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A biometric analysis of the lower teeth of Recent cow sharks (Hexanchidae) investigates the ontogenetic and phylogen−
etic aspects of the dental characters employed by many ichthyologists and palaeontologists. The dental characters cur−
rently used to separate two extant species of sixgill sharks (Hexanchus griseus and H. nakamurai) are analysed and the
fossil record of their relatives reviewed. The main results suggest that the cusp number ratio (number of cusps per mm) is
preferable to width of the lower tooth for inference of total body size, at least in species of Hexanchus. The presence of a
serrated edge or an enlarged acrocone appears to depend on ontogeny and care must be taken when using these as
taxomomic characters. Three Eocene species of Hexanchus, H. collinsonae, H. hookeri, and H. agassizi, and a new as−
semblage of fossil teeth from the late Ypresian/early Lutetian (Early/Middle Eocene) of south−western France, are also
analysed. The first two of these species may be ontogenetic states of H. agassizi. Hexanchus agassizi, belonging to the
vituliform lineage and closely related to the living H. nakamurai, is considered here to be the only species of Hexanchus
in the Lower to Middle Eocene. A brief overview of Palaeogene Hexanchus, suggests no evidence of the grisiform group
(closely related to living H. griseus) before the Late Eocene.
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Introduction
In Recent oceans, hexanchid or cow sharks are one of the
less diverse shark groups. Only three living genera and four
species belong to the family Hexanchidae. The most con−
spicuous diagnostic features of these sharks are the pres−
ence of six or seven gill slits, only one dorsal fin and
antero−lateral lower teeth with a sawblade−like (most com−
monly described as comb−like) appearance (Bigelow and
Shroeder 1948; Compagno 1973, 1977; Kemp 1978; Ca−
denat and Blache 1981). Fossil species of the Hexanchidae
are more numerous and have a long stratigraphic range ex−
tending back to the Lower Jurassic (Beaumont 1960). Taxa
are mainly based on isolated teeth, particularly lower teeth.
However, fossils are relatively sparse, especially before the
Upper Cretaceous, and are often limited to fragmentary ma−
terial. This has led to debates about the systematics of the
group (Ward and Thies 1987; Cappetta 1987, 1990; Long et
al. 1993). Fossil remains from the Upper Cretaceous and
Cenozoic are better known, generally more numerous and
include among others the three extant genera.
Following the palaeontological work of Ward (1979),
two morphological types of lower teeth are usually consid−
ered to be present in Cenozoic Hexanchus: grisiform and
vituliform (Ward 1979). The separation of these two “mod−
ern lineages” since the Early Eocene is based on the observa−
tion of discrete variation in the shape of the lower antero−
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lateral teeth between the two living species, the great blunt
nose sixgill shark, H. griseus (Bonnaterre, 1788), and the
smaller big eyed sixgill shark, H. nakamurai Teng, 1962. In−
cluded in the synonymy of this last species is H. vitulus
Springer and Waller, 1969 (Taniuchi and Tachikawa 1991,
Compagno 1999). Kemp (1978) and Welton (1979) pointed
out taxonomic difficulties caused by the ontogenetic devel−
opment of the lower teeth in Recent Hexanchus. Neverthe−
less, slight differences in antero−lateral tooth morphology
have been regarded as key diagnostic characters allowing
distinction between the two living species in many hand−
books (Whitehead et al. 1984; Compagno 1984). Cione and
Reguero (1994) subsequently suggested that most of the den−
tal features were too variable to be employed for separation
of the two living species, whereas Herman et al. (1994) con−
sidered that there were three living species within the genus
Hexanchus based on odontological characters. Other Palaeo−
gene fossils of Hexanchus have been found since the work of
Ward (1979) and it is sometimes difficult to assign them to a
particular species. This ambiguity arises because dental vari−
ations were never fully analysed in living Hexanchus before
their employment as taxonomic characters (Cappetta 1980)
and it is clear that analysis of ontogenetic variability is re−
quired.
The purpose of this paper is to examine ontogenetic and
individual variations between the extant and extinct species
of sharks of the family Hexanchidae, especially Hexanchus.
http://app.pan.pl/acta51/app51−477.pdf
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Fig. 1. A. Simplified terminology of a Hexanchus lower tooth (Hexanchus griseus, 4th right file, >300 cm total length, UMC−REC204bM). B. Schematic
drawing of measurements (homologuous points and intermediate distances) discussed in the text.

Analysis was first carried out on Recent Hexanchus and
then extended to Palaeogene specimens, particularly a large
new collection of isolated lower teeth from the late
Ypresian/early Lutetian of south−western France. This has
allowed reassessment of the significance of the supposedly
diagnostic characters traditionally used in hexanchid taxon−
omy (e.g., width of tooth, cusp number, the presence of ser−
ration on acrocone and presence of erected symphysial
tooth), and clarification of whether the splitting of the
two Recent lineages of Hexanchus took place before the
Lutetian.
Institutional abbreviations.—UMC, University of Montpel−
lier, France; UMC−SG, collection of fossil shark teeth from
the Saint−Geours−d’Auribat quarry at UMC; UMC−REC,
collection of Recent shark teeth at UMC.

Material and methods
The characters used to describe hexanchid teeth, particu−
larly in the genus Hexanchus, are usually based on general
size and sometimes on qualitative variations in morphology
(e.g., degrees of cusp serration and root enlargement).
However, few studies on specific variation have been un−
dertaken when describing Recent or fossil teeth of
hexanchids (Welton 1979; Herman et al. 1994; Kaneko et
al. 1997). Variation in tooth morphology within selachian
species is usually termed heterodonty (Compagno 1970;
Cappetta 1986, 1987), with several subdivisions (e.g., onto−
genetic and gynandric heterodonty) according to its effect
or its cause. In addition to ontogenetic heterodonty, two
other types of heterodonty occur in hexanchid species,
monognathic heterodonty (variation of tooth morphology
along each half jaw) and dignathic heterodonty (variation of
tooth morphology between upper and lower jaws). In fact,
three major dental morphologies may be recognised on
hexanchid jaws: upper anterior teeth with hook−like shapes,
upper lateral teeth and antero−lateral lower teeth with
sawblade−like or comb−like shapes, and commissural lower

and upper teeth with similar pavement−like morphologies.
Only antero−lateral lower teeth are studied here for two rea−
sons. First, the highly variable morphology of the upper
teeth and the scarcity in the fossil record of commissural
teeth restrict their value in taxonomy. Secondly, fossil
Hexanchidae have been described essentially using lower
antero−lateral teeth.
Dental terminology (Fig. 1A) has been taken from nu−
merous works (Applegate 1965; Kemp 1978; Cappetta
1976; Welton 1979; Ward 1979). In the present study, each
antero−lateral lower tooth has been analysed independently.
Eight metric distances and their respective angles have been
measured between eight points considered as homologous
(for L1–L5) and directly taken on the labio−lingual view of
the tooth (Fig. 1B) or calculated from line intersections (for
L6–L8) using graphics tablet software. The width of the
lower teeth has been computed from other metric measure−
ments. A total of 217 complete lower teeth (UMC−REC) of
Recent Hexanchus griseus (Bonnaterre, 1788) (e.g., Fig. 2)
were measured using a graphics tablet under an enlarger.
For Recent material, the position of the tooth on the lower
jaw (named file), as well as the sex and total length of the
shark, were recorded for each measured tooth. Also on Re−
cent and on well preserved fossil teeth, the number of cusps
was recorded, and in all cases, the presence or absence of
serration on the mesial edge of the acrocone (the first mesial
cusp) was noted. Each lower tooth contains up to 20 quanti−
tative and qualitative variables: inter−point distances
(L1–L8) and angles (A1–A8); width of crown; total length
of the fish, tooth position on the jaw (named file); number
of cusps; sex of fish; and presence/absence of serration on
the mesial edge of the first cusp. Because of difficulties in
obtaining fresh hexanchid jaws, all species have not been
equally sampled. Therefore, Hexanchus griseus is repre−
sented by 150 teeth in young and subadult fishes, whereas
H. nakamurai, H. perlo, and Notorynchus cepedianus are
represented respectively by 26, 24, and 27 lower teeth from
sub−adult to adult fishes. Material, all collected during the
three last decades, is housed in the Palaeontology Depart−
ment, University of Montpellier II, France. To complement

ADNET—TEETH MORPHOLOGY OF HEXANCHID SHARKS

479

the database of Recent species, measurements were taken
from Welton (1979, table 12), Kaneko et al. (1997: table 1)
and from the figures of Kemp (1978: pl. 12: 5; 1991: pl. 6:
A1) with respective information on body length, sex and
tooth position. The same measurements have been made on
available and well preserved fossil Hexanchus teeth. Com−
parative measurements (Appendix 1) were made on fossil
material or directly on figured specimens of Palaeogene H.
agassizi (Cappetta 1976), H. collinsonae, H. hookeri (Ward
1979), H. microdon (Arambourg 1952) and on the new ma−
terial from south−western France (see below) using the
same protocols.

New Eocene material from
south−western France
Eocene material from south−western France represents one
of the largest known collections of Palaeogene Hexanchus. It
is composed of more than 100 teeth ranging from 0.7 cm to
1.55 cm in width. This material was obtained by surface col−
lecting and screening−washing of more than 1000 kg of blue
marls of the “Donzacq marls” Formation (Sztrakos 1996)
from the working quarry at Saint−Geours−d’Auribat, east
Dax, Landes. Contemperaneous exploited levels were for−
merly dated as Late Ypresian (Platel 1990) or Early Lutetian
(Boulanger 1968; Steurbaut in Nolf 1988), but are now
regarded as late Ypresian/early Lutetian [?P9–P10, NP14]
(Sztrakos et al. 1998; Adnet 2000, Nolf et al. 2002). A large
fossil selachian fauna, including fragmentary teeth of species
of Heptranchias, is under study or published in part (Adnet et
al. 2006). Using current taxonomic criteria, each level con−
tains lower teeth from both the vituliform and grisiform
Hexanchus groups (Fig. 3).

Fig. 2. Overview of dental variations in lower teeth of living species of
Hexanchus. Labial view of some lower teeth of Hexanchus griseus (A–L)
and Hexanchus nakamurai (M–O). A. &uncertain (UMC−REC204bM),
>300 cm TL; 1st left file (A1), 3rd (uncertain) left file (A2), and lateral left
file (A3). B. % (UMC−REC204M), 300 cm TL; 3rd right file (B1), 1st right
file (B2), symphysial file (B3), and 1st left file (B4). C. % (UMC−
REC162M), 223 cm TL; 1st left file (C1), 2nd right file (C2), and 3rd left
file (C3). D. % (UMC−REC175M), 195 cm TL; 1st left file (D1), 3rd left file
with enlargement on the mesial serrated cutting edge of the first cusp (D2),
4th left file (D3), and 5th left file (D4). E. & (UMC−REC161M), 191 cm
TL; 1st left file (E1) and 3rd left file (E2). F. % (UMC−REC611M), 1.08 cm
TL; 1st left file (F1), 4th left file (F2). G. & (UMC−REC163M), 114 cm TL,
1st right file. H. & (UMC−REC164M), 117 cm TL, 3nd left file. I. Un−
sexued (UMC−REC201M), 58 cm TL 2nd right file. J. Unsexued (UMC−
REC172M), 72 cm TL, 2nd left file. K. Unsexued (UMC−REC173M),
75 cm TL, 1st left file. L. % (UMC−REC174M), 80 cm TL, 1st right file.
M. & uncertain (UMC−REC197M), 148 cm TL; 4th rigth file (M1), 1st
right file with enlargement on the mesial serrated cutting edge of the first
cusp (M2), symphysial file (M3). N. % uncertain (UMC−REC192M),
145 cm TL; 3rd right file (N1) and 1st left file (N2). O. Sex undetermined
(UMC−REC196M), 1 m TL, 1st right file (O1), 1st left file (O2), 3rd lateral
file (O3), and 4th lateral file (O4). A–D and F–O are respectively at the
same magnification (vertical white bars). Abbreviation: TL, total length.
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Results
Recent Hexanchus griseus (Bonnaterre, 1788)

5 mm
(A–J)

5 mm
(K)

To test the quality of the measurements, multiple analyses of
variance on all measured values for living species were un−
dertaken. The results indicate no significant differences be−
tween the right and left rows of lower jaws. Mean values,
standard deviations and other parameters are given in Ap−
pendix 1 for all analysed specimens.
Width of tooth and growth of shark.—In the large species H.
griseus, the length of the body (total length according to
Compagno 1984) and width of the tooth of each file are well
correlated (R = 0.95 to 0.98, p <0.001). A simple linear re−
gression equation expressing the relationship between the
width of lower teeth and the body length of the shark can be
calculated: length of shark (in cm) = 111 × width of tooth (in
cm) + 3.9 (R = 0.97, p <0.001; N = 243). The three other
smaller species were also analysed. The width of the lower
teeth of N. cepedianus shows the same relationship to body
length as H. griseus, whereas H. perlo teeth are closer to the
relationship seen in H. nakamurai where shark length (in cm)
= 65.1 × width of tooth (in cm) + 23.1 (R = 0.91, p <0.001;
N = 27). H. griseus and N. cepedianus possess six lower teeth
(per half jaw) compared to the five present in H. perlo and H.
nakamurai. This seems to indicate that the widening of the
lower jaw teeth follows the growth of the shark, with a rela−
tionship which depends on the lower dental formula in
hexanchids.
Cusp number.—Lower teeth of available Hexanchus griseus
specimens have between 4 and 11 cusps (including the first
mesial cusp, the acrocone), according their position on the
jaw and the size of the shark. If the entire population is con−
sidered, the number of cusps appears to vary slightly with file
position (with minimum values for the first and sixth files
and maximum for the third file) and shark size. When each
file is considered independently, the number of cusps in−
creases slowly with the body length of the shark, with a mean
increase of 1 cusp for 80 cm of length. However, the ratio be−
tween the number of cusps and tooth width (number of cusps
per centimetre) decreases with the body size of the shark.
Consequently, as Welton (1979) noted, if the adult cow
sharks possess lower teeth with a greater number of cusps
than the juveniles, then the second ones have lower teeth
with relatively more cusps than the first ones (see Fig. 2I–L).
Fig. 3. Fossil Hexanchus sp. lower teeth from the Donzacq Formation of
Saint−Géours−d’Auribat (late Ypresian/early Lutetian, south−western France).
A. UMC−SG13, antero−lateral file, labial view. B. UMC−SG130, antero−lat−
eral file, lingual view. C. UMC−SG15, lateral file, labial view. D. UMC−
SG14, antero−lateral file, labial view. E. UMC−SG131, lateral file, lingual
view. F. UMC−SG132, antero−lateral file, lingual view. G. UMC−SG17, lat−
eral file, labial view. H. UMC−SG133, lateral file, labial view. I. UMC−
SG134, broken lateral lower tooth with peculiar deep root, labial (I1) and lin−
gual (I2) views. J. UMC−SG135, lateral file, labial view. K. UMC−SG12,
symphysial file, lingual view.

ADNET—TEETH MORPHOLOGY OF HEXANCHID SHARKS

481

11

10

Hexanchus griseus
Hexanchus nakamurai

9

number of cusps/ width of tooth (in cm)

Hexanchus perlo
Notorynchus cepedianus

8

regressive curve for Hexanchus species
deducted from calculated minimal values (SD)
7

regressive curve for Hexanchus species
deducted from observed minimal values

6

5

4

y = 110.0

3

y = 119.1

7(x) –0.625

5(x) –0.645

2
30

80

130

180

230

280

330

380

430

body lenght of shark (in cm)

Fig. 4. Relationship between the number of cusps per tooth width (vertical axis) and total body length (horizontal axis) in Recent hexanchid species. Varia−
tion of values along the jaw for each specimen are shown by the mean values (symbol) and the standard deviations (vertical bar).

Other hexanchid species were also analysed and placed on
the same bivariate plot (Fig. 4). At equal body size, H.
nakamurai shows lower teeth with the same ratio as H.
griseus. N. cepedianus, and to a lesser degree H. perlo, pos−
sess lower teeth with a smaller ratio which allows easily sep−
aration from other hexacanthid species. Finally, the ratio of
number of cusps/width of the tooth appears to be better corre−
lated in the group than tooth width which depends more on
available jaw space available (and thus dental formulation).
As the body size of cow sharks is inversely correlated with
this ratio, one can apply it a posteriori to deduce the size of
the shark from its teeth. To minimise aberrant values and
consider individual variability, only the minimal values for
each data set (per specimen) are considered. Regression anal−
yses have been made for the minimal values for each calcu−
lated distribution (mean value minus one standard deviation;
R = 0.97, p <0.001; N = 26; continuous line on Fig. 4) and
from observed minimal values for each data set of Hexan−
chus (R = 0.96, p <0.001; N = 26; dashed line on Fig. 4),
which show no significant difference.
Acrocone morphology.—Quantitative variables in the teeth of
Recent Hexanchus griseus and other species have been stud−
ied using PCA. No qualitative distinction (specific or sexual
groups) is evident from the two resulting major axis which ex−
plain 70% of the variability. The first principal axis explains
only overall shark size. This is essentially composed of the

nine distance variables (L1–L8 and tooth width). The evolu−
tion of the size of the first cusp (acrocone) size is a particular
focus of interest because of its taxonomic importance. One ap−
proach is to compare the sizes of its mesial (L1) and distal (L2)
edges with those of the second distal cusp (e.g., ratios L1/L3,
L2/L4, L1/L4, and L2/L3; see Fig. 1B). Dependence tests and
regression analyses between each ratio and the tooth width,
sex and body size have been computed. In all cases, these ra−
tios increase with the width of the tooth and with body size,
suggesting an increase of acrocone size compared to that of
the second cusp as the sharks grow.
The relative increase in acrocone size appears to be similar
in the two species of Hexanchus despite a difference in growth
rate. The distribution of L2 values compared to L3 values (Fig.
5) illustrates this difference in growth rate because it reflects
the importance of the acrocone compared to the second cusp.
Several logarithmic regressions can be computed with the
same confidence between L2 and L3 values for H. griseus and
the choice has been to keep the simplest one. One of the better
regressions appears to follow an exponential equation (R =
0.94, p <0.001; N = 151). Despite a smaller sample size, a sim−
ilar equation can be applied to the L2/L3 values of H.
nakamurai (R = 0.73, p <0.01; N = 26). No formula has been
calculated for N. cepedianus or H. perlo because of the lack of
a significant regression (R<0.7). Regression curves and L2/L3
values have been drawn and distinctions made between teeth
with serrated and non−serrated acrocones (Fig. 4). For the
http://app.pan.pl/acta51/app51−477.pdf
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lower teeth of Hexanchus, increase in acrocone size compared
to the second cusp appears to be non−linear and reveals
allometric growth. Differences in the speed of development
(growth rate) of the acrocone between the two species of
Hexanchus may be explained by the fact that H. griseus
reaches a total length in excess of 480 cm (Castro 1983; Com−
pagno 1984), possibly larger (Clark and Kristof 1990; Celona
et al. 2005), compared to the maximum length of 180 cm in H.
nakamurai (Compagno 1984). Even though the largest mature
H. griseus and the smallest juvenile H. nakamurai are lacking
in the data set used here, L2/L3 regression curves are very dis−
tinct for these two living species (Fig. 5). This is particularly
interesting in the context of discriminating between teeth of
juvenile H. griseus and those of adult H. nakamurai, two
sharks which have very similar body sizes and tooth widths.
Indeed, the two living species of Hexanchus seem to possess a
similar pattern of acrocone growth, with various parameters
attesting to the difference of growth rate between the large and
the small sixgill sharks.

New Eocene material of a Hexanchus
Size reconstitution.—The material studied from the late Ypre−
sian/early Lutetian of south−western France comprises lower
teeth from 0.7 to 1.55 cm in width, showing 7–8 cusps per
crown and a serrated acrocone (Fig. 3). Measured parameters
are reported in Appendix 1. The calculated minimum values of
distribution (mean minus one standard deviation) for the cusp
number ratio (number of susp per width of tooth) indicate a
maximum size of shark around 110 cm in total length, with an
error range of 0.2 m.
Biometric analysis.—As a first step, all the available vari−
ables calculated from measurements of fossil teeth were ana−
lysed along with those of the two living species of Hexan−
chus. As for the samples of Recent species, no qualitative
distinction (specific or sexual groups) is evident from the
PCA. L2/L3 values of fossil teeth have been plotted on a
bivariate graph which also contains the previous regression
curves and/or plots from teeth of living Hexanchus species
(Fig. 6). The abundance of material allows a regression curve
to be calculated as for the living species (N = 75; R = 0.87).
As one would expect, the distribution of values and re−
gression equation parameters are close to those of living
Hexanchus and more particularly to H. nakumurai, despite
the number of cusps and absolute values of L2 and L3 being
slightly lower. ANOVA performed on the L2/L3 ratio con−
firms the lack of species differentiation between H. naka−
murai and the fossil sample from Landes (F = 2.92, ns),
whereas H. griseus and the Landes sample are significantly
different (F = 29.8, p <0.001). This result shows that varia−
tion of acrocone size in the fossil sample compares well with
that of modern Hexanchus species such as H. nakamurai. In−
deed, all Hexanchus fossil teeth from south−western France
seem to belong to a unique species of the vituliform group of
Ward (1979). Differences in tooth morphology within this
sample can be considered as ontogenetic.
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Discussion
Tooth width and shark size
Generally speaking, all observed morphological and bio−
metric tooth characters are more or less correlated with the
overall growth of the shark. For the four living hexanchid
species, the width of the lower teeth increases proportion−
ally to body size at two different rates (estimated from the
regression coefficients) that depend more on dental formula
than species affiliation. Moss (1967: 324) obtained a simi−
lar regression curve for lemon shark teeth: size of shark (in
cm) = 128 to 135 × width of tooth (in cm) according to file,
14–17 files of tooth per half lower jaw. Similar regression
coefficients have been computed from Hubbell’s data
(1996) on white sharks: size of shark (in cm) = 127 × width
of tooth (in cm) + 41 on the first upper tooth with 12–13
files of tooth per half upper jaw. Although unverified, all of
these coefficients seem to increase with the number of teeth
per half jaw in different shark species and may indicate that
the width of the teeth is more constrained by the amount of
free space in the jaw than phylogenetic affiliation or dental
strategy. Application to fossils seems to be very limited be−
cause of the lack of information concerning the dental for−
mulae of fossil sharks which are generally known from iso−
lated teeth. Using the ratio length of acrocone/height of root
on lower teeth, Kaneko et al. (1997) inferred the dental for−
mula in isolated Hexanchus teeth from the Miocene of Ja−
pan. Application of the same ratio in Recent teeth does not
support their results. Though the width of the tooth appears
to depend on dental formula, the ratio between the number
of cusps and tooth width correlates more with generic affili−
ation and appears to be more appropriate in extrapolating
the general size of shark (see Fig. 4).

Hexanus vitulus/H. nakamurai/H. griseus debate
Lower symphysial teeth.—The presence of a median erect
cusp on the crown of the lower symphysial tooth has been
used to separate H. nakamurai from H. griseus (Welton
1978). Despite the incorrect representation in Compagno
(1984), living H. griseus always seems to possess a lower
symphysial tooth lacking a median erect cusp (see Fig. 2B3),
as seen in the seven gill shark Notorynchus cepedianus. Erect
cusps (Fig. 2M3) appear to characterise Heptranchias perlo
and H. nakamurai (or H. vitulus and H. nakamurai sensu
Herman et al. 1994), although their absence has been often
seen in the last of these species (personal observations). If we
consider only the genus Hexanchus, the presence of a lower
median tooth with an erect cusp may indicate a vituliform
group. However, its absence is not diagnostic.
Development and serration of the acrocone.—Although
this dental character has never been quantified, since
Ward’s work (1979) many fossil Hexanchus teeth have
been placed in grisiform or vituliform groups according to
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Fig. 5. Acrocone shape of lower teeth in Recent hexanchid species. Small pictures illustrate the changes in acrocone size according to the L2/L3 values. In−
terrupted lines are regression curves from data for the two living Hexanchus species. For H. griseus, different symbols have been used to indicate the sex of
the sharks (m, male; f, female; ind, indeterminate).

the size of the acrocone. In fact, the greater development of
the acrocone in comparison to the second distal cusp of the
lower antero−lateral teeth has been used to separate the two
living nominal species H. griseus and H. vitulus (see Fig. 2).
Unfortunately, figures of the teeth from dried jaws (USNM
110900) in the original description of H. vitulus (Springer
and Waller 1968: fig. 2) and from a paratype (USNM
200765) (Herman et al. 1994: text−fig. 2) do not show this
last character. Based on this contradiction, Herman et al.
(1994) suggested in an addendum to their previous paper
(Herman et al. 1987) that two species could be recognised
within the common small Hexanchus material: H. naka−
murai with a low acrocone, and H. vitulus with a high
acrocone. As discussed below, this point of view must be
considered. The new results presented here suggest that a
well developed acrocone is the first sign of maturity in spe−
cies of Hexanchus. As with the presence of a serrated
mesial edge on the acrocone and cusp number, the develop−
ment of an acrocone may indicate only that the shark has
reached a large size or a state of maturity (see Fig. 2A3, B1,
B2, B4 for H. griseus, and Fig. 2M1, M2 for H. nakamurai).
For these reasons, the use of such characters by Herman et
al (1994) to distinguish between H. vitulus and H. naka−
murai must be questioned. In fact, in the work of these au−

thors, H. vitulus is represented only by mature males (>1.48
m) and H. nakamurai by young sub−adults (<1.17 m) and
one adult female (1.57 m). Such sexual and ontogenetic dif−
ferences between samples explain the reasons why
Taniushi and Tachikawa (1991) considered H. vitulus to be
a synonym of H. nakamurai.
Concerning serration of the acrocone and contrary to the
odontological criteria to identify Hexanchus species by Her−
man et al. (1994: 151, 155: “mesial serration absent on lower
lateral teeth of acrocone in H. griseus”), acrocones with ser−
rated mesial cutting edges have been often observed (e.g.,
Fig. 2A, B) on lower teeth of H. griseus (Welton 1979). This
serration has been illustrated in the previous analysis (Fig. 5).
It appears, for example, that larger individuals of H. griseus
show a mesial serration on the lower teeth (sometimes on the
upper teeth too) which increases with growth (Welton 1979).
The presence of serrations appears to be dependant on shark
growth because they begin to appear on the first file when the
shark has reached 160 cm in total body length (e.g., Fig.
2D2). With an increase in size, serration of the acrocone ex−
tends to the lateral files. Sexual dimorphism has been some−
times thought to explain observed differences (Cappetta
1980; Kent 1994) but this has not been tested because of a
lack of samples. Despite this, as males reach maturity before
http://app.pan.pl/acta51/app51−477.pdf
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Fig. 6. Acrocone shape of lower teeth in Late Eocene (Early Lutetian) Hexanchus agassizi from south−western France. Bivariate plot constructed as in Fig.
4. Data for Recent Hexanchus species are indicated by symbols for H. nakamurai teeth but only by regression lines for H. griseus teeth. Holotypes,
paratypes and figured teeth of the fossil species from the work of Ward (1979) are distinguished on the graph. Some H. microdon specimens (Paleocene −
early Eocene) have been added for comparison.

females in terms of total length (3.25 m and 4.21 m, respec−
tively, see Ebert 1986), the development of a serrated acro−
cone may begin earlier in terms of absolute tooth width for
males.
The use of these last characters for identification allows
an overview of the maturity states of all of the populations
studied. Without body size (or maturity state) information,
lower teeth of the two valid species, H. griseus and H.
nakamurai, are hardly distinguishable, especially from the
lower teeth of juvenile or sub−adult specimen of both spe−
cies.
The main problem with small samples of isolated Recent
or fossil teeth is that observed differences in terms of size and
shape can be interpreted either as the presence of several spe−
cies or as ontogenetic variations in a single species. Kemp
(1978: 66) suggested that “allometric growth patterns would
enable the differentiation of a tooth of a juvenile H. griseus
from a tooth of an adult H. vitulus, for example there would
be more crownlets on the H. vitulus tooth than on the simi−
lar−sized H. griseus specimen.” In reality, H. nakamurai and
H. griseus seem to possess the same pattern of dental devel−

opment, but with a delay in time produced by the different
maturity ages in terms of size (different parameters of the
L2/L3 regression equation). Such heterochronic develop−
ment may lead to a persistence of a “juvenile shaped” tooth
(unserrated acrocone, lower value of L2/L3) in H. griseus
compared to H. nakamurai.

Implications for fossil determination and
Palaeogene history
In 1976, Cappetta described a new fossil species of Hexan−
chus, H. agassizi, from material previously attributed to
Notidanus (Woodward 1889) from the London Clay Forma−
tion. Ward (1979) reviewed the systematic affiliation of
Hexanchus teeth from the London Clay based on new mate−
rial and named two new species, H. collinsonae and H.
hookeri. The three contemporaneous species, which occur at
the same two localities in southern England (Burnham on
Crouch and Sheppey), possess lower teeth with a similar
width, a similar number of cusps (7 or 8) and an acrocone
more or less serrated. However, H. agassizi and H. collin−
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sonae have been placed in grisiform groups and have been
distinguished from H. hookeri (vituliform group) by the less
developed acrocone. In the grisiform group, H. agassizi has
been separated from H. collinsonae by its lower teeth show−
ing relatively wider and shallower roots and weaker mesial
serrations on the acrocone.
Values of L2 and L3 for the holotypes and paratypes of H.
agassizi, H. hookeri, and H. collinsonae teeth have been plot−
ted long with values of fossil Hexanchus teeth from south−
western France (Fig. 4 and Appendix 1). On the basis of
acrocone shape, the three London Clay species cannot be dif−
ferentiated from the range of dental morphologies seen in the
new French material of Hexanchus. Indeed, the dental differ−
ences described between H. agassizi, H. hookeri, and H.
collinsonae could be reinterpreted as three different maturity
states within a single species belonging to the vituliform
group of Ward (1979). There is no evidence from acrocone
morphology that more than one species is present in the
Ypresian of England or the late Ypresian/early Lutetian of
France. The new material from south−western France is
therefore referred to H. agassizi Cappetta 1976 (non pl. 1: 6).
This fossil species belongs to the vituliform group and is only
distinguishable from the living species H. nakamurai by its
slightly smaller size (absolute tooth width and number of
cusps per cm of tooth width) and more serrated acrocone.
Considering tooth width, H. agassizi may be more advanced
in terms of maturity than H. nakamurai. The inference that
H. hookeri and H. collinsoni are ontogenetic variations of H.
agassizi must be tested by additional analyses, at least for H.
collinsoni which seems to possess lower teeth with notice−
ably deeper roots than the other species (David J. Ward per−
sonal communication, 2004). However, the results here lead
to rejection of an Early Eocene divergence between the
grisiform and vituliform lineages.
While the assignment of Hexanchus teeth from the Creta−
ceous–Palaeocene to the single species H. microdon has ap−
peared suspect (Ward 1979; Cappetta 1987; Siverson 1995),
most Eocene Hexanchus teeth have been placed in three spe−
cies (and sometimes in other questionable new species) with−
out careful consideration. From a brief examination of Palaeo−
cene–Eocene Hexanchus teeth worldwide (Appendix 1), most
of the Early and Middle Eocene fossils may belong to H.
agassizi and not to several contemporaneous species with
identical geographical distributions, and very similar sizes and
probably diets.
According to calculations of body size (Appendix 1),
species of Hexanchus species did not exceed 1 metre in total
length during the Palaeocene and 1.9 metres during the
Early to Middle Eocene, the maximum size also observed
for the living H. nakamurai. The first large form comes
from the Late Eocene of Antarctica (Cione and Reguero
1994) with a size exceeding 2 metres (see Appendix 1).
This size contrast, never observed in living H. nakamurai,
is perhaps the first step in a trend towards larger forms of
Hexanchus belonging to the grisiform group which are
better known in later faunas. Size increase is perhaps a re−
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sponse to a global change in the environment and in food re−
sources (e.g. marine mammals), as observed in the living H.
griseus when individuals reach a threshold size of 2 metres
in length (Ebert 1994).

Conclusions
Results show that the two Recent species of Hexanchus have
a similar dental development but with a different rate of
growth. This fact implies that for the same tooth width, H.
griseus retains a “young” morphology compared to H. naka−
murai (e.g., a weak serration on the mesial edge of the
acrocone, lower acrocone and a crown with fewer cusps).
The dental separation of these two species is currently lim−
ited to the presence, in some individuals, of a vertical median
cusp on the symphysial tooth in H. nakamurai and a different
dental formula.
In Hexanchus species, the stable ontogenetic relation−
ship between total body length and tooth cusp number ratio
(number of cusps/width of tooth) allows one to reconstruct
with confidence the size of fossil sharks using an allometric
equation.
Biometric analyses of new and abundant material of fos−
sil Hexanchus shows that H. hookeri and H. collinsonae may
be ontogenetic states of the previously described fossil spe−
cies H. agassizi. The size of the teeth and the regression
curve for acrocone size (L2/L3) allows these species to be
placed in the vituliform group. No clear evidence of the
grisiform lineage has been found prior to the Middle Eocene.
A brief examination of Palaeogene species of Hexanchus re−
veals that some fossil teeth from the end of this time begin to
show a greater width (more than 20 mm) with few cusps in
the lower teeth (small cusp number ratio), which suggests a
body size exceeding 2 metres. This trend could herald the
rise of a new group of large Hexanchus, perhaps the first rep−
resentatives of the extant grisiform lineage better known in
Neogene and Recent oceans. Only a wider study on all fossil
hexanchids (particularly on the large specimens from the
Oligocene–Miocene) will permit a better understanding of
the history of hexanchids and may explain the significant dif−
ferences in the distribution and abundance between the two
Recent species (H. griseus and H. nakamurai) and their
Palaeogene relatives.
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Appendix 1
Abbreviations: max, maximum value; min, minimum value; med, median; M, mean; SD, standard deviation; N, sample size; er.med. C, erect median
cusp; *presence of erect medial cusp in one of three fishes; **according to Cione and Reguero on a broken tooth (2.4 cm width); ***previously fig−
ured by Pledge (1964) and Kemp (1978); ****questionable new attribution.

Species

References

Age

Collections
H. Cappetta
(Univ. Montpellier)

Recent

Welton
(1979: 172,
table 12)

Recent

Kaneko et al.
(1997: pl. 1)

Recent

Collections
H. Cappetta
(Univ. Montpellier)

Recent

Kemp
(1978: pl. 12: 5)

Recent

Kaneko et al.
(1997: pl. 2)

Recent

Hexanchus perlo

Collections
H. Cappetta
(Univ. Montpellier)

Recent

Notorynchus
cepedianus

Collections
H. Cappetta
(Univ. Montpellier)

Recent

Hexanchus griseus

Hexanchus
nakamurai

Size of
fish
(in cm)

Sex
of fish

Number
of cusps

Mesial
edge of
acrocone

Width of
tooth
(in cm)

M = 1.26
med = 6
Principally SD = 0.68
(4–11)
no serrated max = 3.45
N = 150
N = 149
M = 1.48
M = 163.3
med = 7
Principally
SD = 1
max = 434 both sex (5–11)
no serrated max = 4.64
N=8
N = 92
N = 94
M = 2.1
med = 8
300?
SD = 0.27
undet.
(7–8)
undet.
N=1
max = 2.2
N=6
N=6
M = 1.58
M = 131
med = 9
principally SD = 0.32
max = 148 uncertain (8–11)
serrated max = 2.29
N=3
N = 26
N = 26
M = 1.91
med = 9
155
exclusively SD = 0.08
male
(8–10)
N=1
serrated max = 1.95
N=5
N=5
M = 1.18
med = 8
95
SD = 0.05
female
(8–9)
undet.
N=1
max = 1.22
N=5
N=5
M = 0.76
M = 60.5
med = 6
exclusively SD = 0.14
max = 68 both sex
(4–8)
serrated
max = 1
N=3
N = 27
N = 27
M = 1.28
148 and
med = 5
exclusively SD = 0.11
150
both sex
(5–6)
serrated max = 1.48
N=2
N = 24
N = 24
M = 137
max = 300 both sex
N = 14

Lower
Number of
symphyseal
cusp per width L2/L3 ratio
tooth
of tooth
morphology
M = 6.04
M = 0.61
SD = 1.95
without er.
SD = 1.15
min = 2.89
med. C
N = 151
N = 149
M = 5.87
SD = 1.62
without
min = 2.43
er.med.C
N = 92
M = 3.76
SD = 0.27
without er.
min = 3.49
med. C
N=6
M = 5.87
M = 0.78
SD = 1
SD = 0.21 both types*
min = 4.35
N = 26
N = 26
M = 4.7
SD = 0.23
with er.
min = 4.57
Med. C
N=5
M = 6.97
SD = 0.62
without er.
min = 6.53
med. C
N=5
M = 8.09
M = 1.34
SD = 1.42
with er.
SD = 0.18
min = 4.26
Med. C
N = 27
N = 27
M = 4.09
M = 0.66
SD = 0.43
without er.
SD = 0.66
min = 3.36
med. C
N = 24
N = 24
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Species

Hexanchus sp.
Hexanchus microdon
Hexanchus sp.

References

Age

Size of
fish
(in cm)

Siverson
(1995: 3, fig. 2F)
Case
(1996: pl. 11: 3, 4)
Reinecke and
Engelard
(1997: pl. 1: 1–4)

Early
Palaeocene
Early
Palaeocene

62
estimated
80
estimated

8
N=1
8 and 8
N=2

Late
Palaeocene

65
estimated

Arambourg
Hexanchus microdon
(1952: pl. 1: 30–48)

Late
97
Palaeocene estimated

Collections
Late
H. Cappetta
Palaeocene
(Univ. Montpellier)
Case
Late
Hexanchus sp.
(1996: pl. 11: 5)
Palaeocene
Glickman
Hexanchus agassizi
Eocene
(1964: pl. 6: 5)
“Hexanchus.
Zhelezko and Kozlov
Eocene
casieri”****
(1999: pl. 67: 2)
“Hexanchus
Zhelezko and Kozlov
Eocene
tusbairicus”**** (1999: pl. 67: 1, 3, 4)
Hexanchus
“microdon”

Hexanchus microdon
Hexanchus
“microdon”
Hexanchus sp.
Hexanchus sp.

Arambourg
(1952: pl. 2: 54–56)
Collections
H. Cappetta
(Univ. Montpellier)
Kent
(1999: pl. 2.1: B)
from Nanjemoy
Form. (personal
observation)

82
estimated
68
estimated
155
estimated
68
estimated
101
estimated

Number of
cusp per width
of tooth

serrated

0.96

8.3

weakly
serrated

0.95 and
1.125

8.4 and 7.11

6
N=1

no serrated

0.74

8.12

med = 8
(7–10)
N=8

no or
weakly
serrated

M = 1.18
SD = 0.17
max = 1.5
N=8

M = 7.15
SD = 0.84
min = 6
N=8

1.07 and
1.14

7.45 and 6.99

1.02

7.84

1.7

4.7

1.4

7.85

1.3

6.15

M = 1.38
max = 1.7
N=3

M = 6.21
min = 4.7
N=3

med = 8
(8)
serrated
N=2
8
serrated
N=1
8
undet.
N=1
10
no serrated
N=1
8
weakly
N=1
serrated
med = 8
no or
(8–9)
weakly
N=3
serrated

Early
Eocene

179
estimated

9
N=1

serrated

2.1

4.3

Early
Eocene

170
estimated

8
N=1

serrated

1.8

4.44

Early
Eocene

190
estimated

8N=2

serrated

1.81 and
1.193

4.42 and 4.14

Early
Eocene

146
estimated

Hexanchus agassizi

from Donzacq Form.
(present study)

Middle
Eocene

112
estimated

Hexanchus sp.

Width of
tooth
(in cm)

155
estimated

Ward
(1979: pl. 1: 1–8;
pl. 2: 1, 2)

Hexanchus sp. 1

Mesial
edge of
acrocone

Number
of cusps

Early
Eocene

Hexanchus agassizi,
Hexanchus
collinsonae,
Hexanchus hookeri

Hexanchus agassizi

Sex
of fish

Middle–Late
141
Kemp
Eocene
estimated
(1991: pl. 7: J, L***)
121
Kemp
Late Eocene
estimated
(1991: pl. 7: N***)
Cione and Reguero
228**
Late Eocene
(1994: 5, fig. 4)
estimated

M = 1.32
med = 7
exclusively SD = 0.17
(7–8)
serrated max = 1.43
N=8
N=8
M = 1.04
med = 8
principally SD = 0.3
(7–8)
serrated max = 1.55
N = 30
N = 27
9 and 11 weakly
1.73 and 2.2
N=2
serrated
11
serrated
2
N=1
10
possibly
2.7**
N=1
serrated

M = 5.74
SD = 0.85
min = 4.32
N=8
M = 8.43
SD = 2.68
min = 5.19
N = 27
5.2 and 5
5.5
3.7**

L2/L3
ratio

Lower
symphyseal
tooth
morphology

with
er.med.C

without
er.med.C
M = 0.64
SD = 0.13
N=5

0.98
with er.
Med. C
0.97 and
1.28
M = 0.87
SD = 0.17
N=8
M = 0.71; principally
SD = 0.16;
with er.
N = 75
Med. C.
1.28 and
0.97

