implications for
ammonoid paleobiology and mode of life were only briefly
touched on.

This paper deals with the outer (i.e. located outside of
the body chamber) part of the wrinkle layer. The study is
based on new materials of Middle and Upper Jurassic
ammonites from Central Russia with well-preserved outer
black layer and/or wrinkle layer areas (or their imprints) on
the surface of the penultimate whorl. A comparison of the
dimension of these areas among ammonites with different
shell shapes and a calculation of the ratio of the area to the
shell diameter showed regularities, which reveal a relation-
ship between these structures and the ammonite’s mode of
life. Some assumptions about the importance of these areas
for the swimming mechanism of ammonites and their ma-
neuverability are proposed. The possibility of the presence
of a Nautilus-like hood or other hood-like structures of the
ammonoid soft-body is discussed. The location of the
ammonite soft-body relative to the aperture during swim-
ming is also discussed taking the presence of a soft-tissue
attachment area in front of the body chamber into account.
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The present study is based on 30 well-preserved ammonite
shells from three localities in Central Russia (Fig. 1). These
are quarries near Mikhailov in the Ryazan region (Middle
Jurassic, Middle and Upper Callovian) (see Rogov 2004),
the “Dubki” quarry in the Saratov region (Middle Jurassic,
Upper Callovian) (Seltzer 1999, Rogov 2004, Larson
2007, Kiselev et al. 2013), and natural exposures at the
Moscow riverbank near Markovo village in the Moscow
region (Upper Oxfordian). All ammonite shells studied
here had been collected between 2010 and 2013. They be-
long to five families and seven genera (Table 1).

In all investigated shells, phragmocones are preserved,
but most of the body chambers were crushed or dissolved.
However, the aperture position can be determined by
remnants of the umbilical seam, which can be seen on
the lateral surfaces of the preceding whorl. The
phragmocones of all studied ammonites are filled by py-
rite, but aragonitic shell layers are preserved.

The studied specimens were viewed at various angles
under incident illumination with the naked eye and were
examined with an optical microscope. Several specimens
were examined under the scanning electronic microscope
(SEM) TESCAN // VEGA with BSE detector in
Paleontological institute of Russian Academy of Science
(Moscow). Most of the studied specimens are deposited at
the Moscow State University Museum (MSU), collection
No. 115, two specimens (indicated by SPC) are hosted in a
private collection of A. Homenko (Moscow, Russia).
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The part of the wrinkle layer which is located on the lateral
and ventral sides inside the body chamber (“Ritzstreifen”)
is not discussed here. Therefore, the term “wrinkle layer” is
used herein to denote the structure located only on the dor-
sal side.

The part of the wrinkle layer in front of the aperture out-
side of the body chamber on the surface of the penultimate
whorl has been coined “supracephalic attachment area”
(abbreviated SCAA). With this term, I want to stress the
potential functional significance of this area. The term
“outer component of the dorsal shell wall” introduced by
Kulicki et al. (2001) is absolutely correct, but it could be
misidentified with the outer layer of the shell wall and does
not reflect the functional significance of this area. The term
“black layer” which denotes the same structure in Nautilida
is also not very useful because this area is not always dark
in color on the observed ammonite shells. The common
term “wrinkle layer” (“Runzelschicht”) has a broader
meaning since it describes a wrinkled surface of this layer,
whereas on many studied shells, wrinkles are absent or dis-
appeared by diagenesis and the surface of the area in front
of aperture was primarily or became secondarily smooth.
The term “supracephalic attachment area” is derived from
the name of the supracephalic mantle fold, which likely
was attached to this area (Kulicki et al. 2001, Klug et al.
2004). It reflects the location and presumable
paleobiological significance of the outer (located outside
of the body chamber) component of the wrinkle layer
(Fig. 2). The ammonite aperture (more precisely the front
end of the umbilical seam) has been assigned as the rear
boundary of the SCAA, whereas the layer forming the
SCAA continues into the body chamber on the surface of
the previous whorl.

���

��������	
�	��
������	�	�
��	���	��	����



��
�������

The front end of the umbilical seam, which is seen in
most of the studied specimens, is interpreted as the start-
ing point of the SCAA (the apertural margin). In many
ammonites, the wrinkle layer (or its imprint) is extended
toward the umbilicus immediately after the front end of
the umbilical seam (= aperture), which also helps to
identify the end of the body chamber and the beginning
of the SCAA (Fig. 2).

To compare the size of the supracephalic attachment
area in studied ammonites, its angular length was measured
(Table 2). However, a relatively short SCAA can be quite
large if it is located on a shell with a wide ventral side,
probably larger than the SCAA of a keeled oxyconic shell
virtually devoid of a ventral surface. Therefore, a compari-
son of the area covered by the SCAA was made. For
ammonites with a narrow venter and keel (Sublunuloceras,
Pseudocadoceras, Quenstedtoceras, Amoeboceras), the
area was roughly calculated as twice the area of a trapezoid
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������	�� Locality maps (A–D). 1 – Mikhailov quarry in Ryazan region (54°12´42.47˝ N; 38°57´8.58˝ E), 2 – river shore near Markovo village in the
Moscow region (55°26´37.39˝ N; 38°15´6.52˝ E), 3 – Dubki quarry in the Saratov region (51°40´19.35˝ N; 46°1´15.91˝ E).

�
���	�� Families and genera of studied ammonites.

Family Genus Age Locality

Cardioceratidae Pseudocadoceras Buckman Middle Jurassic, Upper Callovian Mikhailov

Quenstedtoceras Hyatt Middle Jurassic, Uppermost Callovian Dubki

Amoeboceras (Hyatt) Upper Jurassic, Upper Oxfordian Markovo

Perisphinctidae Binatisphinctes Buckman Middle Jurassic, Middle Callovian Mikhailov

Kosmoceratidae Kosmoceras Waagen Middle Jurassic, Middle Callovian Mikhailov

Aspidoceratidae Peltoceras Waagen Middle Jurassic, Uppermost Callovian Dubki

Oppeliidae Sublunuloceras Spath Middle Jurassic, Upper Callovian Mikhailov
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comprising the majority of the SCAA on the flanks
(Fig. 3A). For ammonites with a relatively wide venter
(Binatishpinctes, Peltoceras), the SCAA was calculated as
the area of the trapezoid covering most of the SCAA
(Fig. 3B). For Kosmoceras shells with flat venter, the
SCAA was calculated as the sum of the rectangle area for
the venter and twice the area of a triangle for the flanks
(Fig. 3C). I would like to stress here that these values repre-
sent estimates and not exact values. The error of the calcu-
lation may occur during the determination of the SCAA
boundaries. Moreover, the three-dimensionally distributed
area of ornamentation such as ribs and spines as well as the
curvature of the shell wall were not taken into account in
these calculations. However, the main purpose of the calcu-
lations was not to obtain accurate data on the SCAA of every
shell, but to obtain approximate values for a first comparison
of these surfaces in the studied ammonite genera.

Since the SCAA depends on shell size, a ratio of this
area to shell diameter was calculated (see Table 2). None of
the shells studied herein has a fully preserved body cham-
ber, but the preserved remnants of the umbilical seam on
the surface of the phragmocone allowed for the use of for-
mulas proposed by Raup (1966, 1967) to calculate the ac-
tual final diameter of the shell. Raup (1966, 1967) elabo-
rated the following parameters describing the morphology
of the planispiral shell: the shape of the generating curve
(S), the whorl expansion rate (W), the position of the gen-
erating curve in relation to the coiling axis (D). The value
of the parameters are calculated using the following formu-
las: W = (d/e)2, D = c/d, S = b/a (Raup 1967, text-fig. 1). It

is here assumed that the value of D is constant for each
shell. The parameters of the majority of real ammonoid
shells changed during ontogenesis, especially during the
formation of the terminal body chamber, but in this case,
these variations are neglected. Thus, I calculated D using
the values measured on the preserved portion of the shell:
cl (the distance between the coiling axis and the umbilical
wall) and dl (the distance between the coiling axis and the
venter; Fig. 4) and then measure the value of c at the level
of the aperture (ca). This will allow to calculate da (the dis-
tance between the center of the shell coiling and ventral
point of the aperture) using the formula da = ca /D. The shell
diameter is equal to da + ea. If the lost fragment of the body
chamber is less than half of a whorl, the value of ea can be
measured (see Fig. 4), for the other shells, ea can be calcu-
lated by the same formula d = c /D.

The author was not able to compare the ratio between
supracephalic attachment areas and body-chamber lengths
by the method proposed by Klug et al. (2004) because of
shell preservation. In the majority of the examined speci-
mens, it is difficult to determine the position of the last sep-
tum and measure the length of the body chamber. In some
specimens, the pyritized part of the body chamber is par-
tially preserved (Fig. 5) or nearly the entire body chamber,
but flattened and without aperture (Fig. 6). In other cases, it
is impossible to exclude that part of the septa had been de-
stroyed together with the body chamber during fossiliza-
tion and the currently preserved last septum is not really the
last septum of the ammonite phragmocone (Fig. 7C, E).

"����	
��	����������

The SCAA has three types of preservation in the studied
material. In the first case, it is just an imprint of the wrinkle
layer. Its material is not preserved, but the external nacre-
ous shell layer at the SCAA is different from the coloration
of the rest of the shell surface. In the second case, the wrin-
kle layer has completely or partially been replaced by py-
rite. It was observed in all the Sublunuloceras macro-
conchs and in one Quenstedtoceras microconch. In the
third case, the wrinkle layer is preserved as a black or
brown phosphatized coating on the surface of the penulti-
mate whorl. In the second and third cases, the texture of the
wrinkle layer surface is preserved. In the first case, only the
shape of the SCAA is visible. Below, I describe the SCAAs
of each studied genus in detail.
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Pseudocadoceras (Figs 5, 6) is a microconch genus, which
is characterized by relatively small discoconic shells. The
wrinkle layer of the studied Pseudocadoceras specimens is

�� 

������	#� Scheme of the position of the dorsal wrinkle layer and
supracephalic attachment area in front of the aperture. The body chamber
wall is shown as a transparent.
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dissolved and its structure lost, but the imprints of the
SCAA are clearly visible. In one specimen (Fig. 5A), the
black coloration of the SCAA is preserved. The two shells
(Fig. 6) preserve their slightly flattened pyritized body
chambers. Four specimens have long and large SCAAs
with a width exceeding that of the aperture, whereas the
smallest specimen (Fig. 5B), which probably died before
maturation, has a relatively short and narrow SCAA. The
average angular length of the Pseudocadoceras SCAA is
almost 92° (Table 2). This is the maximum value among
the ammonites studied herein. The ratio of the SCAA to the
calculated shell diameter ranges from 3.39 to 5.56 for adult
shells of Pseudocadoceras (and is equal to 1.29 for a presu-
mably immature specimen).
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All studied Quenstedtoceras shells can be classified as mic-
roconchs which have keeled oxyconic shells with frequent
and more or less smooth ribs (Fig. 7). In five Quenstedtoce-
ras specimens, the wrinkle layer is not preserved, but its im-
prints are visible, allowing to measure the size of the SCAA
(Fig. 7A, C–F). In only one case (Fig. 7B), the wrinkle layer
surface is well-preserved. The SCAA on the five specimens
is wider than the aperture, whereas in the one small speci-
men (Fig. 7D) which probably died before maturation, the
SCAA does not exceed the width of the aperture.

The surface of the SCAA in the specimen with a pre-
served wrinkle layer (Fig. 7B) looks like a cobblestone road

���

Taxon Specimen No. L (°) D (mm) S (mm2) S/D

Amoeboceras alternoides [m] MSU 115/6 50 42.6 81 1.9

Amoeboceras alternoides [m] MSU 115/8 55 50.8 136.5 2.69

Amoeboceras alternoides [m] MSU 115/14 50 45.2 67.5 1.49

Amoeboceras alternoides [m] MSU 115/15 40 46.8 70 1.5

Amoeboceras alternoides [m] MSU 115/16 45 46.5 74.25 1.6

Amoeboceras alternoides [m] MSU 115/17 40 41 56 1.37

Amoeboceras alternoides [m] MSU 115/19 55 42 84.5 2.01

Amoeboceras alternoides [m] MSU 115/24 50 50.7 87.5 1.73

in average 48.13 1.78

Binatisphinctes sp. [m] SPC 15M 35 73.4 103.5 1.41

Binatisphinctes sp. [M] SPC 112M 20 238.4 470 1.97

in average 27,5 1.69

Pseudocadoceras sp. [m] MSU 115/4 110 32.4 180 5.56

Pseudocadoceras sp. [m] MSU 115/10 90 32 175.75 5.49

Pseudocadoceras sp. [m] MSU 115/11 80 31 105 3.39

Pseudocadoceras sp. [m] MSU 115/18 110 33 180.5 5.47

Pseudocadoceras sp. (juv) MSU 115/22 70 30 38.8 1.29

in average (for all specimens) 92 4.24

in average (without juvenile) 97.5 4.98

Quenstedtoceras lamberti [m] MSU 115/1 55 75.9 372 4.9

Quenstedtoceras lamberti [m] MSU 115/2 80 57.3 350.75 6.12

Quenstedtoceras cf. lamberti [m] MSU 115/5 60 45.9 160 3.49

Quenstedtoceras cf. flexicostatum [m] MSU 115/7 55 54 199.75 3.7

Quenstedtoceras lamberti [m] MSU 115/20 70 37.4 120.25 3.22

Quenstedtoceras lamberti (juv) MSU 115/28 50 36.8 75 2.04

in average (for all specimens) 61.67 3.91

in average (without juvenile) 64 4.28

Sublunuloceras lonsdalii [M] MSU 115/3 70 141.3 850 6.02

Sublunuloceras lonsdalii [M] MSU 115/21 70 145.71 975 6.69

Sublunuloceras lonsdalii [M] MSU 115/25 70 149.5 969 6.48

in average 70 6.4

Peltoceras arduennense [m] MSU 115/23 25 80* 107.63 1.35

– 1.35

Kosmoceras proniae [m] MSU 115/27 22 132.9 63.25 0.48

Kosmoceras proniae [m] MSU 115/26 22 126 69 0.55

in average 22 0.51

�
���	#� Parameters of supracephalic at-
tachment areas and shells of different
ammonite genera. Abbreviations: L – angular
length of the supracephalic attachment area;
D – calculated initial shell diameter; S – area
of the supracephalic attachment place;
S/D – ratio of the area to initial shell diame-
ter; [m] – microconchs, [M] – macroconchs;
* marks that initial shell diameter of this shell
fragment was calculated approximately by
means of an analogy of the fully preserved
specimens.
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consisting of rounded elements (Figs 8A, 9A). The wrinkle
layer and SCAA (as an “outer component of the dorsal shell”)
in Quenstedtoceras have been described previously (Kulicki
1979, Kulicki et al. 2001). However, the shape of the SCAA
of this genus has not been described or depicted.

The angular length of the SCAA on studied
Quenstedtoceras shells varies from 55° to 80°. The ratio of
the SCAA to the calculated shell diameter ranges from 2.04
to 6.12. However, in only one specimen (Fig. 7D) where
the width of the supracephalic area does not exceed the
width of the aperture, the ratio is less than 3.
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Amoeboceras shells are strongly ribbed oxycones with a
prominent serrated keel (Figs 10, 11); these are the most
strongly ribbed shells of all studied genera. The Amoeboce-
ras specimens have a well-preserved brown wrinkle layer
(see Figs 10, 11), while the imprints of this layer are not
preserved in this genus. The average SCAA length in
Amoeboceras is 48°. Although these ammonites being dis-
tant descendants of Quenstedtoceras and Pseudocadoce-
ras, the ratio of the SCAA to the calculated shell diameter
is relatively small with a value of 1.78. The surface struc-
ture of the wrinkle layer markedly differs among the speci-
mens and on the different parts of the SCAA (Figs 8B, 9B).
Similar variations in structure and micro-ornamentation of
the wrinkle layer surface were described previously (Korn
1985, Kulicki et al. 2001).
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Sublunuloceras shells are thin streamlined oxycones with a
sharp keel and smooth shell surface (Fig. 12A, B). They
have large well-preserved SCAAs (approximately 70° in
angular length), which are partially pyritized and retain a
surface structure with a geometrically regular reticulate
pattern: they are covered by longitudinal lines, which are

���

������	$� The scheme of calculation of the area of the SCAA. • A – calculation of the area in oxyconic and discoconic shells, B – in serpenticonic and
platyconic shells with a rounded ventral side, C – in shells with a flattened ventral side.

������	%� Scheme for the calculation of the initial shell diameter. The
scheme is based on the Quenstedtoceras lamberti phragmocone (MSU
115/2). • c – the distance between the coiling axis and umbilical wall
(cl – measured at the last preserved part of the last whorl; ca – calculated at
the aperture; ce – calculated or measured at a point opposite the aperture).
• d – the distance between the coiling axis and the venter (dl – measured at
the last preserved part of the last whorl; da – calculated at the aperture;
de – calculated or measured at a point opposite the aperture). • ap – posi-
tion of the aperture, found by the end of the umbilical seam. • scaa –
supracephalic attachment area.
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intersected by transverse ridges (Fig. 8C). Similar longitu-
dinal lines were observed on the shells of Amaltheus (for
example see Amaltheus subnodosus in Keupp 2000, p. 27).
The genus is characterized by the largest ratio of SCAA to
the calculated shell diameter among the studied ammoni-
tes, which is 6.40.
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Kosmoceras shells (Fig. 12C, D) are decorated with nume-
rous spines and ribs and have a flat ventral side. They
preserve wrinkle layers and SCAAs in front of the aperture.

However, the structure of the wrinkle layer surface is indis-
tinguishable. The SCAA of this genus is very small: the an-
gular length is only 22°, the ratio of the SCAA to the shell
diameter is 0.51.
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Peltoceras shells are ribbed serpenticones. Only one frag-
ment (Fig. 13) of a Peltoceras phragmocone with preser-
ved SCAA is available for study. An approximate estimate
of the diameter of the shell was calculated by means of an
analogy of the fully preserved shells from the same locality

���

������	&� The SCAA and remnants of the wrinkle layer on Pseudocadoceras shells. Pseudocadoceras sp. • A – specimen MSU 115/10; B – MSU
115/22 (presumably juvenile ammonite); C – MSU 115/11. Middle-Upper Callovian, Mikhailov locality. Scale bars 1 cm.
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and same layers. The SCAA is well-preserved on this spe-
cimen as a brown phosphate material; its surface is covered
by numerous transverse wrinkles (Fig. 9C). The angular
length of the SCAA is about 22°. The ratio of the SCAA to
the calculated shell diameter is 1.35.
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Binatisphinctes shells are platyconic with smooth ribs and
parabolic nodes on the early whorls. In the macroconch shell
(Fig. 14A), the wrinkle layer, which formed the SCAA is
preserved. In the microconch (Fig. 14B), this layer is dissol-
ved, only its imprint is visible. The SCAA of the macro-

conch is smooth in the center while its edges display circular
and subcircular elements (Fig 8D). The microconch’s
SCAA exceeds the aperture width. The ratio of the SCAA to
the shell diameter is 1.69 in average; the SCAA angular
length is 35° in the microconch and 20° in the macroconch.
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Kulicki (2001) noted that the area covered by the wrinkle
layer outside of the body chamber may exceed the aperture
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������	'� The SCAA on Pseudocadoceras shells. Pseudocadoceras sp. with partially preserved pyritized body chambers. • A – specimen MSU 115/18;
B – specimen MSU 115/4. Middle-Upper Callovian, Mikhailov locality. Scale bars 1 cm.
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������	(� The SCAA on Quenstedtoceras shells. Quenstedtoceras lamberti. • A – specimen MSU 115/1; B – MSU 115/5 with partially pyritized
supracephalic attachment area; C – MSU 115/20; D – MSU 115/28, presumably juvenile ammonite; E – MSU 115/2 – relatively small specimen with
large supracephalic area. • F – Quenstedtoceras cf. flexicostatum, specimen MSU 115/7. Upper Callovian, Dubki locality. Scale bars 1 cm.
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width or be narrower. The examination of Jurassic ammo-
nites from the Russian platform shows that the width of the
SCAA varies within a single species. For example, the
SCAAs in Pseudocadoceras microconchs MSU 115/10
and MSU 115/11 (Fig. 5A, C) are wider than the aperture,
while in specimen MSU 115/22 (Fig. 5B), it is narrower. In
all studied Quenstedtoceras (Fig. 7) with the exception of
one relatively small shell (Fig. 7D), the SCAA is wider
than the aperture. Both specimens which have a narrow
SCAA (Figs 5B, 7D) are smaller than their relatives. Their
SCAAs are not only narrower, but shorter than in other spe-
cimens of the same genera.

The dorsal wrinkle layer was observed in ammonoids
starting from the earliest shell whorls (Keupp 2000,

Kulicki et al. 2001, Korn et al. 2014). Recent Nautilida
also have their black layer since the time of hatching.
Therefore, the SCAAs were formed not only at the adult
stage but also at immature stages. If the attachment areas at
the immature stages had been wider than intermediate ap-
ertures, their borders could have protruded from the umbil-
ical wall which would have been visible on the surface of
the previous whorl. However, there are no such traces on
the studied specimens. The traces of black layer can be vis-
ible at the umbilical seam of the Lower Jurassic Psiloceras
(Klug et al. 2007, text-fig. 5) and Recent Allonautilus
(Klug 2004, fig. 1) shells, but they are narrow, without pe-
riodic extensions. Therefore, it can be assumed that the
SCAA is wider than the aperture only in mature

���

������	*� The structure of the dorsal wrinkle layer in the SCAA. • A – Quenstedtoceras lamberti (MSU 115/5), scale bar 0.5 mm. • B – Amoeboceras
alternoides (MSU 115/9), scale bar 2 mm. • C – Sublunuloceras lonsdalii (MSU 115/3), scale bar 1 mm. • D – Binatisphinctes sp. (SPC 112M), scale bar
0.5 mm.
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ammonites. At the young stages of development, the width
of the SCAA does not exceed the width of the aperture, and
only after reaching maturity, the ammonite formed a wider

SCAA. Small specimens with narrow SCAA can thus be
assumed to be shells of ammonites which had died before
maturation.

���

������	+� The structure of the dorsal wrinkle layer in the SCAA under scanning electron microscope (SEM). • A – Quenstedtoceras lamberti (MSU
115/5), scale bar 300 μm. • B – Amoeboceras alternoides (MSU 115/19), scale bar B1 300 μm, B2 200 μm, B3 100 μm. • C – Peltoceras arduennense
(MSU 115/23), scale bar C1 300 μm, C2 200 μm.
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The maximum length of the SCAA was found in Pseudo-
cadoceras. It is 92° in average for all studied specimens of
this genus when including the juvenile specimen (Fig. 5B)
and 97.5° in average for adult shells. Sublunuloceras has
the second largest SCAA: angular length is 70° in average
followed by Quenstedtoceras with 61.7° (64° for adult she-
lls), Amoeboceras with 48.5°, Binatisphinctes with 26.7°,
Peltoceras with 25° (measured only one specimen) and
Kosmoceras with 22° in average (Table 1). Although it is
logical to assume that the shell shape only determines the
width of the SCAA (since the wrinkle layer covers the sur-
face of the previous whorl and its area is related to the
whorl overlap), the measurements indicate that the length
of the SCAA is also related to shell shape. Ammonites
which have the longest SCAA have oxyconic (Sublunulo-
ceras) and relatively smooth streamlined discoconic shells
(Pseudocadoceras, Quenstedtoceras). Ammonites with re-
latively wide, ribbed and spiny shells have significantly
shorter attachment areas.

The ratio of the SCAA to the calculated shell diameter
was also measured (Fig. 15). Here, the sequence of taxa
turned out similar, but it differs in the details. The largest
ratio was calculated for Sublunuloceras shells (6.40 in av-
erage) and the second largest was found in
Pseudocadoceras (average ratio of adult shells is 4.98).
The third largest was calculated for Quenstedtoceras and is
3.91 in average for all shells and 4.28 among adults. How-
ever, this latter genus displays great differences between
specimens in this parameter: the ratio of SCAA to
phragmocone diameter varies from 3.22 to 6.12 (the last
value is close to the values of Sublunuloceras) in adult
shells and 2.04 in presumably immature specimen. As the
adult shells differ in ornament strength, whorl thickness,
and the degree of coiling, it can be assumed that this differ-
ence is due to intraspecific variability. The fourth largest
value was found in Amoeboceras, where the ratio amounts
to 1.78, followed by Binatisphinctes (1.69), Peltoceras
(1.35) and finally Kosmoceras (0.51). The relatively small
ratio of SCAA to shell diameter detected in Amoeboceras
shells may seem strange, because these ammonites are
close relatives to Pseudocadoceras and Quenstedtoceras,
but Amoeboceras also has a strong ornament. The SCAA
covering the ribs in Amoeboceras exceeds the simple
length/width measurement which was applied here due to
the extreme shell profile.

As mentioned above, the comparison of the ratio be-

tween SCAA and body-chamber lengths (Klug et al. 2004)
is impossible in the majority of the ammonites used for this
study because of the difficulty of determining the position
of the last septum and the body chamber length. In some
cases, however, the approximate body chamber length
could be determined. The comparison of body chamber
length between different ammonite genera did not produce
any confirmation of the relationship between the size of the
SCAA and the length of the body chamber. For example, in
Binatisphinctes (Fig. 14A) and Sublunuloceras (Fig. 12A, B),
the length of the body chamber does not greatly differ
(about 200° in microconch of Binatisphinctes and 190° in
macroconchs of Sublunuloceras), but the dimensions of
the SCAA are completely different (Table 2). Neverthe-
less, within one genus, the body chamber length and the di-
mensions of the SCAA correlate positively. For example,
in the Quenstedtoceras microconch MSU 115/1 (Fig. 7A),
the body chamber is shorter than in MSU 115/2 (Fig. 7E),
which belongs to the same genus. The relative size of the
SCAA in MSU 115/2 is greater than in the MSU 115/1.
Perhaps this indicates that within one species, the length of
the SCAA is proportional to the length of the body cham-
ber. However, only few specimens are suitable for measur-
ing the body chamber length and it is impossible to cor-
rectly test this assumption until more material becomes
available.

At the same time, measurements show that there is no
correlation between the length of the SCAA and the height
of the aperture (Klug et al. 2004) in my material. Both
Sublunuloceras and Kosmoceras have rapidly increasing
whorl heights and high apertures (Fig. 12). However, the
ratio of the length of the SCAA to the aperture height is
completely different between these two genera (Table 2).

Therefore, I detected only one relationship: the
SCAA’s shape and size correlates apparently with the
overall ammonite shell shape. Streamlined oxyconic
Sublunuloceras, keeled Quenstedtoceras and discoconic
Pseudocadoceras have larger attachment areas than
ammonites with platyconic or serpenticonic shells
(Kosmoceras, Peltoceras and Binatisphinctes) which have
relatively small areas.

 ��	
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Several researchers raised the question about the
Nautilus-style hood in ammonoids. One of the functional
interpretations of the black or wrinkled supracephalic at-
tachment area in ammonoids is that it was not only a place

���

������	�.� The SCAA with a preserved wrinkle layer on Amoeboceras alternoides shells. Amoeboceras alternoides. • A – specimen MSU 115/14;
B – MSU 115/16; C – MSU 115/8; D – MSU 115/17; E – MSU 115/19; F – MSU 115/6; G – MSU 115/15; H – MSU 115/24. Upper Oxfordian, Markovo
locality. Scale bars 1 cm.
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for a supracephalic mantle fold, but possibly also for a
hood attachment (Klug et al. 2004, Korn & Klug 2012).
However, the presence of a large protective hood in the am-
monite soft body appears unlikely for several reasons.

Most Mesozoic ammonites had aptychi which might
have served as a lower jaw and an operculum simulta-
neously (Lehmann & Kulicki 1990, Parent et al. 2014);
however, there is an ongoing debate on the double function
of aptychi. In the case of finds of the SCAA on the shells of
Paleozoic or Triassic aptychi-less ammonoids (Klug et al.
2004), one might assume that these ammonites could not
have used the lower mandibles for protection of the aper-
ture and they needed a hood for this purpose. Klug et al.
(2004) noted, that co-existence of a hood, as in modern
Nautilus and aptychi, functioning as opercula in one
ammonite, appears unlikely. In my material, the SCAA
was found on the shells of aptychi-bearing ammonites.
Aptychi are known from all of the ammonites studied here
(Table 3). Moreover, the SCAA had been previously de-
scribed in ammonites with aptychus-type jaws: Quensted-
toceras sp. (Kulicki 1979, Kulicki et al. 2001) and
Aconeceras trautscholdi (Kulicki et al. 2001).

The co-existence of the SCAA and aptychi cannot be
regarded as a sufficient argument against aptychi protec-
tive function, as suggested by Klug et al. (2004). Existence
of the SCAA (or black layer) does not proof a Nauti-

lus-style hood (Keupp 2000, Lehmann et al. 2014). Griffin
(1900) suggested that the black layer in front of apertures
of Nautilus shells can be formed by the apical part of the
hood. Now it is known that in Nautilida, the mantle margin
secretes the black layer and the black band on the aperture
(Senior 1971, Kulicki et al. 2001, Klug et al. 2007). More
precisely, the black layer in Nautilus shells is secreted by
the supracephalic mantle fold (Senior 1971, Kulicki et al.
2001). Therefore, the dark-colored SCAA is not necessar-
ily associated with the Nautilus-style hood, but it is an indi-
cator for the presence of the supracephalic mantle fold in
the ammonoid soft body.

The hood of Recent Nautilus and Allonautilus is an in-
teresting and complex organ. During the embryonic devel-
opment, the hood forms from two dorsal arm pairs together
with ocular tissue and part of the collar/funnel complex
(Shigeno et al. 2008). Recent Nautilus embryos are quite
similar to coleoid embryos in having five pairs of primor-
dial arms. During embryogenesis, two basic Nautilus arm
pairs change into part of the hood leaving three arm pairs to
become divided into a large number of tentacles (Shigeno
et al. 2008). If it were not for the splitting of primordial
arms into a set of tentacles, the Nautilus would have only
six arms. Likely, development of the hood became possible
after the number of tentacles in the evolution of the Nau-
tilida increased, especially because during the embryonic

�� 

������	��� The SCAA with pre-
served wrinkle layer on Amoeboceras
alternoides shells. Amoeboceras alter-
noides. • A – specimen MSU 115/13;
B – MSU 115/12. Upper Oxfordian,
Markovo localitiy. Scale bars 1 cm.
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development of Nautilus, the hood forms later than the sub-
division of the primordial arms (Shigeno et al. 2008). To
date, the arms of ammonoids are unknown from the fossil

record. However, ten arms (five pairs) represent the
plesiomorphic state in the Cephalopoda (Klug & Korn
2004, Shigeno et al. 2008). It is known that Ammonoidea

���

������	�#� The SCAA with preserved wrinkle layer on Sublunuloceras lonsdalii and Kosmoceras proniae shells. • A, B – Sublunuloceras lonsdalii;
A – MSU 115/3; B – MSU 115/21. Both specimens are macroconchs. Upper Callovian, Mikhailov locality. Scale bars 1 cm. • C, D – Kosmoceras proniae;
C – MSU 115/26; D – MSU 115/27; Both specimens are large microconchs. Upper Callovian, Mikhailov locality. Scale bars 1 cm.
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and the Coleoidea are descendants of the Bactritida
(Kröger et al. 2011). Coleoids have ten arms and they
branched off from their ancestors later than ammonoids
did. Previously, when it was believed that the hood is a
completely separate organ, it could be assumed that the
hood disappeared in Coleoidea when their shell became in-
ternal. However, now we know that the hood is formed
partly from the arms; therefore, if coleoid ancestors had a
hood, they should have only two or three pairs of free arms.
Also, a formation of the hood was not observed in coleoid
embryonic development (Shigeno et al. 2008). Thus, the
ancestors of coleoids likely had no hood and ammonites in-
herited ten arms from their ancestors but did not inherit a
nautilid-like hood. It is unlikely that ammonoids would
have independently and completely repeated the evolution-
ary path of the Nautilida and developed such a complex or-
gan with regard to their differences from nautilids (Jacobs
& Landman 1993).

In addition, Keupp (2000) concluded that the size and
shape of the SCAA (“Runzelschicht”) in the ammonite
shells differs from the shape and position of black layer in
Recent Nautilus shells. Based on the above arguments, it
can be concluded that ammonites had no hood comparable
to that of modern nautilids.

Since the Nautilus black layer is formed by the
supracephalic mantle fold, the researchers concluded that

ammonites had a supracephalic mantle fold which formed
the SCAA and was attached to it (Kulicki et al. 2001, Klug
et al. 2004). However, the main function of the
supracephalic mantle fold in nautilids is the formation of a
black layer which is used for mantle and hood adhesion.
But if ammonoids did not have a hood, why would the dor-
sal mantle have formed a SCAA, especially taking into ac-
count its large size in many ammonites? Moreover, the
SCAA in some ammonites (Sublunuloceras, Amaltheus)
has a complex and very rough surface which can be inter-
preted as an adaptation to strengthen the adhesion of the
soft tissues. If this assumption is true, this area would have
been subjected to some mechanical stress. However, it is
difficult to imagine the cause of such forces acting on the
supracephalic mantle fold. Therefore, along with the
supracephalic mantle fold another soft-tissue structure
could have been attached to the SCAA in ammonoids.

A dorsal part of the Nautilus hood forms during
embryogenesis from the enlarged anterior part of the collar
(Shigeno et al. 2008). Specifically, this dorsal part of the
hood is attached to the edges of the black layer along with
the mantle fold. The portion of the collar, which is included
in the hood, is possibly responsible for the attachment of
the Nautilus hood to the black layer. I suggest that
ammonoids did not have a large nautilid-like hood, but a
“protohood”: a free (unmerged with arms/tentacles) dorsal

���

������	�$� The SCAA with a preserved
wrinkle layer on Peltoceras arduennense
shell. Peltoceras arduennense, specimen
MSU 115/23: A1 – lareral view; A2 – ventral
view. Upper Callovian, Dubki locality.
Scale bars 1 cm.
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������	�%� The SCAA on Binatispinctes shells. • A – Binatisphinctes sp. macroconch shell with preserved wrinkle layer, specimen SPC 112M. Scale
bar 2 cm. • B – Binatisphinctes sp. microconch shell, specimen SPC 15M. Middle–Upper Callovian, Mikhailov locality. Scale bar 1 cm.
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part of the collar fold located above the head. Although
there is no such dorsal collar projection in modern
Cephalopoda, Shigeno et al. (2008) showed that the Nauti-
lus hood is a secondarily-derived structure and the
cephalopod embryo has an anterior part of the collar, which
could have become a “protohood” in ancient cephalopods
(this embryonic tissue is marked as “hood” in Shigeno et
al. 2008, figs 3, 4 and as “dorsal hood” in Shigeno et al.
2008, fig. 7). Lehmann et al. (2014) recently discussed the
possibility of the existence of a hood-like structure in
ammonoids, not necessarily similar in shape and function
to Nautilus hood. It is possible that the dorsal collar fold
was attached to the edges of the supracephalic attachment
area along with the mantle fold in the same way as the Nau-
tilus hood which is partially formed from this part of the
collar. The dorsal collar extension (“protohood” or “hood-
like structure” sensu Lehmann et al. 2014) could have dif-
fered from the hood of living nautilids by the fact that it
was not fused with tentacles during embryogenesis. There-
fore, this “protohood” might have been relatively small and
might have been unable to close the aperture entirely
(which would explain the possible use of aptychi for the
protection of the body chamber in some ammonoids).
Since the distal margins of the collar and hyponome are
fused in cephalopods (Bizikov 2002, 2008), this fusion
with the “protohood” may have served as a bond between
the hyponome, collar folds and the attachment area on the
previous shell whorl in ammonoids. Ultimate proof for any
of these hypotheses can come only from preserved soft tis-
sues which have not been found yet.

 ��	
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Some researchers discussed the possibility that some am-
monites might have been endocochleate, i.e. their shells
were more or less covered by the mantle (Doguzhaeva &
Mutvei 1991, 1993a, b; Korn 2000; Doguzhaeva 2012).
These assumptions contradict several peculiarities of am-
monoid paleoecology and paleobiology. For example,
many ammonite shells are decorated with sharp spines and
other protruding sculptural elements and it is difficult to
envision that these elements were covered by the mantle.
The color pattern of ammonoid shells is also reasonably
well known (Mapes & Davis 1996). Ammonite shells often
bear epifauna overgrown by shell whorls formed later

(Keupp 2000, Larson 2007, Andrew et al. 2011), which de-
monstrates syn vivo attachment of these organisms to the
ammonite shell. It appears unlikely that epizoans were ca-
pable to settle on a living ammonite if the shell was covered
by the soft-tissues.

An additional organic-rich layer found between the
whorls of perisphinctid ammonites and interpreted as an
outer coating layer used for soft-tissue attachment
(Doguzhaeva 2012) is certainly a wrinkle layer, judging by
its position on the shell and its high organic content. The
fact that its edges can be seen along the umbilical seam
does not indicate that it could have covered the entire shell
surface since the edges of the black layer of Recent
Allonautilus and Lower Jurassic Psiloceras are also visible
along the umbilical seam (Klug 2004, fig. 1; Klug et al.
2007, text-fig. 5). The interpretation of parabolae as areas
of the external mantle attachment is also doubtful due to
their irregular location on many shells (Keupp 1973).
Sometimes, there are 1–2 parabolae per whorl on
perisphinctid ammonites (Glowniak & Wierzbowski
2007), whereas such an irregularity of the soft tissue at-
tachment areas has never been described.

The presence of the SCAA on the surface of the
ammonoid shell, homologous to that of the living Nautilus
and Allonautilus, is additional evidence against the “endo-
cochleate hypothesis”. The fact that the mantle needs a spe-
cial adhesive area (SCAA) for its attachment indicates that
the soft tissues covered only the SCAA and not the entire
outer surface of the shell. In other words, the SCAA shows
that planispiral ammonites, as well as living Nautilida, had
an external shell.

Only in a few ammonoids (e.g. Gaudryceras), re-
searchers found a wrinkle layer, which covers not only
parts of the previous whorl, but also the wide umbilical
area (Drushchits et al. 1978, Kulicki et al. 2001) or proba-
bly parts of the body chamber (Korn 2000). In such
ammonoids, the mantle could have exceeded the width of
the aperture and reached the umbilical opening or extended
over parts of the body chamber. Probably, the mantle also
covered the apertural region of the ammonoid shell as evi-
denced by the black band at the aperture (Korn 2000, Klug
2004, Klug et al. 2007). There are no doubts that in the ma-
jority of ammonoids, the shell surface was not covered by
the mantle with the exception of the special soft-tissue-at-
tachment areas such as the SCAA and perhaps a thin black
band behind the aperture.

��!
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���	$� Aptychi which belong to ammonites from studied families.

Ammonite family Aptychus type Source of information

Kosmoceratidae Granulaptychus, Kosmogranulaptychus Schweigert (2000), Rogov (2004), Mitta & Keupp (2004), Keupp & Mitta (2013)

Cardioceratidae Praestriaptychus Lehmann (1972), Engeser & Keupp (2002), Mitta & Keupp (2004)

Perisphinctidae Praestriaptychus Engeser & Keupp (2002), Rogov & Gulyaev (2003), Rogov (2004)

Aspidoceratidae Laevaptychus Engeser & Keupp (2002), Rogov (2004)

Oppeliidae Lamellaptychus Engeser & Keupp (2002)
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The presence of the SCAA in ammonoid shells suggests a
reconsideration of the calculations of the syn vivo orienta-
tion of the ammonoid shell aperture. Until now, size and
structure of the head and arms of ammonoids are poorly
known (Klug et al. 2012). However, the large size of the
buccal mass likely indicates a large head. All living cepha-
lopods including Nautilida as well as Coleoidea have their
head in front of the collar (see Naef 1922, Bizikov 2008).
Accordingly, the anatomy of ammonites corresponded to
the anatomy of other cephalopods in their basic features. If
ammonoid collar folds and a “protohood” (if it existed) had
been attached to the SCAA when the animal was active, the
head must have been in front of the collar, under the supra-
cephalic mantle fold and the SCAA. Therefore, the pre-
sence of the SCAA indicates that, when the animal was ac-
tive, a certain part of the ammonoid soft body was located
outside of the body chamber (see also Parent et al. 2014).
In many taxa, this could have been a rather heavy part of
the body including the head, jaw apparatus (with large cal-
cified aptychi in the case of ammonites with aptychus-type
jaws), hyponome and arms (although it is unknown what
they looked like and whether they were muscular). At the

same time, in most of all computations published to date, it
is explicitly or implicitly assumed that the soft body of am-
monoids with planispiral shells was located entirely within
the body chamber (Trueman 1941, Raup & Chamberlain
1967, Saunders & Shapiro 1986, Westermann 1996, Klug
& Korn 2004, Naglik et al. 2014, Tajika et al. 2015). Since
these authors did not take the protrusion of the cephalic re-
gion out of the body chamber into account, the apertures of
many ammonites are located in a nearly horizontal position
(Trueman 1941, figs 14, 15; Saunders & Shapiro 1986,
fig. 8; Westermann & Tsujita 1999, fig. 21.10). The results
of these calculations do not explain some of the morpholo-
gical shell features such as the occurrence of ventral rostra
(long ventral aperture projections). Ventral rostra appeared
repeatedly in different evolutionary lineages of ammonites,
especially in such with more or less streamlined oxyconic
and discoconic shells, possibly adapted to fast swimming
(Westermann 1996). Horizontal orientation of the aperture
seems problematic for understanding the mode of life of
such ammonoids (e.g. Sublunuloceras, Pseudocadoceras,
Quenstedtoceras and Amoeboceras studied here). The
combination of the horizontal aperture with a ventral ros-
trum would have forced the hyponome to be directed up-
wards, and such a position precluded jet-propulsion swim-
ming (Andrew et al. 2011), but this contradicts
the observed streamlined shell shape of rostrum-bearing

��"

������	�&� The ratio of the SCAA to shell diameter in relation with calculated shell diameter. S/D – the ratio of the supracephalic attachment area to
shell diameter, D – shell diameter. Transparent symbols indicate presumably juvenile specimens.
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ammonites. To solve this problem, some authors have sug-
gested that ammonites could have had a split hyponome
with one opening on each side of the rostrum (Schmidt
1930, Trueman 1941, Westermann 2013). Other authors
even speculated about the possible presence of fins in
ammonoids (Jacobs & Chamberlain 1996, Andrew et al.
2011). However, double or twin-nozzled hyponomes have
never been found in any modern or extinct cephalopods.
Regarding the possible presence of fins in ectocochleate
ammonoids, it appears highly unlikely a fortiori because
fins need an internal shell for their support (Bizikov 2008).
Thus, the horizontal orientation of the aperture, in combi-
nation with the streamlined shell shape and ventral rostrum
(which in this case must have been directed upwards) is
difficult to understand.

In fact, not all researchers were confident of the correct-
ness of the usage of existing calculations with upward ori-
ented apertures for reconstructions of the ammonoid mode
of life and its swimming position, although the majority
agrees on that. For example, Jacobs & Landman (1993)
stated that the assumption of the entire body of the
ammonoid being contained within the body chamber per-
manently was unwarranted. They assumed that many
ammonoids were capable of mantle extension and could
have controlled the orientation of the shell to some degree.
Doguzhaeva & Mutvei (1991) also supposed that the ce-
phalic region in the majority of ammonites could have been
considerably extended actively out of the aperture. Parent

et al. (2014) argued that the cephalic complex was mobile
(could have moved outwards of the body chamber) and was
denser than the intestinal complex located inside the body
chamber. Zatoń (2010) noted that the deduced aperture ori-
entations are hypothetical because the distribution and
weight of soft-tissues in the body chamber or the volume of
cameral liquids, influenced the aperture orientation.
Trueman (1941), the pioneer of the aperture orientation
calculations, admitted that his mathematical estimates re-
flect the position of the ammonite shell in water, when the
soft body was withdrawn into the body chamber: “It is
probable that in many ammonites a movement of the ani-
mal’s body forward beyond the aperture would bring the
centre of gravity farther forward and cause a tilting of the
shell: the presence of a heavy aptychus probably increased
this effect” (Trueman 1941, p. 371). However, Trueman
(1941) began to speculate about the ammonite habitat on
the basis of calculations, in which the location of the part of
the soft body outside of the body chamber was not taken
into account. In subsequent publications, many researchers
left out Trueman’s specifications about the possibility of
ammonites moving partially out of the aperture. After-
wards, Saunders & Shapiro (1986) postulated that the
“center of mass is defined as the center of gravity of the
body chamber; this assumes that the total mass of the ani-
mal is dominated by the soft tissue enclosed within the
body chamber” (Saunders & Shapiro 1986, p. 65). How-
ever, the presence of the SCAA in front of the apertural

���

������	�'� Scheme of changing of shell orientation due to movement of the soft body beyond the aperture and the presence of water inside mantle cav-
ity. • A – mesodomic shell with lappets; B – brevidomic shell. Modified from Trueman (1941, fig. 14). The cephalic region of the ammonite soft body and
location of the mantle cavity are depicted schematically.
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edge (which was an area of soft-tissue attachment during
active state) demonstrates the inaccuracy of this postulate.
I am convinced that it is difficult to draw valid conclusions
about aperture orientation, behavior and lifestyle of
planispiral ammonoids without taking into consideration
the location of the anterior part of their soft body protrud-
ing from the body chamber.

The presence of the supracephalic attachment area pro-
vides another opportunity to clarify the existing calcula-
tions of the aperture orientation. In most of the currently
available models, it is assumed that the ammonoid body
chamber was completely filled with soft tissues (Trueman
1941, Raup & Chamberlain 1967, Saunders & Shapiro
1986, Klug & Korn 2004). If the part of the soft body had
been located outside of the body chamber under the large
supracephalic area, it must have been able to retract into the
shell in a dangerous situation. Undoubtedly, the attachment
of the mantle to the SCAA was not permanent and in
ammonoids not only the cephalic region, but also the dorsal
mantle fold must have been able to retract into the soft
body chamber as well as in Recent Nautilida (Ward &
Saunders 1997, fig. 1-1). Consequently, there was space
for retracting the cephalic region and the mantle inside the
body chamber. Monks & Young (1998) proposed that the
body of heteromorph ammonites was a relatively small,
compact mass partially filling the body chamber. Kröger
(2002) provided supporting evidence for the correctness of
the incomplete filling of the body chamber with soft tis-

sues. He demonstrated that normally-coiled ammonites,
especially such with longidomic and mesodomic shells,
were able to withdraw their mantle and presumably the
whole anterior part of the soft body very deep into their
body chambers (Kröger 2002). Therefore, the volume of
their soft tissues was less than the volume of their body
chambers. The presence of the SCAA gives another piece
of evidence that the soft body of spirally coiled ammonites
did not fill the entire body chamber volume during active
swimming. The SCAA shows that the head complex could
have shifted forward to some degree and it should have in-
creased the volume of the mantle cavity, as was assumed
by Parent et al. (2014). The ammonites, as representatives
of the Cephalopoda, had a mantle cavity. Mutvei &
Reyment (1973) suggested the presence of a mantle cavity
with long gills in the ammonoid soft body. Jacobs & Cham-
berlain (1996) noted that if ammonoids had large mantle
cavities, comparable in size with coleoid mantle cavities,
their body chambers might not have been completely filled
with soft tissues. When active, the mantle cavity must have
been filled with water for ammonite respiration (Fig. 16).
Water has a slightly lower density than the cephalopods’
soft tissues (Raup & Chamberlain 1967, Saunders &
Shapiro 1986). Consequently, if a significant part of the
volume of the body chamber had been occupied by water,
the center of gravity must have been slightly moved to-
wards the aperture (where the denser cephalic region was
located), as it was recently suggested (Parent et al. 2014).

���

������	�(� The scheme shows the general principle of collar attachment to the shell in cephalopod mollusks. • A – Coleoidea (squid). The collar folds
are attached to the nuchal cartilage which is connected to the internal shell. • B – Nautilida (Nautilus). The collar folds are fused to the rear part of the hood
and attached to the black layer. • C – Ammonoidea (oxyconic Sublunuloceras). The collar folds and “protohood” are attached to the wrinkle layer.
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The exact value of the displacement of the center of gravity
as well as the impact of the mantle cavity and protrusion of
soft tissues through the aperture on the aperture orientation
is unknown and requires additional calculations. Several
researchers assumed that the density of the ammonoid soft
body (ca 1.055 g/cm3 according to Saunders & Shapiro
1986 and Tajika et al. 2015), was only slightly higher than
that of seawater (1.020 to 1.029 g/cm3). In this case, the in-
fluence of the mantle cavity and the effect of shifting of the
head region outside of the body chamber may have been
relatively small. The value of ammonoid soft tissue density
was obtained according to the density of the Nautilus body,
but Jacobs & Chamberlain (1996) noted that the usage of
Nautilus density for ammonoids could be inaccurate as
ammonoids are closer to coleoids than to nautilids. Denton
& Gilpin-Brown (1961) pointed out that the density of Se-
pia tissues on average is 4% higher than seawater. Similar
data (4% and 1.064 g/cm3 in absolute terms) was published
by Arnaya and Sano (1990) for squids Ommastrephes and
Todarodes. They also noted that the density of the body is
heterogeneous and muscle tissues have a higher density:
1.075 g/cm3. If the calculations were based on such initial
data, the effect of the mantle cavity and of the displacement
of tissues would be greater. The weight of the calcified
aptychi increases the effect of shifting of the head region
outside of the body chamber, but many ammonoids had
uncalcified jaws and the impact of their displacement
would not have been significant.
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The SCAA provides information about the paleobiology of
ammonites. However, the most important and interesting
question is: what were the functions of the supracephalic
attachment area?
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Among modern Cephalopoda, both the ectocochleate Nauti-
lida and the endocochleate Coleoidea have a special dorsal
collar attachment area. In the coleoid soft body, it is the nu-
chal cartilage, which connects soft tissues with the internal
shell in the cephalic region (Bizikov 2008). Naef (1922) de-
scribed this dorsal nuchal attachment (“collar attachment”)
as a part of the funnel apparatus. In the Vampyromorpha, Se-
piida and Teuthida, the upper margins of collar folds attach to
the lateral sides of the nuchal cartilage (Bizikov 2008). In fact,
the nuchal cartilage of coleoids connects the funnel with the
internal shell. Very likely, the SCAA played a role in ammo-
noid anatomy similar to that of the nuchal cartilage in coleoids
and the black layer in Nautilus (Fig. 17).

The basal function of the collar attachment to the
shell on the dorsal side of the body is easy to imagine if
we examine the respiratory and locomotion system of
the living cephalopods (Bizikov 2002). Collar folds
(which are involved in respiration and swimming) must
be fixed at the top on the dorsal side to function properly.
In Nautilus, a pair of muscular collar folds attach to the
visceral sac on the dorsal side. Their anterior parts, vis-
ceral sac and posterior part of the hood are fused together
behind the head of the Nautilus (see Bizikov 2002,
fig. 2B). During embryogenesis and possibly before the
formation of the large hood, anterior parts of the collar
folds were attached to the dorsal collar extension in an-
cestors of the Nautilida since in the embryonic soft body,
the posterior part of the hood (= dorsal part of the collar),
the collar folds and the hyponome represent a single
structure (see illustrations of Nautilus embryos in
Shigeno et al. 2008, fig. 11a and the cephalopod
phylotype in Shigeno et al. 2008, fig. 11c).

However, for the respiratory function of collar folds, a
small attachment area not far from the aperture might be
quite sufficient (for example as observed in Kosmoceras).
I suggest that ammonoid ancestors with straight shells
(Orthocerida and Bactritida) might have had a small attach-
ment area directly at the level of the aperture. This sugges-
tion is based on the fact that the wrinkle layer is known
from orthoconic shells of some orthocerids and bactritids
(Teichert 1964, Mapes 1979, Kröger et al. 2005).
Heteromorphic ammonites, whose shells were not tightly
coiled on post-embryonic or adult stages of ontogeny
(Baculitidae, Ancyloceratidae, Scaphitidae, etc.) also must
have had relatively small SCAA on the dorsal part of the
aperture since their apertures had no connection with the
previous shell whorl. However, the presence of large
SCAAs in Sublunuloceras and Pseudocadoceras shells
suggests that they have additional functions besides the
mantle and collar attachment.
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As discussed above, in the majority of calculations of am-
monoid aperture orientation it was assumed that the soft
tissues were located only inside the body chamber (True-
man 1941, Raup & Chamberlain 1967, Saunders & Shapiro
1986, Klug & Korn 2004). As a result of these calculations,
the apertures of most ammonoid shells were located in a
more or less horizontal position (Westermann 1996, fig. 5;
Korn & Klug 2012, figs 5, 6). The presence of the SCAA
indicates that the initial postulate of these calculations is er-
roneous: part of the soft tissues could have been located
outside of the body chamber when the animal was active.
Nevertheless, in a moment of danger or while resting, when
the ammonite soft body was completely withdrawn into the
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shell, the aperture likely was oriented in a position which
was obtained by calculations (more or less horizontally).
Therefore, when the danger had passed, the ammonite
would have moved its soft body forward and partially out
of the body chamber for active swimming or feeding (Pa-
rent et al. 2014). If the ammonite’s cephalic complex had
been large and dense, it might have been capable of turning
the whole shell, aperture and phragmocone into an efficient
swimming position. However, for greater displacement of
the center of gravity a greater displacement of the soft tis-
sues is required. Without connecting to the previous shell
whorl, the large cephalic complex of the ammonite would
have stuck out of the aperture and the center of gravity
would have shifted downward, rather than forward. In or-
der to continue shifting it forward (and continue rotation of
the aperture), the soft body must have been connected with
the previous whorl in fully coiled ammonoids. The SCAA
could have provided this connection.

Therefore, it can be assumed that forward movement of
the supracephalic mantle fold, collar, hyponome and head
through the aperture - without losing the connection with
the dorsal shell wall – could have led to a more or less dis-
tinct displacement of the center of gravity of the whole
ammonite (Trueman 1941, Parent et al. 2014). In other

words, when ammonites kept hold of the previous whorl,
the shell would have rotated more or less downward with
its body. The angle of this movement, however, remains to
be quantified.

Probably, the positive correlation between the length of
the SCAA (“black layer”) and the body chamber length de-
scribed by Klug et al. (2004) can be related to this function.
A larger cephalic region of the soft body would possibly
have required a larger attachment area. As shown above,
the correlation between the length of the SCAA and the
body chamber length was not observed among ammonites
belonging to the genera studied here. Therefore, the differ-
ence in size of the SCAA among adult ammonites which
belong to one species (or genus) can be explained by this
function, but the difference among the various genera
might have some other reason.
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The measurement of the ammonite shells and their SCAA
described herein demonstrate the dependence of the SCAA
shape and size on the shell shape. Streamlined oxyconic
Sublunuloceras, keeled Quenstedtoceras and discoconic

���

������	�*� Artistic reconstruction of two Late Callovian ammonites from the Saratov region. • A – Quenstedtoceras lamberti. The ammonite is slightly
withdrawn into the shell, frightened by the moving Sublunuloceras. The black supracephalic attachment area is partially visible over the head of the
ammonite. • B – Sublunuloceras lonsdalii is depicted in the hypothetical position of active funnel-based swimming. Tentacles and arms are stacked to-
gether to improve streamlining. Ten arms in both ammonites are shown because Nautilus and representatives of Coleoidea exhibit five arm pairs during
early embryonic development, there can be an initial number of arms in Cephalopoda (Shigeno et al. 2008, Kröger et al. 2011). Two long tentacles are
very speculative and based on reconstructions in Westermann (1996, fig. 5). The large hyponomes are shown because of the presence of large attachment
scars of presumable hyponomic retractors (Doguzhaeva & Mutvei 1991, 1993a, 1996), and also due to the presence of a large round opening between lap-
pets in several ammonites (Westermann 1954, pl. 9, fig 1, pl. 22, figs 1, 2, pl. 28, figs 1, 8, 1990, fig. 2). The eyes are shown as similar to coleoid eyes be-
cause Ammonoidea and Coleoidea were sister taxons (Jacobs & Landman 1993). This reconstruction was drawn by Andrey Atuchin, based on a sketch
from the author of this article.
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Pseudocadoceras have large attachment areas, whereas am-
monites with platyconic or serpenticonic shells (Kosmoce-
ras, Binatisphinctes and Peltoceras) have a relatively small
SCAA. The smallest areas occur in Kosmoceras shells
which bear numerous rows of spines. The shell shape is con-
sidered to be strongly connected to swimming ability. Rela-
tively large and middle-sized compressed and involute am-
monoid shells have lower drag coefficients than evolute and
wide shells during relatively fast locomotion (Westermann
1990, 1996; Jacobs & Chamberlain 1996). Although the re-
latively large shell surface of oxyconic shells could have re-
duced their streamlining, ammonites with such shells were
able to accelerate rapidly due to very small “added mass” be-
cause of the narrow umbilicus (Jacobs & Chamberlain
1996). The largest SCAA corresponds to oxyconic and dis-
coconic shell morphologies which were possibly adapted to
fast swimming or acceleration (Jacobs & Chamberlain
1996). Moreover, oxyconic keeled shells not only have the
largest, but also the roughest SCAA among the studied she-
lls. A rough surface could reinforce the attachment of the
soft tissues to the surface (e.g. Keupp 2000). These conside-
rations show that the SCAA had the highest importance for
those ammonites, whose shells are streamlined.

It is still unknown how the ammonoid locomotion
mechanism was organized - whether it was the powerful
and muscular hyponome or velar membranes between
ammonite arms or something else. Since so far, the
ammonoid soft tissues are only poorly known, the presence
of the hyponome in their body is disputable. However, rela-
tively large, rounded and forward oriented openings be-
tween the lappets of some microconchs (Westermann
1954, pl. 9, fig. 1, pl. 22, figs 1, 2, pl. 28, figs 1, 8, 1990,
fig. 2) are difficult to interpret as something else than open-
ings for large hyponomes. In addition, the presence of a
hyponome is indicated by large lateral muscle scars, which
are always located closer to the ventral than to the dorsal
side (Doguzhaeva & Mutvei 1991, 1993a, 1996), and by
recently described anterior lateral sinuses in front of these
muscle scars (Mironenko, in press). The long ventral ros-
trum of some ammonoids was also interpreted as a support
for the hyponome (Doguzhaeva & Mutvei 1991).
Westermann (2013) discussed the presence of a twin-
nozzled hyponome in several ammonites. By contrast, sev-
eral Recent cephalopods use a thin membrane between
their arms (umbrella) for swimming and ammonites could
have used the same method of movement (Westermann,
Arkhipkin, pers. comm.), although any evidence for velar
membranes in ammonoids is missing.

Several hydrostatic models show that many ammonites
had a low rotational stability (Saunders & Shapiro 1986).
However, the actual rotation of the shell depends not only
on the rotational stability (estimated as the distance be-
tween the centers of mass and buoyancy), but also the point
of force direction. If the shell had had a nearly-vertical ori-

entation of the aperture (see Parent et al. 2014) and the
force had only been applied to the ventral part (where the
hyponome must have been located) or to the center of the
aperture not far from the venter (if a velar membranes be-
tween arms had been the main locomotion apparatus), the
shell would have rotated more easily than if the force had
been applied at the level of the center of mass (e.g., Korn &
Klug 2004). The bond between the locomotion apparatus
and the dorsal shell (through the SCAA in coiled forms)
could have allowed to immediately transmit the momen-
tum of propulsive forces to the shell whorl above and be-
hind the locomotion apparatus. Probably it shifted the point
of application of force to the shell upward and prevented
shell rotation and hence allowed the ammonite to swim at a
higher velocity.

Hydrodynamic drag force while swimming forward
would have been a problem for ammonites or nautiluses if
they had not been attached to the dorsal part of the shell.
Water would have put pressure on the phragmocone above
the head and the shell would have rotated backward due to
counter-flow, while the soft body would have moved for-
ward. However, the shifting of the point of attachment of
the soft body forward and upward on the surface of the
phragmocone (due to the SCAA) allowed the shell to move
forward together with the body and reduced the risk of rota-
tion of the shell from counter-flow.

The author is convinced that ammonoids with
planispiral shells had a large muscular hyponome. This hy-
pothesis is supported by its presence in the Recent relatives
such as nautilids and coleoids. The locomotion apparatus
must have been a part of the soft body and the point of pro-
pulsive force application must have been located in the ce-
phalic region of the ammonite. Consequently, the connec-
tion between this part of the soft body and the shell was
necessary regardless of the type of locomotion apparatus.
The hyponome is actually a part of the collar (Naef 1922,
Bizikov 2008) and the attachment of the dorsal part of the
collar (“protohood”) to the SCAA could have created a
strong bond between the hyponome and the previous shell
whorl. If an umbrella had been the main locomotion appa-
ratus of the ammonoids, the dorsal parts of the collar must
have been fused together with the head, but this fusion is
common among modern cephalopods (Naef 1922, Bizikov
2008).

It is possible that the transverse wrinkles on the SCAA
supported forward movement of the mantle over the wrin-
kled surface (e.g., Keupp 2000), but also, it may have in-
creased the adhesion of soft tissue to the shell during ac-
tive swimming (forward or backward) when strong
longitudinal physical exertions occurred. The difference
in the size and surface structure of the SCAA in different
ammonite genera is related with this function. The soft
body had to be firmly attached to the shell for active
swimming.
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If the transverse wrinkles on the SCAA had been associa-
ted with the ability to active forward or backward swim-
ming, as discussed above, the question arises: what were
the longitudinal wrinkles needed for? Such longitudinal
ridges are present on the surface of the SCAA in Sublunu-
loceras, small wrinkles are located in the SCAA of Quen-
stedtoceras and Amoeboceras. Similar longitudinal ridges
were observed in Amaltheus (Keupp 2000). Most likely,
these wrinkles and ridges increased the adhesion of the soft
tissues to the shell when the lateral loads occurred during
maneuvering. The absence of the SCAA, especially in
combination with vertically oriented apertures, would have
complicated the maneuvering of the ammonite and its abi-
lity to change swimming direction. If the soft body had not
been attached to the dorsal shell in front of the aperture, the
momentum produced by the locomotion apparatus would
have changed the direction of soft body movement whereas
the main part of the shell (mainly the phragmocone), above
the soft body, would have moved by inertia. This kind of
movement would have been extremely ineffective and
hardly possible. I assume that for effective jet-propulsion
swimming, attachment to the dorsal shell outside of the
body chamber was necessary for coiled ammonites. The
connection between soft-body, collar and shell allowed
ammonites to swim efficiently and to easily change the
swimming direction (Fig. 18). This attachment might also
have permitted ammonites to change aperture orientation
depending on the size and density of soft tissues and the
jaw apparatus which all protruded out of the aperture. It ap-
pears likely that in different ammonites, these functions va-
ried quite strongly. For some ammonites, the maneuverabi-
lity was more important, while for others, it was more
essential to keep the shell in a certain favorable position.
For example, Juvenites septentrionalis (depicted by Keupp
2000 on p. 28) has a long black SCAA on the relatively
wide, not very streamlined shell. Juvenites might have
rather needed the SCAA primarily to control the shell
orientation than for rapid swimming.
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In many ammonoids, the wrinkle layer became thicker
when the animal approached adulthood (Klug et al. 2004,
Korn et al. 2014). Such thickening can be seen in one of the
Quenstedtoceras microconchs (Fig. 7B) and the Binatis-
phinctes macroconch (Fig. 14A). Kulicki (2001) noted that
the area covered by the wrinkle layer outside of the body
chamber may exceed the aperture width or be narrower. As
discussed above, when the SCAA exceeds aperture width,
it indicates ammonite maturity. Korn et al. (2014) sugges-

ted that the formation of a very coarse wrinkle layer in
adult Early Carboniferous ammonoids were caused by the
continuation of the secretion of this layer when longitudi-
nal shell growth had already stopped. In the case of the
widening and thickening of the SCAA in adult Jurassic am-
monites, the same explanation may apply. Another pos-
sible explanation for the size increase of the SCAA after
maturation might be the size increase of the cephalic region
of ammonites (which requires soft tissue preservation to be
proven). Perhaps, the increase in size and thickness of the
SCAA could reflect the strengthened connection between
soft body and the dorsal shell. It could possibly have in-
creased maneuverability and the swimming speed of ammo-
nites. This assumption is somewhat supported by the fact that
young Quenstedtoceras and Pseudocadoceras have short
ventral projections (also seen on their temporary apertures,
e.g., Fig. 7B1) while mature microconchs of these genera
have long ventral rostra (Makowski 1962). Previously, re-
searchers assumed that a ventral rostrum on an ammonoid
aperture could have been used to support the large muscular
hyponome (Westermann 1990, Doguzhaeva & Mutvei 1991).
Ammonites with a large rostrum (like Sublunuloceras, Quen-
stedtoceras and Pseudocadoceras) have large SCAAs, whe-
reas Binatisphinctes, Peltoceras and Kosmoceras are lacking
a large rostrum and have relatively small SCAAs. If the as-
sumption about the relationship between the size of the
SCAA and swimming activity is correct, the same relation-
ship can be assumed for the ventral rostrum. Simultaneous in-
crease in length of the ventral rostrum with the increasing
width of the SCAA during maturation may reflect that the ac-
tivity of microconchs increased at maturity. Nevertheless,
evidence for these hypotheses is sparse and particularly, more
details of soft tissues are needed to test them. Mathematical
models on mass distribution in ammonite shells and soft bo-
dies employing different models for muscle organisation may
also shed more light on these questions.

���������

1. The supracephalic attachment area (SCAA), formed from
the wrinkle layer in the apertural region of the ammonoid
shell of fully coiled forms, was used for the attachment of the
soft body to the penultimate shell whorl outside of the body
chamber. Most likely, the supracephalic mantle fold and the
dorsal part of the collar (“protohood”) had been both attached
to this area. In the coleoid soft body, the cephalic cartilage
could be considered as a functional analogue of this area.

2. The supracephalic attachment area was probably
present in all normally coiled ammonites; its size and sur-
face structure varies greatly among different species. The
shape and size of the SCAA and structure of the wrinkles
varies depending on shell shape. These variations probably
could have had an adaptive value.
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3. Several paleobiological functions of the SCAA can
be assumed: the attachment of collar folds to the dorsal
shell to facilitate respiration, to regulate shell orientation
by controlling the mass of the soft body reaching out of the
aperture, optimization of movement and maneuverability
due to the connection of the locomotion apparatus to the
penultimate shell whorl. However, additional materials
with soft tissues and buoyancy calculations are required to
test these hypotheses.

4. It appears likely that ammonoids had no hood like Re-
cent Nautilus. The SCAA is not an evidence for the presence
of this structure. Instead of the hood, ammonites might have
had some kind of “protohood” – a small dorsal extension of
the collar, which must have been attached to the SCAA
along with a supracephalic mantle fold. However, evidence
for the presence of the “protohood” in the ammonoid body
can come only from exceptionally preserved ammonoids
displaying anatomic detail of this part of the soft body.

5. The supracephalic attachment area indicates the lo-
cation of a part of the ammonoid soft body outside of the
body chamber during active swimming and feeding. Con-
sequently, calculations of the aperture orientation, which
were based on the assumption that the entire soft body was
always located within the body chamber, are more or less
erroneous. The error might vary from negligibly small to
major in different ammonoid taxa depending on the density
and size of the soft body and especially the jaw apparatus.
New calculations are needed which take this protrusion of the
soft body through the aperture into account in more detail.

6. Several ammonite microconchs (especially Pseu-
docadoceras and Quenstedtoceras) show a widening of the
supracephalic attachment area, likely after reaching matu-
rity. It might indicate an increase of microconch activity
during this stage of their ontogeny. Therefore, the width of
the supracephalic attachment area could become useful as a
mature character.

7. The supracephalic attachment area indicates that
ammonoids had an external shell which was usually not
completely covered with a mantle.
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