Shell repair and shell form
in Jurassic pleurotomarioid gastropods from England

ANNA LINDSTROM & JOHN S. PEEL

Specimens of the vetigastropods Pleurotomaria Defrance, 1826 and Pyrgotrochus Fischer, 1885, from the Jurassic of
England were separated into three morphological groups and surveyed for traces of shell repair. Two measures of shell
repair frequencies were calculated: 1) ratio of the number of specimens with at least one repaired injury to the total num-
ber of specimens; 2) ratio of the total number of injuries to the total number of specimens in the sample. The
Pleurotomaria anglica (Sowerby, 1818) group containing large, high spired trochiform shells showed the lowest repair
frequency with 28.8% and 75.3%, respectively. The shell repair frequency in the low spired trochiform Pleurotomaria
actinomphala Deslongchamps, 1848 group was 44.4% and 81.0%, respectively. Lastly, the Pyrgotrochus group con-
taining conoidal trochiform shells showed the highest frequency calculated by both methods, 46.2% and 92.3%. Three
types of injuries were found in all morphological groups, although in different proportions. Breaks across the entire
whorl constitute the majority of repaired injuries in shells of the Pleurotomaria anglica group; in the P. actinomphala
group the figure is about 50% and in Pyrgotrochus only 35%. The coniodal shell form and a deep slit in the aperture mar-
gin probably proved to be a defensive strategy for Pyrgotrochus, with many fractures terminating at the margin of the
slit, whereas Pleurotomaria anglica was protected by its size. « Key words: Pleurotomarioidea, Gastropoda, shell repair,
slit/selenizone, Jurassic.
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The gastropod shell accumulates a record of most of the
life history of the individual animal since interaction with
its environment is often preserved in the calcareous shell as
scars and repaired injuries. Such injuries are common in
fossil and recent gastropod shells and can be interpreted in
the ancient world by comparison to the present day (Ver-
meij 1987, Alexander & Dietl 2003). Injuries to the shell
may be caused by a variety of agents. Life in a turbulent en-
vironment may cause minor chipping of the apertural mar-
gin, while accidental damage and the effects of epibionts
may also cause injuries or malformation (Bowsher 1955,
Nielsen 1975, Savazzi 1991, Horny 1998, Alexander & Di-
etl 2003, Lindstrom & Peel 2003). Most fractures, howe-
ver, are attributed to the action of failed predatory attacks,
where the snail survived to repair its shell. This is certainly
true in Recent faunas where predator-prey interaction can
be studied live (e.g. Shoup 1968, Zipser & Vermeij 1978,
Elner & Raffaelli 1980, Bertness & Cunningham 1981,
Preston et al. 1996, Castell & Sweatman 1997). It is also
believed to be true in fossil faunas even if the identity of the
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predator often remains obscure (Vermeij 1977, 1987; Sig-
nor & Brett 1984; Ebbestad & Peel 1997; Lindstrom &
Peel 1997, 2003, 2005; Ebbestad & Stott 2008; Ebbestad et
al. 2009). However, a timely reminder to consider the
mode of life of the animal when interpreting the cause of
shell injuries is provided by Alexander & Dietl (2005) in
their analysis of non-predatory shell damage in deep-bur-
rowing bivalves (see also Checa 1993).

In this study we examine repaired shell injuries within
three morphological groups of pleurotomarioid gastropods
from the Jurassic of England, as a sequel to an earlier study
of related Palaeozoic gastropods (Lindstrom & Peel 2005).
Pleurotomarioid gastropods have a geological record ex-
tending from the upper Cambrian to the present day
(Knight et al. 1960, Tracey et al. 1993); their current classi-
fication is reviewed by Bouchet et al. (2005). They enjoyed
a high diversity during the Palaeozoic, with approximately
1500 described species (Hickman 1984), but after the
Permian extinction event their diversity decreased to just a
few genera during the Mesozoic. Amongst these is the
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eponymous Pleurotomaria Defrance, 1826 which, despite
many published records to the contrary, is not known from
either the Palaeozoic or modern seas. About 30 species of
pleurotomarioids live in present day oceans at depths of
several hundred metres (Anseeuw & Goto 1996,
Harasewych 2002, Anseeuw & Poppe 2005), but it is evi-
dent that Palaeozoic and Mesozoic pleurotomarioids in-
habited a broad range of shallow marine environments.

Pleurotomarioid gastropods have a characteristic
v-shaped sinus or slit in the aperture margin like the iso-
strophically coiled Palacozoic—earliest Mesozoic bellero-
phontiform gastropods (cf. Ebbestad ez al. 2009). The slit is
usually considered to be the point of exit of the exhalant
water current from the mantle cavity (Yonge 1947, Knight
1952) but it may also be the location for the inhalant water
current in at least some living species (Voltzow et al.
2004). This observation contradicts the general assumption
that separate inhalant currents are present in pleuro-
tomarioid gastropods which have paired gills, and that
these currents unite prior to expulsion medially. It is uncer-
tain, however, if the important observation of Voltzow et
al. (2004) can be applied uncritically to ancient pleuro-
tomarioids living in other environments. In bellero-
phontoids, at least, the presence of well-developed
dorso-lateral emarginations is consistent with separation of
inhalant currents (Knight 1952, Peel 1974).

Whatever its function, the emargination in the apertural
margin of pleurotomarioids might be expected to nega-
tively affect the resistance of the gastropod shell to break-
age by predation and other means by decreasing shell
strength in the apertural region, particularily if the slit is
deep. Lindstrom (2003) studied two well known species
from North America, Worthenia tabulata (Conrad, 1835)
and Glabrocingulum grayvillense (Norwood & Pratten,
1855), focusing on the relation between the repaired inju-
ries and slit length. The frequency of shell repair was much
higher in the form with a short slit, Worthenia tabulata,
than in Glabrocingulum grayvillense with a longer slit,

contrary to what might be expected. It is likely, however,
that Glabrocingulum succumbed more easily to predatory
attacks, leaving fewer individuals to repair the broken
shell. In contrast, more specimens of Worthenia survived
attacks, with the result that shell repairs are more frequent.
Our study discusses the location of the repaired injuries
in the Jurassic pleurotomarioideans relative to shell form
and the slit in the apertural margin and compares the fre-
quency of repaired injuries with shell repair frequencies in
the two Carboniferous species described by Lindstrom
(2003). We examine the prediction by Vermeij (1977,
1987) that the frequency of shell repairs increases with
time. The Jurassic pleurotomarioid gastropods retain the
same general shell morphology (i.e. trochiform with a slit)
as their Palacozoic relatives, making them well suited for
study of the form and abundance of shell repairs with time.

Material

This study is based on Jurassic pleurotomarioid gastropods
within the collections of the Natural History Museum,
London, U.K. While these collections give access to well
preserved specimens suitable for the study of repaired shell
injuries, they provide no information concerning the abun-
dance of specimens with shell repair on outcrop. Given the
diverse origins, ages and taxonomy of the specimens, it
is not meaningful to recognize size categories within the
available material, although it is acknowledged that such
information provides an invaluable tool to the analysis of
predation within individual taxa (Ebbestad & Stott 2008).
Thus, all numerical observations are based solely on the
specimens within the museum collections. On account of
the scarcity of material the specimens are grouped into
three arbitrary morphological categories, each containing a
number of species, with full awareness that specimens
from a variety of stratigraphic horizons and environmental
settings are placed together (cf. Ebbestad er al. 2009):

Figure 1. Jurassic pleurotomarioid gastropods from England. * A, B, E — Pleurotomaria sp., BMNH G 16631, Lower Lias, Honeybourne, Worcester,
x 1. A — oblique apical view showing a major repaired injury on last whorl. B, E — lateral and oblique umbilical view of another major repaired injury on
last whorl.  C, F — Pleurotomaria sp., BMNH G 22552, Middle Lias, Day’s Shell Bed, Margaritus Zone, Stokesi sub-zone, 200-300 yds E of Seatown,
Ridge Cliff, Dorset. C — lateral view of a major repaired injury on last whorl, x 1.8. F — umbilical view of the same injury shown in C, x 2.
* D, G, I- Pleurotomaria sp., BMNH G 10542, Lower Lias, Bengeworth, Gloucestershire. D — oblique apical view with two repaired whole shell injuries
right after one another. At the lower right corner another repaired injury is visible, x 1.4. G — lateral view of the lower whorls with four instances of re-
paired shell damage visible. On the last whorl there is a repaired injury affecting only the shell above the selenizone. On the whorl above there are two in-
juries; the one to the left is clearly seen above the selenizone with a possible continuation below (also figured in D). The one to the right is an injury below
the selenizone with a small portion of shell above the selenizone broken away at the same time. On the uppermost whorl in the photo a repaired injury is
visible only affecting the shell below the selenizone, x 1. I —lateral view with a major repaired injury on last whorl, x 0.8. « H, J — Pleurotomaria anglica
(Sowerby, 1818). BMNH G 632b, Lower Lias, Gloucestershire. H— close up of penultimate whorl with a major repaired injury affecting the whole whorl.
In the newly formed shell after the injury a repaired injury is visible below the selenizone, x 1. J —lateral view with another major repaired injury on the
penultimate whorl. An injury affecting only the shell above the selenizone is visible on the last whorl. An injury affecting the whole whorl is visible near
the apex, x 0.6. * K — Pleurotomaria anglica (Sowerby, 1818). BMNH G 632a, Lower Lias, Gloucestershire. Lateral view of apical part showing two
smaller scallops close to each other on the last whorl above the selenizone. On the whorl above two repaired injuries are visible below the selenizone and
one above the selenizone, x 0.8.
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(1) the Pleurotomaria anglica (Sowerby, 1818) group con-
tains rather large high spired trochiform shells, where height
and width are typically equal (see Fig. 1); (2) the Pleuroto-
maria actinomphala Deslongchamps, 1848 group consists
of less high spired trochiform shells (height less than
width), often with prominent tubercles (see Fig. 2A, B, H);
(3) the Pyrgotrochus Fischer, 1885 group contains conoi-
dal trochiform shells with a flat base (Fig. 2C, E, G).

No attempt has been made to revise the specimen iden-
tifications given on museum labels, although it is likely
that many of these date back to the studies of Mesozoic
pleurotomarioids made by L.R. Cox within the Natural
History Museum (e.g. Cox 1960). Specimens are grouped
after the division made at the Natural History Museum.
The Pleurotomaria anglica group, for example, also in-
cludes single specimens of P. rustica, P. subradians,
P. cognata, P. multicincta, P. amathei, P. araneosa,
P. undosa and P. hettangiensis. The P. actinomphala group
also includes specimens labelled P. ornata, P. armata,
P. granulata and P. paucistriata. Many of the 39 nicely
preserved Pyrgotrochus specimens are not assigned to spe-
cies but some single specimens are named P. bitorquata, P.
punctata, P. princeps, P. agatha, P. elongata, P. sub-
fasciata, P. conoidea and P. ornata.

A total of 73 specimens of Pleurotomaria anglica and
similar forms, 64 specimens of Pleurotomaria actinom-
phala and similar forms, and 39 specimens of Pyrgotrochus
were examined. The material is from Jurassic localities in
England. Specimens of the P. anglica group were collected
from a variety of Lower Jurassic (Lower Lias—Middle Lias)
localities, commonly in Somerset, Dorset, Gloucestershire
and Worcestershire. Many of the specimens come from
Bengeworth, Worcestershire (27 of 73). The majority of
specimens in the P. actinomphala group (35 of 64) come
from the Middle Jurassic Inferior Oolite at Bradford Abbas,
Dorset. The rest were collected from other localities in
Dorset, Somerset and Gloucestershire, with two collections
from Yeovil, Somerset (9) and Dundry, Somerset (9). Speci-
mens of Pyrgotrochus are also mainly from the Inferior
Oolite at Dundry, Somerset (20 of 39), and other single lo-
calities in Dorset and Somerset.

Shell repair frequency

Measuring the frequency of repaired injuries within an as-
semblage of gastropods is the simplest way to gain an esti-
mate of the interaction between gastropods and their presu-
med predators, although interpretation is fraught with
difficulties. A low incidence of injuries can either mean
that predators were scarce or ineffective, or that the preda-
tors were so abundant and successful that most prey suc-
cumbed with few individuals surviving to repair the shell.
A high incidence of shell repair probably demonstrates a
greater abundance of predators and the figure then reflects
the ability of the gastropod to withstand shell crushing or
peeling or some other defensive strategy (Vermeij 1982,
1987; Leighton 2002; Alexander & Dietl 2003).

There are two simple ways to calculate shell repair fre-
quency. In the first method, shell repair frequency is calcu-
lated as the number of specimens with at least one repaired
injury divided by the total number of specimens. This
method gives a clue as to how many individuals are af-
fected in a sample and has been widely used (Raffaelli
1978, Elner & Raffaelli 1980, Vale & Rex 1988, Cadée et
al. 1997, Lindstrom 2003). At the same time, it can give a
somewhat skewed picture since some specimens can have
several injuries.

In the second method, shell repair frequency is mea-
sured as the total number of injuries divided by the total
number of specimens in the sample, as used by Schindel ef
al. (1982), Vermeij & Dudley (1982), and Vermeij et al.
(1982). This method gives an estimate of the ‘intensity’ of
predatory attacks on a sample of gastropods, a relationship
between the effectivness of the predator and the gastro-
pod’s ability to withstand it. Even here, the figure can de-
ceive. For example, if one specimen in a sample of ten had
all five recorded injuries, the shell repair frequency calcu-
lated by the second method is 50%, in contrast to 10% cal-
culated with the first method. A thorough discussion of
these, and other ways of calculating repaired frequency and
prey effectiveness is given by Alexander & Dietl (2003).

Neither method is sufficient in itself and the best ap-
proach is to use both. The first method provides the overall

Figure 2. Jurassic pleurotomarioid gastropods from England. ® A — Pleurotomaria armata (Miinster, 1844). BMNH G 66467, Halfway House, Yeovil,
Somerset. Oblique lateral view with two repaired injuries near the aperture. To the right, an injury only affects the upper whorl surface of the final whorl,
while a later injury (lower centre) only affects the area below the selenizone, x 2.2. * B, D, F — Pleurotomaria actinomphala Deslongchamps, 1848.
BMNH G 52112, Inferior Oolite, Yeovil, Somerset. B — oblique lateral view with two repaired injuries on the last whorl, both of them are affecting the
whole whorl surface on both sides of the selenizone, x 2.8. D — lateral view showing two repaired injuries near the aperture only affecting the whorl above
the selenizone, plus one of the more severe injuries figured in Fig. 2 to the right, x 2.6. F —umbilical view with the continuation of the most severe injury
figured in B and D, x 2.2. « C — Pyrgotrochus elongata (Sowerby, 1818). BMNH G 18579, Inferior Oolite, Dundry, Somerset. Lateral view showing a ma-
jor repaired injury near apex tracing back for 4 of a whorl, x 1.6. « E, G — Pyrgotrochus sp. Fischer, 1885. BMNH G 66405, Inferior Oolite, Dundry,
Somerset. E — oblique lateral view with a major repaired injury in the centre of the photograph, x 2.2. G — oblique lateral view showing a severe injury at
the final preserved growth stage. Two whorls earlier there is another major repaired injury affecting the whole whorl surface, x 2.4. « H — Pleurotomaria
granulata (Sowerby, 1818). BMNH G 83767, Inferior Oolite, Bradford Abbas, Dorset. Lateral view with a repaired injury affecting the whorl on both

sides of the selenizone on last whorl, x 2.8.
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Table 1. Shell repair frequency in three Jurassic pleurotomarioid gastropod groups calculated in two ways, and the proportion of three types of injuries.
1 — the total number of specimens with repaired injuries divided by the total number of specimens. 2 — the total number of repaired injuries divided by the

total number of specimens.

Number of  Repair Frequency Repair Frequency =~ Whole whorl Above the Below the

specimens 1 2 injuries selenizone selenizone
Pleurotomaria anglica group 73 0.288 0.753 0.608 0.235 0.157
Pleurotomaria actinomphala group 63 0.444 0.810 0.500 0.238 0.262
Pyrgotrochus sp. group 39 0.462 0.923 0.353 0412 0.235

picture concerning how many specimens with repaired in-
juries are present in a sample, while the second method
gives a measurement of the encounter rate between preda-
tors and their prey.

Calculated by the first method, the shell repair fre-
quency for the P. anglica group is 28.8%. For the
P. actinomphala group it is 44.4% and for the Pyrgo-
trochus group it is 46.2%. Shell repair frequencies calcu-
lated by the second method are always higher; for
P. anglica 75.3%, P. actinomphala 81.0%, and Pyrgo-
trochus 92.3% respectively (see Table 1).

The Pleurotomaria anglica group consistently shows a
lower incidence of shell repairs than the P. actinomphala
group and Pyrgotrochus group. The difference is greatest
using the first method (proportion of specimens with inju-
ries) and much less when the second method is considered
(proportion of all repaired injuries to the number of speci-
mens). Thus, fewer specimens within the P. anglica group
show repaired shell injuries, but those specimens that do
often have several injuries. Indeed, one specimen has 11 re-
paired shell injuries (some of these injuries are shown in
Fig. ID, G, I). Specimens in the P. anglica group are often
large, with many of the specimens between 50 and 100 mm
in shell height. The mean number of injuries per specimen
with repaired injuries is: P. anglica group 2.6, for P. acti-
nomphala group 1.8 and for Pyrgotrochus group 2.0.

Location and type of injuries

The selenizone effectively divides the outer shell surface in
two halves, above or below, in standard orientation with
the apex up and the aperture facing the viewer. Lindstrom
(2003) discussed the effect of a selenizone on the patterns
of repaired injuries, discriminating three main types of re-
paired injuries that are also recognized in the present Juras-
sic material.

The first type of fracture crosses the selenizone and af-
fects all the outer shell surface from the suture with the pre-
vious whorl to the umbilical surface, or at least to the
angulation at the base. These major injuries often result in
the loss of a large piece of the shell (e.g. Figs 1A, B, E, J;
2B, C, G, H). The other two types of injuries are perhaps no
less severe in terms of the degree to which the shell is bro-
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ken back, adapically, from the aperture, but they are re-
stricted to either above or below the selenizone (e.g.
Figs 1G, H, K; 2A, D). They probably occurred in the most
adapertural part of the shell, where the slit was present,
with the slit preventing extension of the fracture. However,
itis also possible that the band of shell material forming the
selenizone was a line of weakness which might also have
prevented propagation of the break.

It can be difficult to establish if an injury results from
one single attack or perhaps two, for example, when inju-
ries above and below the selenizone are separated by a
short distance along the selenizone as seen in Fig. 2A. The
two injuries might result from a single attack if the trans-
verse fracture is displaced by the slit or the selenizone.
Since such relationships are difficult to confirm, this type
of injury is considered as two separate events throughout.

In the Pleurotomaria anglica group 60.8% of the inju-
ries traverse the entire outer shell surface, from suture to the
umbilical side; only 23.5% affect the shell above and 15.7%
the shell below the selenizone, respectively (see Table 1). In
the P. actinomphala group, injuries affecting the entire outer
whorl surface are still the most common (50%), but there is a
larger proportion of injuries below the selenizone (26.2%).
In the Pyrgotrochus group, injuries above the selenizone are
the most common (41.2%), with the percentage of injuries
(35.3%) affecting the entire outer whorl surface is substan-
tially lower than in the other two groups.

The abundance of injuries below the selenizone may be
biased negatively on account of whorl overlap in the
trochiform shells. In whorls prior to the final whorl much
of the umbilical surface is covered by the following whorl,
and injuries occurring within this area are not visible. How-
ever, a significant portion of the lower whorl surface is ex-
posed between the selenizone and the suture with the fol-
lowing whorl in members of the P. anglica group
(Fig. 11, J), enabling recognition of injuries which extend
to the slit/selenizone. This area is less well exposed in the
spire of members of the P. actinomphala and Pyrgotrochus
groups, although injuries reaching the selenizone will still
be detected.

Repaired injuries found above the selenizone the
Pleurotomaria anglica group usually terminate at the
selenizone and normally start at the suture with the previ-
ous whorl (Fig. 1G, H, K). Some smaller scallops show no
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connection with the selenizone or the suture (Fig. 1K on the
last whorl) but these are quite uncommon. A single exam-
ple of a similar scallop found on the umbilical side had no
connection with the selenizone. In the P. actinomphala and
Pyrgotrochus groups many injuries on the upper whorl sur-
face seem to start below the suture with the previous whorl
(e.g. Fig. 2B-D, G). If they start at the suture the fracture
quickly bends adapically to follow a spiral thread some dis-
tance below the suture, as noted in Pyrgotrochus. P. acti-
nomphala has a row of protruding knobs on the upper shell
surface which may hamper the propagation of breaks.
Adpression of whorls resulting from the conical profile of
Pyrgotrochus probably strengthens the sutural area, with
the result that fractures develop somewhat below the
sutural line.

Discussion

We know of no specific study of shell repair in Jurassic
pleurotomariids but repaired injuries of the type described
herein are visible in illustrated specimens in published sys-
tematic studies (e.g., Das et al. 2005, Harasewych & Kiel
2007, Schubert et al. 2008).

The division into three loosely defined morphological
types was proposed to facilitate investigation of the relation-
ship between shell repair frequency and shell shape, using
the two ways of calculating shell repair frequency men-
tioned above. Differences in shell repair frequency between
the groups were found to be greater with the first method
(proportion of specimens with at least one repaired injury)
than with the second method (total number of injuries di-
vided by the total number of specimens; see Table 1). The P.
anglica group stands out, with a much lower repair fre-
quency (28.8%) calculated by the first method than for the P.
actinomphala (44.4%) and Pyrgotrochus groups (46.2%).
The P. anglica group also shows a lower figure when the
second method is used but the difference is less pronounced:
75.3% compared to 81.0% for the P. actinomphala group
and 92.3% for the Pyrgotrochus group. Thus, members of
the Pleurotomaria anglica group have the lowest frequency
of repairs in both cases, while members of the Pyrgotrochus
group show the highest frequency of shell repairs.

The incidence of repaired injuries in gastropods usually
increases with increasing size of the shell as the individual
gastropods have been exposed to shell breaking agents for
alonger time. Furthermore, small (or juvenile) shells might
have a higher fatality rate than large (adult) shells. Larger
specimens are also likely to be more resistant to lethal
breakage than smaller shells, as confirmed by Vermeij &
Dudley (1982) and Vermeij et al. (1982). Schindel et al.
(1982) demonstrated that higher spired species tend to
show a higher shell repair frequency than species of lesser
shell height. While the shells in this study differ in size and

relative height, they cannot be directly compared in these
terms. Shells of the P. anglica group are always much
larger than those of the P. actinomphala and Pyrgotrochus
groups, and shell size within the three groups is relatively
consistent. P. anglica group specimens are most frequently
between 50 and 100 mm high, whereas shells in the
P. actinomphala and Pyrgotrochus groups were generally
much smaller, 15-30 mm and 30-40 mm in shell height,
respectively. Despite this, it cannot be shown that shells of
a greater size (i.e. P. anglica group) show more repaired in-
juries and thus a higher shell repair frequency than the
smaller shells. Perhaps shells of the P. anglica group were
too large for most contemporary predators, were attacked
less often and therefore show lower figures of shell repair
as they grew into a size refuge (Schindel et al. 1982,
Vermeij 1987, Schmidt 1989). Such a refuge might show
two aspects: one with large shells in which a growth stage
shows many repaired injuries, and a second where injuries
are absent as the shell simply becomes too large to attack
(Leighton 2002). The mean number of injuries per speci-
men with repaired injuries in the P. anglica group is the
highest value recorded, at 2.6 injuries per repaired speci-
men even though fewer specimens show repaired injuries.

Schindel et al. (1982, table 4) noted a direct correlation
between spire height and shell repair frequency in six
trochiform taxa and the studied material conforms well
with that general scenario if only shell form is concerned.
Collectively, members of all three groups show high fre-
quencies of shell repair in agreement with published fig-
ures from several works containing both low and high
spired species (Schindel et al. 1982, Vermeij & Dudley
1982, Vermeij et al. 1982). Members of the P. anglica
group, however, show a lower frequency of injuries than
gastropods in the P. actinomphala group in spite of being
higher spired. The shell in the Pyrgotrochus group is al-
most perfectly conoidal (Fig. 2C), with the highest spire
and smallest pleural angle, and shows the highest fre-
quency of repaired injuries. This high frequency may be a
combination of the greater resistance of the conoidal form
but also reflect the higher number of whorls present in
members of this group.

Many individual injuries appear substantial on account
of the highly disturbed growth of the newly formed shell
(e.g. Fig. 1A, B, I, J). However, the gastropod still retains a
large part of undisturbed original shell around the aperture
in those cases where the slit or selenizone restricts the frac-
ture to one sector of the outer whorl surface. Injuries of this
type are clearly traumatic but probably not often lethal. In-
juries which cross the entire outer face are potentially more
of a threat to the gastropod and probably result in death in
many cases. If only these most extensive injuries are con-
sidered, members of the P. anglica group show a repair fre-
quency of 42.5%, compared to 33.3% in the P. actinom-
phala group and 35.9% in the Pyrgotrochus group,
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calculated by method two. Assuming that the higher num-
ber reflects a greater rate of survival, there is support for the
notion that larger shells are more resistant to lethal preda-
tory attacks.

The characteristic pleurotomarioidean slit in the aper-
tural margin delimits two free apertural lips of shell mate-
rial, one above and one below, which potentially may be
easily broken off by either a predator or perhaps even by
accidental non-biological damage. This type of breakage
could create the separate injuries found either above or be-
low the selenizone (e.g. Fig. 1G, K; Fig. 2A, D). It is proba-
ble that the force required to break these free lips is sub-
stantially less than that required to peel the shell backwards
from the aperture to produce a major injury across the en-
tire outer whorl surface (e.g. Fig. 1A-C, J). If substantially
less force is needed to break the individual free lips this
type of injury should be relatively common. In the
P. anglica group such injuries comprise about 40% of all
injuries and in the P. actinomphala group the figure is
50%. Members of the Pyrgotrochus group, however, show
a much higher relative incidence of this type of injury,
about 64%. This higher value probably reflects the greater
depth of the open slit, and its greater effectiveness in stop-
ping the propagation of fractures, thus inhibiting lethal in-
jury. Moreover, the most common type of injury in the
Pyrgotrochus group only affects the shell surface above the
selenizone. This is probably due to the conical shell shape,
with the slit/selenizone being located low on the body
whorl. The base is relatively reduced, leaving the upper
whorl surface, which lacks a shoulder, more susceptible to
attack. In life position, the shell was probably oriented with
the axis of coiling at a high angle to the substrate, further
protecting the flattened base.

Specimens of Pleurotomaria, on the other hand, have a
shorter slit and a more rounded whorl profile with a convex
base. The umbilical surface was almost as susceptible to at-
tack as the upper whorl surface. The shorter slit was proba-
bly less effective in limiting propagation of fractures such
that injuries traversing the entire outer whorl surface
should be more frequent. In the P. anglica group, such inju-
ries crossing the entire outer whorl surface make up the ma-
jority (about 60%) of repaired injuries.

The length of the slit seems to be positively correlated
with the number of individual injuries in the specimens of
Pleurotomaria and Pyrgotrochus considered here. Pyrgo-
trochus, with the deepest slit, shows the highest frequency
overall of shell repair. It was just this relationship that
Lindstrom (2003) tested in the Carboniferous Worthenia
tabulata and Glabrocingulum grayvillense. The hypothesis
was that more repaired injuries would be expected in
Glabrocingulum grayvillense with a deeper slit since the
aperture would be weakened by the presence of the deep
slit. Nevertheless, it was the short-slitted Worthenia
tabulata that showed the higher figure of shell repair fre-
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quency; apparently it adopted a better defensive strategy,
resulting in greater survivorship. The deeper slit of
Glabrocingulum rendered it more susceptible to lethal at-
tacks with the result that shell repair frequency was low
(Lindstrom 2003).

Following this argumentation, the abundance of non-
lethal injuries in members of the Pyrgotrochus group is not
a simple reflection of the weakening effect of greater slit
depth, but an indication of some kind of effective defensive
strategy. Members of this group show a lower frequency of
injuries crossing the entire outer whorl surface than in the
Pleurotomaria anglica group, which may suggest that they
were less effective in surviving this type of attack than
members of that group or that there were fewer attacks.
The first alternative is not unlikely if it reflects the aperture
being peeled back beyond the culmination of the deep slit
since a substantial amount of shell material will have been
removed. The high abundance of attacks on the upper
whorl surface in the Pyrgotrochus group indicates success-
ful resistance, many attacks were apparently contained to
this stage. It may well be that a better interpretation of the
protective influence of a deep slit in members of the
Pyrgotrochus group lies in the abundance of repaired inju-
ries on the upper whorl surface as fractures are constrained
by the slit. Once a predator had penetrated beyond the cul-
mination of the open slit, the chances of survival of the gas-
tropod were much reduced.

The dominance of whole whorl repaired injuries in two
of the three pleurotomarioid groups (Fig. 3) can be com-
pared with the similar dominance of medial repairs in
bellerophontiform molluscs with a deep slit (Ebbestad et
al. 2009). Given the bilateral symmetry of the latter group,
the distinction between repaired injuries on the upper and
lower whorl surfaces is not relevant. Bellerophontiform
molluscs with a shallow median slit or sinus showed a near
equal distribution of medial and lateral injuries, confirming
the potentially limiting effect of the deep slit in Jurassic
pleurotomarioids seen herein.

Vermeij (1977, 1987) predicted that the incidence of
shell repair would increase with time because of an arms-
race between prey and predator. The currently described
Jurassic specimens are derived from the early stages of this
‘Marine Mesozoic Revolution’ (MMR; Vermeij 1977,
Harper 2003), at least as depicted in the classic Sepkoski
curves of diversity (cf. Huntley & Kowalewski 2007,
fig. 1). Harper (2003) implied that this late appearance of
the MMR (in the Cretaceous) may be a result of a lack of
information from the Triassic and Jurassic, as is also appar-
ent from sampling data presented by Huntley & Kowa-
lewski (2007, fig. 1) in their investigation of the coupling
between diversity and predation in the Phanerozoic. Our
data may help resolve this deficit.

Overall, the frequency of shell repair for all three
pleurotomarioid groups is high when compared to
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Palaeozoic gastropods (Schindel er al. 1982; Lindstrom
2003; Lindstrom & Peel 2003, 2005) but Ebbestad & Stott
(2008) have demonstrated that shell repair frequencies in
Ordovician gastropods can be significantly higher than is
often assumed for the Lower Palaeozoic. Their data sup-
port the observations of Huntley and Kowalewski (2007)
that predation intensity increased already at that time,
rather than 60-70 m.y. later, during the ‘mid-Palaeozoic
Marine Revolution’ of Signor & Brett (1984). Lindstrom
(2003) noted an injury frequency of 46.5% for Worthenia
tabulata and 5.4% for Glabrocingulum grayvillense from
the Carboniferous, while Schindel et al. (1982) noted 79%
and 12%, respectively, in assemblages of the same species.
Values in this study range between 75.3% and 92.3%. (All
figures are method two, total number of injuries divided by
the total number of specimens). This trend may indicate
that there were more predators in the Mesozoic and there-
fore more traces of their durophagous activities in the
pleurotomarioid shells. Alternatively, or additionally, it
can reflect some new adaptation resulting in fewer lethal
attacks. The Jurassic pleurotomarioids described herein are
profoundly larger than most of their Palacozoic relatives,
suggesting that size increase may be the strategy they
adopted for survival in the Mesozoic.
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