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Université de Bourgogne, Dijon, France

Abstract

Aim Diversity and disparity metrics of all Recent cuttlefishes are studied at the
macroevolutionary scale (1) to establish the geographical biodiversity patterns of these
cephalopods at the species level and (2) to explore the relationships between these two
metrics.

Location Sampling uses what is known about these tropical, subtropical and warm
temperate cephalopods of the Old World based on a literature review and on meas-
urements of museum specimens. Some 111 species spread across seventeen biogeo-
graphical areas serve as basic units for exploring diversity and disparity metrics in space.

Methods Landmarks describe the shape of the cuttlebone (the inner shell of the sepiids)
and differences between shapes are quantified using relative warp analyses. Relative
warps are thus used as the morphological axis for constructing morphospaces whose
characteristics are described by disparity indices: total variance, range, and minimum
and maximum of relative warps. These are analysed and then compared with the
diversity (species richness) metric.

Results Results show no significant latitudinal or longitudinal gradients either for
diversity or for disparity. Around the coast of southern Africa, disparity is high
regardless of whether diversity (species richness) is high or low. In the ‘East Indies’ area
disparity is low despite the high diversity.

Main conclusions The relationship between diversity and disparity is clearly not linear
and no simple adjustment models seem to fit. The number of species in a given area does
not predict its disparity level. The particular pattern of southern Africa may be the result
of paleogeographical changes since the Eocene, whereas that of the ‘East Indies’ may
indicate that this area could act as a centre of origin. However, the lack of any clear
phylogenetical hypothesis precludes the study from providing any explanation of the
observed patterns.
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INTRODUCTION

The search for global patterns of biodiversity mobilizes a
range of measures. In palaeobiological studies, the two main
metrics generally used are taxonomic diversity and mor-
phological disparity, each of which may reveal macroevo-
lutionary patterns. One of the most efficient measures of

taxonomic diversity is species richness (Gaston & Black-
burn, 2000). Morphological disparity may be computed
from changes in morphospace occupation patterns in time or
space detected by various methods (see Foote, 1993;
Ciampaglio et al., 2001). Comparison and contrast of the two
measures provide an opportunity to search for evolutionary
mechanisms at the macroevolutionary scale (Foote, 1993),
and it has been suggested that because the two metrics are
largely independent of one another, the difference between
them could be useful for understanding the distribution of
biodiversity in modern ecosystems (see Roy & Foote, 1997).
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For example, how is the relationship between diversity and
disparity recognizable in clades over geological time? How is
the relationship between diversity and disparity recognizable
in clades for various latitudes and longitudes? Foote (1993)
proposed different models based on patterns of morpholo-
gical diversification during time that idealized relationships
between morphological disparity and taxonomic diversity
for a given clade: if morphological variation is constrained,
then extreme shapes will be precluded and so disparity will
be low compared with diversity; whereas without any such
constraints, extreme shapes will be expressed early in the
clade’s history and disparity will be high compared with
diversity. Foote (1993) also develops models to explore the
relationship between diversity and disparity during the
decline of a clade. Extinction reduces diversity but its effect
on disparity is more subtle. Where extinction is selective of
certain morphologies within the clade, it may affect the
extreme morphologies producing a drastic decrease in dis-
parity or it may affect intermediate morphologies, producing
an increase in disparity (with the occurrence of two clusters
of morphologies increasing morphological variance). Where
extinction is non-selective, there will be little effect on dis-
parity, with morphologies being affected randomly (i.e. the
morphospace remains much the same). All these models are
useful for detailed analysis of the macroevolutionary pattern

and its fluctuations over time. However, these models do not
consider biogeography and its effect on the diversity/
disparity pattern, and for most groups of living organisms,
there are very few data on how spatial patterns of species
richness relate to similar trends in disparity (Roy & Foote,
1997; Roy et al., 2001).

Sepiids, the so-called cuttlefishes, provide material for a
study of the diversity/disparity relationship in a biogeo-
graphical context. They number more than 100 Recent
species distributed in tropical, subtropical and warm tem-
perate regions of the Old World (Fig. 1) grouped under the
genera Metasepia, Sepia and Sepiella. Their northern limits
are Norway in the western part of their range and the Gulf
of Peter the Great (Russia) in the eastern part. Their
bathymetric distribution ranges from the sea surface down
to 600 m (Khromov, 1998; Sherrard, 2000; Ward, 2000)
but invariably over the continental shelf or upper slope
(Khromov, 1998). They lay medium-sized eggs generally
fixed to a substratum (Boletzky, 1998). The young have no
planktonic stage (Young et al., 1998) and so sepiids pro-
vide a model for marine organisms with non-dispersal of
eggs or young. The clade is assumed to be monophyletic
(Young & Vecchione, 1996; Khromov et al., 1998; Young
et al., 1998). Sepiids have a dorsally embedded aragonitic
shell known as the cuttlebone or sepion. This feature is
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Figure 1 Geographical distribution of sepiids and biogeographical units selected for this study. (a) From north-western sepiid limit to the
Tropic of Cancer (including the Mediterranean Sea), (b) from the Tropic of Cancer to 20� S, (c) from 20� S to Cape Town, (d) Cape Town to

Port Elizabeth, (e) Port Elizabeth to Zanzibar (along the African coast only), (f) Madagascar and Mascarene Ridge, (g) Zanzibar to Socotra, (h)

Red Sea, (i) Socotra to Gulf of Oman (excluding the Red Sea), (j) Gulf of Oman to Sri Lanka, including the Persian Gulf, (k) Sri Lanka to Gulf of
Tonkin, including Malaysia, Indonesia and Philippines, (l) Gulf of Tonkin to Korea (west coast only), (m) Korea to Gulf of Peter the Great,

including Japan, (n) New Guinea (north coast only), Melanesia and Micronesia, (o) Tropic of Capricorn to Exmouth Gulf including south coast

of New Guinea, (p) Exmouth Gulf to Perth, and (q) Perth to Tropic of Capricorn, including Tasmania.
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involved in buoyancy control (Denton & Gilpin-Brown,
1961a,b, 1973; Bandel & Boletzky, 1979) and supports the
hypothesis that sepiids are a monophyletic group. Cuttle-
bone shape varies widely among species and provides the
basis here for disparity analysis. Sepiid radiation began in
Cenozoic times. A few Cenozoic sepiid fossils have been
found in Europe, North America, Arabia and India (see
Khromov, 1998). However, the genus Sepia is only known
in Europe for post-Eocene sediments, a fact that leads
authors to consider that this clade originated in the Old
World (Khromov, 1987). The resulting, present-day geo-
graphical distribution pattern of the sepiids may have been
generated by a complex mosaic of causes involving palae-
oceanographical change: plate tectonics and its conse-
quences for oceanic currents and origination, extinction
and immigration rates within different areas. Thus sepiids
provide a marine model of Recent radiation where diversity
and disparity metrics can be compared across the Old
World. Beyond the sepiids, this model can also illustrate
the debate about the Indo-Pacific and the tropics in general
as a particularly speciose area (Blackburn & Gaston, 1996;
Briggs, 1999).

SPECIES OCCURRENCES COMPILATION

I compiled a data base of occurrences of sepiids from a
bibliographical analysis covering almost all published
papers and monographs (nearly 160) from Férussac &
d’Orbigny (1835–48) to Khromov et al. (1998) and Lu
(1998) for the last large review, and to Reid (2000) for the
most recent study to be taken into account. Data published
before 1835 have been taken into account but are generally
less informative. This exhaustive bibliographical analysis
yielded 219 nominal sepiid species. Only 111 of these are
considered valid species here, following mainly Khromov
et al. (1998), Lu (1998), Reid & Lu (1998) and Reid
(2000), and are classified in the genera Metasepia, Sepia
and Sepiella. For cuttlebone disparity analysis, nine species
were omitted because of lack of reliable material, but the
102 species selected (Table 1) cover virtually the complete
worldwide array of cuttlebones at species scale. Each of
these 102 species is characterized by a single cuttlebone
adult shape considered to be the mean specimen represen-
tative of the species. A preliminary study explored intra-
specific and ontogenetic effects on cuttlebone shape (Neige
& Boletzky, 1997). This was conducted on the three
species of Mediterranean cuttlefish, Sepia officinalis,
S. orbignyana and S. elegans. No ontogenetic trend of form
change appears in the growth interval considered (Neige &
Boletzky, 1997). Comparison shows that differences
between species are much greater than differences within
species (Neige & Boletzky, 1997). It was, therefore, deci-
ded not to explore intraspecific and ontogenetic variations
in the present study.

Sepiids were arranged in biogeographical units following
Briggs (1995) and Khromov (1998). The latter used
‘boundary compression’, taking the boundaries where
many species ranges meet as biogeographical boundaries.

Table 1 List of sepiid species and genera used in the study

Family Sepiidae Keferstein, 1866 (type genus Sepia)

Metasepia Hoyle, 1885
Metasepia pfefferi (Hoyle, 1885)

M. tullbergi (Appellöf, 1886)

Sepia Linnaeus 1758
Sepia officinalis Linnaeus, 1758

S. aculeata Orbigny, 1848

S. acuminata Smith, 1916

S. adami Roeleveld, 1972
S. andreana Steenstrup, 1875

S. angulata Roeleveld, 1972

S. apama Gray, 1849

S. appellofi Wülker, 1910
S. arabica Massy, 1916

S. aureomaculata Okutani & Horikawa, 1987

S. australis Quoy & Gaimard, 1832
S. bandensis Adam, 1939

S. bathyalis Khromov, Nikitina & Nesis, 1991

S. bertheloti d’Orbigny, 1838

S. braggi Verco, 1907
S. brevimana Steenstrup, 1875

S. burnupi Hoyle, 1904

S. carinata Sasaki, 1920

S. chirotrema Berry, 1918
S. confusa Smith, 1916

S. cottoni Adam, 1979

S. cultrata Hoyle, 1885
S. dollfusi Adam, 1941

S. dubia Adam & Rees, 1966

S. elegans Blainville, 1827

S. elliptica Hoyle, 1885
S. elobyana Adam, 1941

S. elongata Orbigny, 1845

S. erostrata Sasaki, 1929

S. esculenta Hoyle, 1885
S. foliopeza Okutani & Tagawa, 1987

S. gibba Ehrenberg, 1831

S. hieronis (Robson, 1924)

S. hierredda Rang, 1837
S. incerta Smith, 1916

S. insignis Smith, 1916

S. irvingi Meyer, 1909
S. ivanovi Khromov, 1982

S. joubini Massy, 1927

S. kobiensis Hoyle, 1885

S. koilados Reid, 2000
S. latimanus Quoy & Gaimard, 1832

S. limata (Iredale, 1926)

S. longipes Sasaki, 1914

S. lorigera Wülker, 1910
S. lycidas Gray, 1849

S. madokai Adam, 1939

S. mascarensis Filippova & Khromov, 1991
S. mestus Gray, 1849

S. mira (Cotton, 1931)

S. mirabilis Khromov, 1988

S. murrayi Adam & Rees, 1966
S. novaehollandiae Hoyle, 1909

S. omani Adam & Rees, 1966

S. opipara (Iredale, 1926)

� 2003 Blackwell Publishing Ltd, Journal of Biogeography, 30, 1125–1137

Disparity and diversity of cuttlefishes 1127



A number of modifications were made to this. First, the
Australian units were compiled using recent local studies (Lu
& Reid, 1997; Reid, 1998, 2000) which have considerably
improved knowledge of sepiid distribution in this zone since
Khromov’s (1998) work. Second, the ‘Persian Gulf’ area of
Khromov (1998) was combined here with his ‘Gulf of
Oman–Sri Lanka’ unit because all species found in the for-
mer area also occur in the latter area, with no species being
endemic to either area. A total of seventeen biogeographical
units were established (labelled A–Q, Fig. 1).

MORPHOMETRIC METHOD

The method used here is landmark-based geometrical mor-
phometrics, the new morphometrics sensu Rohlf & Marcus
(1993). The theoretical advantages of geometrical morpho-
metrics are not detailed here (see for example Bookstein
et al., 1985; Bookstein, 1991). The main feature of the
landmark-based method is that it describes, quantifies and
localizes geometrical differences between shapes regardless
of size. Obviously, this does not mean size can be disregar-
ded, but in the present study focusing on shape variation, the
size of specimens can be ignored.

Cuttlebone shape

The cuttlebone is a calcareous structure comprising four
parts: outer cone, inner cone, phragmocone and spine
(Fig. 2a). The cuttlebone’s function is to ensure neutral
buoyancy for the animal (Denton & Gilpin-Brown, 1961a,b)
by cameral liquid and gas adjustment relative to the external
environment. All cuttlebones are bilaterally symmetrical.
The morphology, ontogeny and microstructure of the four
parts have been widely studied. Descriptions of the termi-
nology, definition, ontogeny, microstructure and variation of
the different parts can be found in an abundant literature
(e.g. Steenstrup, 1875; Hoyle, 1886; Adam & Rees, 1966;
Roeleveld, 1972; Bandel & Boletzky, 1979; Khromov et al.,
1998). The outer cone gives the cuttlebone its general shape.
It has a point of inflection giving rise in the posterior part to
the wings of the outer cone. The inner cone or fork always

Table 1 continued

Family Sepiidae Keferstein, 1866 (type genus Sepia)

S. orbignyana Férussac, 1826
S. papillata Quoy & Gaimard, 1832

S. papuensis Hoyle, 1885

S. pardalis Sasaki, 1914

S. peterseni Appellöf, 1886
S. pharaonis Ehrenberg, 1831

S. plana Lu & Reid, 1997

S. plangon Gray, 1849
S. plathyconchialis Filippova & Khromov, 1991

S. prashadi Winckworth, 1936

S. pulchra Roeleveld & Liltved, 1985

S. recurvirostra Steenstrup, 1875
S. reesi Adam, 1979

S. rex (Iredale, 1926)

S. rhoda (Iredale, 1954)

S. rozella (Iredale, 1926)
S. savignyi Blainville, 1827

S. saya Khromov, Nikitina & Nesis, 1991

S. senta Lu & Reid, 1997
S. sewelli Adam & Rees, 1966

S. simoniana Thiele, 1921

S. smithi Hoyle, 1885

S. sokotriensis Khromov, 1988
S. stellifera Homenko & Khromov, 1984

S. subtenuipes Okutani & Horikawa, 1987

S. sulcata Hoyle, 1885

S. tala Khromov, Nikitina & Nesis, 1991
S. tenuipes Sasaki, 1929

S. thurstoni Adam & Rees, 1966

S. tokioensis Ortmann, 1888

S. trygonina (de Rochebrune, 1884)
S. tuberculata Lamarck, 1798

S. typica (Steenstrup, 1875)

S. vercoi Adam, 1979
S. vermiculata Quoy & Gaimard, 1832

S. vietnamica Khromov, 1987

S. vossi Khromov, 1996

S. whitleyana (Iredale, 1926)
S. zanzibarica Pfeffer, 1884

Sepiella Gray, 1849

Sepiella ornata (Rang, 1837)
S. cyanea Robson, 1924

S. inermis (Orbigny, 1848)

S. japonica Sasaki, 1929

S. mangkangunga Reid & Lu, 1998
S. weberi Adam, 1939

(a) (b)

Figure 2 Cuttlebone morphology (a) in ventral view and (b) land-

mark location.
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begins around the protoconch (initial embryonic chamber)
and is partly fused with the outer cone. Its anterior exten-
sions, the so-called limbs, may be flat and fused to the outer
cone or to the phragmocone or may form a rounded, cap-
like cavity over the protoconch. It may also be reduced to a
small fork. The phragmocone is divided into two parts: the
striated zone and last loculus, the latter being the last sep-
tum. Each stria of the striated zone marks the posterior edge
of a septum, the rest of which is masked by a more recent
one. The phragmocone generally bulges ventrally but is
sometimes slightly concave. The spine or rostrum at the
posterior tip may be well developed, or marked merely by a
cone-shaped knob, or completely absent. In addition to those
general traits, some species display ornamental features such
as ribs and furrows, pustules or keels. Although these may be
of systematic value, they are not investigated here.

Landmarks

First, a number of points are chosen to describe the geometry
of the different parts of the cuttlebones (Figs. 2b and
Table 2). Cuttlebone morphology, resulting from the con-
nection of different, easily recognizable characters (as
explained above) provides a good breakdown of shape into
landmark loci. These points also describe the relative posi-
tion of the four parts of the cuttlebone. Only the ventral view
is analysed here. It reflects the distinct elongation along the
plane of symmetry, and provides geometrical information
about the different component parts. A set of fifteen points
are identified on images (camera lucida or photographs) of
the 102 specimens representing the 102 species. All are easily
recognizable. When the spine is completely absent in a spe-
cies, point 15 which corresponds to the posterior end of the
spine is located at point 8 which corresponds to the position
of the protoconch and which is the location of the spine at
the very beginning of its development. Nearly all landmarks
correspond to type 1 points sensu Bookstein (1991): they are

junctions between three structures, centres of centroids suf-
ficiently small for them to be clearly located, or intersections
of curves with a plane of symmetry of the organism. Only
points 12 and 14 are type 2 points in Bookstein’s termin-
ology: points located at maxima of curvature. They have
been used in this study because they give additional shape
information about the last loculus. No type 3 landmarks,
that is, points located at the extremities of a structure of the
organism, are used. With this nomenclature, the maximum
of biological information is concentrated on type 1 points
and the minimum on type 3 points.

Morphological disparity

Landmark coordinates are determined from a digitizer sys-
tem. A matrix of 30 variables (X and Y coordinates of fifteen
landmarks) vs. 102 species is then constructed. Relative
warp analysis (Bookstein, 1991; Rohlf, 1993) is used here to
explore the disparity pattern of cuttlebones. The tpsRelw
version 1.22 software (Rohlf, 1994) is used. The relative
warp analysis corresponds to a principal component analysis
of the Procrustes distances among all pairs of forms. It can
be computed in different ways depending on how much
weight one wants to attribute to large-scale or to small-scale
shape changes. These weights are adjusted by the ‘alpha’
parameter. It has been suggested (Rohlf, 1993) that a value
of 0 for the ‘alpha’ parameter is appropriate for taxonomic
and exploratory studies where no particular scale of vari-
ation is considered to be more important than another. This
option is adopted here. The analysis produces a number of
new axes: the relative warp axes (RW) which concentrate
more or less extensive information content in the initial
matrix. Relative warp analysis allows the deformation along
an axis to be visualized by finding the thin-plate spline
transformation that maps the mean configuration of land-
marks onto each specimen or along axes (Rohlf, 1993).

Another useful function is to allow the construction of a
‘morphospace’ (i.e. a bi- or multivariate space in which
shapes are arranged in order). The first factorial plane (i.e.
RW1 vs. RW2), which generally concentrates a large
amount of variance, illustrates the overall distribution pat-
tern of shapes in the morphospace for the complete set of
species or for a particular subset. Coordinates of species in
the multivariate morphospace could also be used as variables
to assess the disparity of a particular set of species (e.g.
geographical group). Parameters quantifying the distribution
of a selected set of species of the morphospace have then
to be computed. Numerous parameters are found in
the literature, and their relative usefulness discussed (e.g.
Foote, 1993; Wills et al., 1994; Dommergues et al., 1996;
Ciampaglio et al., 2001). In this study, three complementary
measures of disparity are used. The amount of morphospace
occupied by a given set of species is quantified using the sum
of univariate ranges for the selected axes. This ‘range’
quantifies disparity by taking into account only extreme
shapes. Two identical values may thus reflect very different
species distributions, and this measure is also biased by
sample size (Foote, 1993). The position of a given set of

Table 2 Number, type and description of landmarks used to des-

cribe cuttlebone shape. Type refers to the terminology of Bookstein
(1991). See Fig. 1(a) for abbreviations

Number Type Description

1 1 Anterior end of o.c. (in plane of symmetry)

2–4 1 Anterior inflection point of o.c. wings

(also end of the rostral membrane in dorsal
position)

3 1 Posterior end of o.c. (in plane of symmetry)

5–7 1 Anterior end of i.c. (contact with s.z.)
6 1 Posterior end of i.c. (in plane of symmetry)

8 1 Position of the protoconch (corresponding to

the posterior end of the striated zone)

9–11 1 Posterior contact between s.z. and l.l.
10 1 Anterior end of l.l. (in plane of symmetry)

12–14 2 Maximum curvature of the anterior end of s.z.

13 1 Contact between s.z. and l.l. in the plane of

symmetry
15 1 Posterior end of spine
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species in the morphospace is quantified by the minimum
and maximum values observed along the axes. These sup-
plement information about the range. Two values (minimum
and a maximum) are given for each selected axis. This
parameter is obviously biased by sample size. The average
dissimilarity is given by the total variance, that is, the sum of
variances for selected axes. This parameter is unaffected by
sample size and is considered robust (Foote, 1993). How-
ever, it is biased in part by the distribution pattern of species
in the morphospace when two or more clusters occur within
the selected set of species. Other parameters such as mean
and median pairwise distance, and mean and median cent-
roid distance have been computed but yield no further
information about the disparity pattern of the sepiids. They
are not shown here.

Statistics

The number of species in the different biogeographical units
may be very different and because these numbers influence
results for some selected disparity parameters (range and
position in the morphospace), a rarefaction procedure is
computed. This procedure predicts the disparity that would
probably be observed in a smaller sample (Foote, 1992) and
so may be used to eliminate the size effect on disparity
parameters. First, two species are selected at random and the
disparity parameters for a given unit are calculated. This
operation is repeated here 100 times so as to give a reliable
estimate (mean and confidence interval) of a given parameter.
This first step is then reiterated for three to n species (n being
the species richness in the given biogeographical unit). Fi-
nally, it is possible to shape the fluctuation of the parameters
as a function of the number of species sampled (for more
details see Foote, 1992). It is a common choice to rarefy to the
smallest sample within the matrix (e.g. Eble, 2000). In this
study, the smallest two sets are represented by just three and
four species (respectively units N and A). Rarefying at these
low values produces unreliable values for the disparity
parameters, and so it was decided to rarefy to the next
smallest sample (n ¼ 6). Error bars on the three parameters
describing disparity (sum of range, total variance and posi-
tion in morphospace) are calculated using a bootstrap pro-
cess. Taxa were resampled randomly with replacement 500
times. Rarefaction, bootstrap and morphospace parameters
are computed using the MDA package (Navarro, 2001).

A standard Bonferroni correction is applied to each of the
six statistical tests conducted in this study in order to check
the probability of incorrectly rejecting one or more true null
hypotheses (see Rice, 1989).

RESULTS

Sepiid disparity over space

In our case, percentages explained for relative warps are:
53.02, 20.66, 11.49, 5.47 and 3.96, respectively, for the first
five axes that are selected for the following analysis. Other
axes are disregarded as they make less than a mean contri-

bution, i.e. the contribution when complete variance is
equally spread over all axes. The first relative warp describes
the gross morphology of the sepion (Fig. 3): positive values

RW1 (+0.25)

RW2 (+0.2)

RW1 (–0.25)

RW2 (–0.2)

RW3 (+0.15)

RW3 (–0.15)

Figure 3 Plot of the first three relative warps shown as thin-plate

splines, for positive and negative displacement along the axis.
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for a broad sepion with large wings, negative values for a
narrow sepion with tiny wings. The second relative warp
explains the shape of the inner cone, which may be long or
short, regardless of general shape. The third relative warp
focuses on the comparative length of the striated zone.

Computing the empirical morphospace corresponding to
the first factorial plane (RW1 vs. RW2) reveals the organ-
ization of cuttlebone shapes of the Sepiidae as a whole
(Fig. 4). The partitioning of this overall morphospace into
spatial sub-morphospaces highlights the contrast of present
shapes over space (Fig. 5). Some units are characterized by
central morphospace occupation (unit K and L, Fig. 5)
whereas others have shapes localized in different parts of the
morphospace (units C, H or O, Fig. 5). In these cases, some
‘missing’ pieces (i.e. non-occupied parts) occur in the
morphospace. These observations become more readable
when transferred to disparity indices (see Figs. 6 and 7). To
better portray the results, values for total variance and range
are also presented from highest to lowest values (Fig. 6),
with an indication of the mean and SD. The three units with
the highest total variance and range (C, D and E) are those
situated in southern Africa. All three units have range values
that are greater than the SD, and units C and D have total
variance values that exceed the SD. The lowest values are for
units A, B and N. This may be because they are home to a
small number of morphologically similar species (see Fig. 5).
Total variance and range in other units lie between these
extremes. Interestingly, unit K, corresponding partly to the
‘East Indies’ Triangle of Briggs (1999) and recognized as a
species concentration zone (Briggs, 1999), has a relatively
low disparity level compared with other units (Fig. 6). This
is mainly because of the presence of morphologically similar
species. The minimum and maximum values on relative
warps 1–3 indicate the position of the shapes for a given

biogeographical unit in the global morphospace (Fig. 7).
This may be helpful in interpreting the fluctuations in the
range parameter. For example, minimum and maximum
values on relative warps indicate that despite units A and N
having the smallest range values, these units display different
patterns of morphospace occupation: respectively from
)0.08 to 0.1 vs. 0.1 to 0.28 for RW1, from )0.13 to 0 vs.
0.05 to 0.1 for RW2, and from )0.11 to 0.11 vs. )0.05 to
0.05 for RW3 (mean values calculated after rarefaction and
bootstrap computing). This may also be seen albeit more
subjectively in Fig. 5.

The relationship between latitude, longitude and dispar-
ity was analysed statistically by linear regression. Four
complementary tests were conducted (Table 3). Longitude
was tested directly with total variance and range as the
dependent variable and midpoint longitude of the geo-
graphical unit as the independent variable. Latitude data
had to be processed before testing for linear regression.
Absolute values of midpoint latitude for all areas were used
as the independent variable. The test also used total vari-
ance and range as the dependent variable. None of these
four tests was significant: no trends, either latitudinal or
longitudinal, were found.

Sepiid diversity through space

Counts of species numbers by area reveal marked differences
(Fig. 8). A marked diversity hotspot appears for the coast of
south-east Africa (unit E) with twenty different recorded
species. A large area extending from eastern India to Japan
and including Indonesia and the north coast of Australia
(units K, L, M and O) also displays an extensive diversity
level with 23, 18, 21 and 25 species, respectively. As already
discussed, Briggs (1999) claimed that the ‘East Indies’

Figure 4 Overall morphospace (RW1 vs.

RW2) of sepiid cuttlebones. Drawings illus-
trate extreme shapes.
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Triangle (corresponding here to unit K plus part of O) is a
species concentration area, which is confirmed here. The
relationship between latitude, longitude and species richness
was analysed statistically using the same procedure as for
disparity (see above). No latitudinal or longitudinal gradi-
ents were found.

DISCUSSION

The relationship between diversity and disparity is clearly
not linear (Fig. 9) and no simple adjustment models seem to
fit it. The first conclusion is that the number of species in a
given area does not predict its disparity level. This is true of
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Figure 5 Morphospaces of cuttlebones in

each of the seventeen biogeographical units
[(a) to (q), see Fig. 1]. All at the same scale

(see top left diagram). Filled circles for shapes

found in a given biogeographical unit, open

circles for endemic species. Grey dots indicate
the overall morphospace.
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other taxa (e.g. strombid gastropods, Roy et al., 2001).
Noteworthy patterns are:

(1) A particularly high disparity level around the coasts of
southern African (C, D and E) for very different species
richness values, respectively 6, 11 and 20, indicating a
marginal position of the present-day species within the
morphospace (see Fig. 5). The consequence is that unit C
has the highest total variance/species richness ratio
(Fig. 10).

(2) A generally homogeneous and intermediate disparity
level for all areas, from F to Q except for N, associated
with species richness ranging from 9 to 23. The disparity
level is low compared with species richness. This reflects
the fact that this area and particularly unit K (see Fig. 9)
contains numerous species with cuttlebones of similar
shape. Consequently, unit K has the lowest total vari-
ance/species richness ratio (Fig. 10). This confirms that
the ‘East Indies’ Triangle is a particularly rich area in
terms of diversity but highlights its low biodiversity
when considering the disparity metric.

(3) An analogous relationship between diversity and disparity
for units A plus B, on the one hand, and N on the other.
This may be related to the relatively low species richness
associated with a similar disparity level. However, as
shown in the morphospaces (Fig. 5) and for minimum and
maximum values on relative warps (Fig. 7), the occupied
zone of the morphospace is quite different between A and
B on one hand and N on the other.

The distribution pattern of taxa at the macroevolutionary
scale, whether over time or space, may be shaped by a

Figure 6 Pattern of disparity indices for the sepiids, classified (a) by
alphabetical order of biogeographical labels and (b) from highest to

lowest values. Horizontal lines indicate mean and SD for the com-

plete sepiid clade. Morphological disparity is measured by the total

variance and the sum of ranges for the first five relative warps (see
main text). Bootstrapping (500 replicates) generates error bars. Sum

of range values are rarefied to n ¼ 6 (see main text).

Figure 7 Pattern of disparity indices for the sepiids. Morphological

disparity is measured by the minimum and maximum values for the
first three relative warps (see main text). Bootstrapping (500 repli-

cates) generates error bars. Values are rarefied to n ¼ 6 (see main

text).
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number of factors. Some factors clearly introduce bias,
which obviously has to be avoided: (1) bias introduced by
the compilation of data at a large scale, where differences in
the way previous workers described species may result in an
incomplete and heterogeneous data base; (2) bias resulting
from the methods used to decipher biodiversity and partic-
ularly the methods used to quantify it. Every effort has been
made to minimize bias in the present study: (1) the complete
knowledge of sepiids is taken into account through a large
review of the literature and a comprehensive and homo-
geneous review of species and of their geographical occur-
rences; and (2) two complementary metrics (taxonomic

diversity and morphological disparity) are used to describe
biodiversity.

Once such bias has been eliminated, other factors shaping
the distribitution pattern of taxa are inherent to the taxa and
their history, namely their origination, immigration and
extinction (see Gaston, 1996). The effects of origination and
extinction on diversity/disparity relationships have been
studied conceptually (Foote, 1993, see before). The rela-
tionship between diversity and disparity within a biogeo-
graphical unit is somewhat more complex to model,
especially because, as previously seen, the pattern is affected
by the morphological variation or decline modalities of a
clade (origination and extinction, see above) but also by
immigration. For a given model of morphological variation
or decline, the effect of immigration may be illustrated with
simple idealized diversity histories (Fig. 11), derived from
Foote’s work: immigration affects the diversity/disparity
relationship differently depending on the morphologies of
species colonizing the biogeographical unit. If the newcom-
ers’ morphologies are similar to existing ones (Fig. 11a,b),
then both disparity and diversity will increase slightly,
whereas if the newcomers’ morphologies correspond to

Table 3 Results of linear regression tests for the total variance, sum

of range and species richness vs. latitude and longitude. A standard
Bonferroni correction (with k ¼ 6) is applied to each of the six

statistical tests

Variable Gradient r2 Slope t-value P-value

Total vriance Longitude 0.18 )0.0001 )1.82 0.09

Total variance Latitude 0.09 0.0002 1.20 0.25
Range Longitude 0.14 )0.001 )1.56 0.14

Range Latitude 0.05 0.003 0.88 0.39

Species richness Longitude 0.24 0.06 2.20 0.04
Species richness Latitude 0.01 0.03 0.27 0.79

Only P-values < 0.008 are significant.

Figure 8 Pattern of diversity (species richness) for the sepiids in

each of the seventeen biogeographical units.

Figure 9 The relationship between diversity
(species richness) and disparity (total variance

and sum of ranges) in each of the seventeen

biogeographical units (see letters).

Figure 10 Values of the total variance/species richness ratio in each

of the seventeen biogeographical units. Horizontal lines indicate
mean and SD for the complete sepiid clade. Units A and C display

excess disparity whereas unit K displays excess diversity (see main

text).
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previously unoccupied parts of the morphospace (Fig. 11c,
d), disparity will surge for only a slight increase in diversity.
These idealized models underlie particular diversity/disparity
relationships in a biogeographical context and so may prove
useful in explaining the patterns observed within the sepiids,
where two patterns stand out.

The first of these is the southern African pattern where
there is high disparity for very different species richness
values. This may be caused by the coexistence of two inde-
pendent phylogenetical clusters of species, one from the
Atlantic Ocean and the other from the Indian Ocean. This
has to be viewed in the palaeogeographical context of the
Eocene where the Tethyan Sea was still open at its eastern
end providing connections between Europe on the one hand
and the Indian Ocean and east African coasts on the other
(see Butterlin et al., 1993). At the end of the Eocene, this
eastern corridor between the Mediterranean Sea and western
India disappeared, involving a huge transformation in
possible routes for sepiid migration. This could have pro-
duced two clusters of species, one in Europe and along the
west African coast, the other in the Indian Ocean and along
the east African coast. The mixing of these two clusters in
southern Africa could have produced the observed pattern.
This is consistent with models C or D of Fig. 11.

The second distinctive pattern is that of the ‘East Indies’,
characterized by a low disparity/diversity ratio. The signifi-
cance of this speciose area is the subject of much debate. As
Briggs (1995) summarized, different theories compete to
explain why there are so many species, ranging from (1) the
‘native’ hypothesis (species are numerous because this area
produces new species) to (2) the ‘accumulative’ hypothesis
(species are numerous because this is an area where species
formed elsewhere accumulate). In theory, two models may
respectively match these two points of view: (1) there were
no immigration events in this area and so species are phy-
letically close, hence the low disparity level, or alternatively
(2) immigrating species were similar in morphology to those
already present (models A and B in Fig. 11). On the face
of it, the present observed patterns leans in favour of the
‘native’ hypothesis: many species but with low disparity
because of a possible (but still not demonstrated, see
below) close phyletic relationship between species. The

‘accumulative’ explanation would certainly have produced a
pattern combining high disparity (an accumulation of species
from different phyletic clusters and from different areas)
with high species richness. If confirmed, this could indicate
that the ‘East Indies’ is a centre of origin for sepiids.

The lack of any clear phylogenetical hypothesis for the
sepiids is a major obstacle to explaining the observed pat-
terns. It is clear, for example, that the c. 90 species currently
ascribed to the genus Sepia will be reclassified among dif-
ferent genera of the Sepiidae family once comprehensive
phylogenetic relationships can be determined (for some
attempts see Khromov, 1987). The next challenge, then, will
be to propose a phylogeny for the sepiids and to tie it in with
the patterns observed.
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