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Preface

F. James Rohlf

Department of Ecology and Evolution, State University of New York at Stony
Brook, USA, rohlf@life.bio.sunysb.edu

This new edited volume is a welcome addition to the literature of geometric mor-
phometrics. It differs from previous collections of papers in that it does not repre-
sent an outcome of one of the many morphometric workshops but is an independ-
ent collection of papers concerned with real applications of geometric
morphometric methods to problems in systematics. Thus, the papers are expected
to be more in depth than many of the exemplary expositions found in earlier edited
volumes. This should make it especially useful to many potential users of geomet-
ric morphometric methods.

This publication is a timely development for the field as it is now in a period of
transition from its early years, where it was considered a promising but rather
complicated approach, to the present where for many types of applications it can
be applied routinely (with suitable care, of course). Methods for data consisting of
coordinates of landmarks in two dimensions are especially well developed. There
are now standard protocols and several choices of software that can be used both
for the computations and for visualizations. The extensions to semilandmark
points along curves in two dimensions (both complete outlines as well as partial)
are also readily available. The main challenges for a practical application are, as
they should be, decision about what structures to study, how to capture the rele-
vant shape variation through carefully chosen suites of landmark and/or semi-
landmark points, and how to interpret the results.

The mathematical and statistical properties of the methods are also quite well
understood for 2-dimensional data for the usual case in which one can assume that
variation in shape is relatively small. There are, however, still some important
technical problems to be solved. An important one of interest to many workers is
that of how to make statements about the relative amounts of variability at differ-
ent landmarks. This is not as straightforward a problem as one might think be-
cause the results depend on how the configurations of landmarks are superim-
posed prior to the analysis. The generalized Procrustes superimposition can induce
different amounts and patterns of variation at different landmarks. These need to
be distinguished from differences due to biological reasons.
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While studies using coordinates of 3-dimensional points are becoming standard
in some fields, such as physical anthropology, they present more technical chal-
lenges. A distinct advantage of the use of 3-dimensional coordinates is that the
definitions of landmark points are often much less arbitrary in three dimensions
than they are in 2-dimensional projections. Some landmarks in 2-dimensional
views do not actually exist as points on the object itself. Another problem is that
the actual digitization of the coordinates requires more sophisticated (and hence
expensive) instrumentation. That is one of the reasons that only a few studies in
this volume are concerned with the analysis of 3-dimensional data. In addition to
devices that record 3-dimensional coordinates, laser surface scanners, micro CT
scanners, and MRI scanners make it possible to capture surfaces and volumes in
three dimensions. Such data are likely to be much more informative that of con-
figurations of points. Unfortunately, statistical methods for dealing with such addi-
tional data are still in their infancy. There are also great challenges in the devel-
opment of methods for the effective visualization of shape variation for 3-
dimensional data whether for points or more complicated data structures. The next
few years we are likely to see very exciting new developments that should add
even more power to morphometric studies in systematics.

The present volume represents an important step towards the goal. The editor,
Ashraf Elewa, is to be commended for his efforts in producing this volume - I am
looking forward to reading the papers.
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1 Introduction

Ashraf M. T. Elewa

Geology Department, Faculty of Science, Minia University, Egypt,
aelewa@link.net; aclewa@m-link.net

Since 1917, when Sir D’Arcy Wentworth Thompson published his celebrated
book on growth and form, broader developments of morphometrics, theory and
practice, have been brought into play.

As biologists and paleontologists are usually interested in the processes
regulating shape over ontogeny and/or phylogeny, therefore, they need the
different methods of morphometrics as tools for coherent quantitative reports that
do not waste data.

The concept of “Multivariate Morphometrics” was introduced by Blackith and
Reyment (1971), in which the authors made routine applications of standard
methods of multivariate data analysis (canonical variate analysis, principal
component analysis, and related methods) to standard measures on organisms —
lengths, heights, breadths — in short, the usual distances measured between
diagnostic features. The same general scope was maintained in the second edition
(Reyment et al. 1984) in which the analysis of variation in shape as a distinct topic
was awarded greater importance than in the first edition.

The principal component method, adapted for analyzing size and shape, that
was originally proposed by Teissier in 1938, and its subsequent development in
the hands of numerous workers, has been used now for more than 30 years; it has
been accepted by statisticians and it is to be found in most texts on applied
multivariate analysis as an established method, however, for the present purposes,
it is usually not as informative as it could be because, in some cases, it is
unsuitable for a reasonable quantification of change in shape.

In a very interesting review of the use of morphometrics in the field of
phylogeny, Jensen (2003) noted that there has been resistance to the use of
continuous characters in phylogenetic studies whether they are obtained from
traditional or from geometric morphometric analyses. One reason is the
arbitrariness of methods to reduce continuous characters to discrete states so they
can be used in cladistic software. In addition, there are still many researchers
using morphometric methods who have not yet made the step to the more
powerful modern morphometric methods. Zelditch et al. (2000), Swiderski et al.
(2002), and Bookstein (2002) have proposed methods to generate characters that
can be used in cladistic studies. Some others used morphometrics for finding new,
and sharpening the definition of old, character states (e.g. MacLeod 2002a, 2002b)
and by the use of previously established phylogenies to aid in the interpretation of
morphometric data (e.g. MacLeod 2001a; Rohlf 2002). However, Adams and
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Rosenberg (1998) and Rohlf (1998) raise concerns about the former approaches.
Bookstein (1994) notes some theoretical problems concerning the use of
morphometric variables for such studies. It is worth noting that Jensen in his
review has discussed the use of principal component analysis (PCA) for isolating
size and shape as separate components. Based on the idea of isolating size and
shape, Garcia-Rodriguez et al. (this volume) gave a good example for using
sheared principal component analysis (SPCA) to differentiate between two
populations of the blue spiny lobster Panulirus inflatus Street from NW Mexico.

Using multivariate data analysis techniques to analyze morphological data is
not new, however, morphometrics received a considerable improvement in the
1990’s as a result of the rapid development of freely distributed software
supporting the quick and easy analysis of morphometric data (e.g., the SUNY
Morphometrics Site: http:/life.bio.sunysb.edu/morph/, the PaleoNet Pages FTP
Site: http://www.nhm.ac.uk/hosted_sites/paleonet/ftp/ftp.html) as well as the
increase of published articles on the subject (Bookstein 1986, 1991, 2002; Kendall
1986; Mardia and Dryden 1989; Goodall 1991; Rohlf 1993; MacLeod 1999).

Consequently, two edited volumes of papers on morphometrics have appeared
in the last decade: Marcus et al. (1993) and Marcus et al. (1996). Both of these
volumes were the results of international workshops basically devoted to teach
systematists in the new, more geometric approach to morphometrics and edify
them how to use available software packages. In fact, these two volumes were
very successful. Both were split between review articles, articles introducing new
methods, and applications articles. Actually, they drew their authorship from the
rolls of the workshop participants and instructors. Certainly, I have a different type
of collection in mind.

One problem with the two previous Marcus et al. compilations has to do with
their focus. In both cases the main point of the volumes was to discuss and
demonstrate some of the newer ‘geometric’ methods of morphometric data
analysis that were the subjects of the courses. Traditional approaches to the
analysis of such data (e.g. discriminant function analysis and Fourier analysis)
were, for the most part, left out of these volumes. Even more importantly (1) the
relations between the older and newer approaches to morphometric data analysis
went largely unexplored (2) many of the applications contributions to these
volumes run toward the ‘me too’ style of exposition and fail to come to grips with
any meaningful or generalized research questions (other than that the techniques
of geometric morphometrics can be applied to organism x). At this point in time in
the field’s development, a more up-to-date and careful treatment of the use of
morphometric procedures in a wide variety of contexts is needed; one that
provides answers to real-world questions for real-world systematists. MacLeod
(2001b) represents the sort of comparative approach I feel would be useful in to
both practitioners and theorists alike. Moreover, it is my belief that some of the
newer methods of automated object recognition have the potential to cause yet
another methodological revolution in this field. Preliminary descriptions and
evaluations of exciting new developments in this area are included, notably in
chapters contributed by Polly and Head, and by O. Hammer.
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I deem I am so lucky to have, in this book, such group of contributors
representing long-established workers as well as talented newcomers (e.g. N.
MacLeod, P. D. Polly, 1. Pavlinov, O. Hammer, H. D. Sheets, J. Kaandorp, M.
Cavalcanti), and individuals with excellent national standing who have yet to
come to the attention of international audiences. The chapters covered by these
authors also show a convincing diversity ranging from micro-organisms to
mammals and including such ever-popular subjects as trilobites, dinosaurs, birds,
and human evolution.

According to Bookstein (1991), the way to learn morphometrics is to think
closely and skeptically through dozens of applications, as varied as one can find.
This is what I aimed at when I decided to edit this book. Subsequently, I focused
my effort on collecting a quantity of papers that could show readers how to apply
morphometrics to a wide range of living and fossil groups including vertebrates
and invertebrates (both macro- and micro-organisms), using most of the known
common morphometrics techniques from multivariate morphometrics (based on
distance-measure) through relative warps and thin plate spline analyses to outline
analysis of shape and others.

Following this advice, I arranged the book to look like an evolutionary story
starting with invertebrates, micro-organisms, then, macro-organisms including
trilobites. Followed by vertebrates including sharks, dinosaurs, birds, and guppies
and ending with human evolution.

In general, three main goals were kept in mind during the preparation of this
book:

1. To present new methods in the field of morphometrics that are relevant to the
great revolution in this field. definitely, chapters (5, 6, 7, 14) written by Hammer,
Sheets et al., Kaandorp and Garcia Leiva, and Polly and Head, respectively.

2. To attract a large audience by applications made to a very wide variety of
organisms (invertebrates, both micro- and macro-organisms, and vertebrates).

3. The assembly of works of both biologists and paleontologists in the same book.
This first step may encourage the specialists in these two sciences to start solving
their taxonomic problems in a compatible manner, without contradictions in
results between these two teams (a serious problem in taxonomy and systematics).

I hope that the book could be of great interest to both students and researchers,
and would be very valuable to have something that presented the various aspects
of the tools and their applications.

Finally, I would like to express my deep gratitude to all people who played an
important role for the completion of this book. I, specifically, acknowledge, Prof.
Norman MacLeod of the Department of Paleontology, the Natural History
Museum Cromwell Road, London, UK and Prof. Richard Reyment of the
Stockholm Natural History Museum, Sweden, for their unstinting help, valuable
comments, and encouragement throughout the course of the editing process. I am
deeply indebted to Prof. F. James Rohlf of the State University of New York,
USA, for writing the preface as well as reviewing this introduction and two
chapters for this book. Actually, without his help, guidance and advice this work
could not be completed in this suitable form.
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Of course, we cannot pay no heed to the reviewers of the chapters who are
representing a famous group of experts in the field of morphometry: F. James
Rohlf, R. Reyment, N. MacLeod, D. Polly, M. Corti, H. D. Sheets, R. Strauss, J.
Kaandorp, O. Hammer, M. Cavalcanti, 1. Pavlinov, E. Brouwers, J. Lynch, M.
Plant, J. Stone, A. Russel, K. Schaefer, G. Cuenca, F. Korner-Nievergelt. All of
them are deeply acknowledged for their efforts in reviewing the chapters of the
book.

Thanks to all contributors for devoting their time in preparing their chapters for
this book. Really, they did a very great work and without their contributions this
project could not be completed.

A special word of thanks is due to the publishers of Springer-Verlag for their
continuous help they offered during the several steps of editing this book. I also
appreciate the great help of all members of the Minia University of Egypt.

References

Adams, DC, Rosenberg, MC, (1998) Partial warps, ontogeny and phylogeny: a
comment on Zelditch and Fink (1995). Syst Biol. 47: 168-173

Blackith RE, Reyment RA (1971) Multivariate morphometrics. Academic Press,
London, 412 pp

Bookstein FL (1986) Size and shape spaces for landmark data in two dimensions.
Statistical Science 1: 181-242

Bookstein FL (1991) Morphometric tools for landmark data: geometry and biology.
Cambridge University Press, Cambridge

Bookstein FL (1994) Can biometrical shape be a homologous character?. In: Hall B
(ed) Homology: the hierarchical basis of comparative biology. Academic Press,
San Diego, pp 197-227

Bookstein, F.L. (2002) Creases as morphometric characters. In: MacLeod N, Forey
PL (eds) Morphology, shape and phylogeny. Taylor & Francis, London, pp 139—
174

Goodall CR (1991) Procrustes methods in the statistical analysis of shape. Journal of
the Royal Statistical Society, Series B 53: 285-339

Jensen RJ (2003) The conundrum of morphometrics. Taxon, pp 663-671

Kendall DG (1984) Shape manifolds, procrustean metrics and complex projective
spaces. Bulletin of the London Mathematical Society 16: 81-121

MacLeod N (1999) Generalizing and extending the eigenshape method of shape
visualization and analysis. Paleobiology 25 (1): 107-138

MacLeod N (2001a) The role of phylogeny in quantitative paleobiological analysis.
Paleobiology 27: 226241

MacLeod N (2001b) Landmarks, localization, and the use of morphometrics in
phylogenetic analysis. In: Edgecombe G, Adrain J, Lieberman B (eds) Fossils,
phylogeny, and form: an analytical approach. Kluwer Academic/Plenum, New
York, pp 197-233



Introduction

MacLeod N (2002a) Phylogenetic signals in morphometric data. In: MacLeod, Forey
PL (eds) Morphology, shape and phylogeny. Taylor & Francis, London N, pp
100-138

MacLeod N (2002b) Geometric morphometrics and geological form-classification
systems. Earth-Science Reviews 59 (2002): 27-47

Marcus L F, Bello E, Garcia-Valdecasas A (1993) Contributions to morphometrics.
Museo Nacional de Ciencias Naturales 8, Madrid

Marcus L F, Corti M, Loy A, Naylor GJP, Slice DE (1996) Advances in
morphometrics. NATO ASI Series. Plenum Press, New York

Mardia KV, Dryden I (1989) The statistical analysis of shape data. Biometrika 76:
271-282

Reyment, RA, Blackith, RE, Campbell, NA (1984) Multivariate morphometrics.
Second edition, Academic Press, London, 233 pp

Rohlf FJ (1993) Relative warp analysis and an example of its application to mosquito
wings. In: Marcus LF, Bello E, Garcia-Valdecasas A (eds) Contributions to
Morphometrics. Museo Nacional de Ciencias Naturales 8, Madrid, pp 131-160

Rohlf FJ (1998) On applications of geometric morphometrics to studies of ontogeny
and phylogeny. Syst Biol. 47: 147-158

Rohlf FJ (2002) Geometric morphometrics and phylogeny. In: MacLeod N, Forey PL
(eds) Morphology, shape and phylogeny. Taylor & Francis, London, pp 175-193

Swiderski, DL, Zelditch, MI, Fink, WL (2002) Comparability, morphometrics and
phylogenetic systematics. In: MacLeod, N, Forey PL (eds) Morphology, shape
and phylogeny. Taylor & Francis, London, pp 67-99

Teissier G (1938) Un essai d’analyse factorielle. Les variants sexuels de Maia
squinada. Biotypologie 7: 73-96

Zelditch, MI, Swiderski, DL, Fink, WL (2000) Discovery of phylogenetic characters
in morphometric data. In: Wiens, J (ed) Phylogenetic analysis of morphometric
data. Smithonian Institution Press, Washington, pp 37-83



2 Application of geometric morphometrics to the
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2.1 Abstract

Methods of geometric morphometrics applied to Eocene ostracodes from Wadi El
Rayan, Eastern Desert, Egypt, and Aragon region, Spain, enable ostracode work-
ers to define the size and shape variation in these ostracodes in the following man-
ner. Loxoconcha vetustopunctatella Bassiouni, Boukhary, Shamah and Blondeau
displays different shape parameters. The relative warps and thin-plate spline
analyses led to recognizing five morphs (morph 1 to morph 5) within this ostra-
code species. The defined morphs could be arranged according to their degree of
similarity to morph 1 (the typical morph), where morph 4 is the closest form to
morph 1, followed by morph 5, morph 2 and morph 3, respectively. On the other
hand, the analysis of three species of Echinocythereis (E. isabenana QOertli, E.
aragonensis Oertli, E. posterior Oertli), using relative warps and thin-plate spline
analyses, arrived at the same conclusions of Reyment (1985, 1988) in showing
that the speciation events were accompanied by significant change in shape. How-
ever, the geometric morphometrics have the advantage over the techniques used
by Reyment (1985, 1988) in identifying shape-patterns. Current results indicate
that benefits can be expected to accrue from geometric morphometrics applied, as
superior to any other relevant technique, to solve problems arising from polymor-
phism in not only ostracodes but also other crustaceans.

Keywords: Geometric morphometrics, shape polymorphism, Ostracoda, Eocene,
Egypt, Spain.

2.2 Introduction

Morphometric methods are widely used in the fields of biology and paleontology
due to their ability to describe the morphological variability exhibited by organ-
isms. Fortunately, frequently updated computer programs for doing calculations of
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morphometrics are available free of charge. Consequently, the account of classical
and geometric morphometry in ostracodology has increased in the last decade.

The genus Loxoconcha Sars 1866 (type species: Cythere rhomboidea Fischer
1855) has a medium to large carapace with rhomboidal or ovate carapace that ex-
hibits a compressed postero-ventral margin. Bassiouni et al. (1984) described their
new species Loxoconcha vetustopunctatella as having a sub-quadrate carapace
with straight dorsal margin, strongly convex ventral margin, rounded anterior
margin and a caudal process at the posterior end. The carapace is ornamented by
coarse central reticulation which gradually decreases in size towards the periph-
ery. Scanning all the available specimens of Loxoconcha vetustopunctatella Bas-
siouni, Boukhary, Shamah and Blondeau of middle Eocene age, as well as the
work of Reyment and Elewa (2002) suggested the strong possibility of this species
being polymorphic with respect to shape.

Bassiouni et al. (1984), stated that they recognized specimens exhibiting transi-
tional forms between L. pseudopunctatella and L. vetustopunctatella. Reyment
and Elewa (2002) reported that L. vetustopunctatella shows tripartite subdivision
of the shapes and interpreted this pattern phenomenon to be an example of poly-
morphism.

On the other hand, three species of the genus Echinocythereis Puri, 1954 (type
species: Cythereis garretti Howe and McGuirt 1935) (E. isabenana Qertli, E. ara-
gonensis Oertli, E. posterior Oertli) were subjected to geometric morphometrics
analyses to assure the results of Reyment (1985, 1988), that were reported using
traditional morphometrics before geometric morphometrics had been born, from
one side, and to identify the shape variations in the E. isabenana-E. aragonensis-
E. posterior lineage, from the other side. The E. isabenana has a relatively large
carapace that, having a rounded tubercle ornamentation pattern, is the ancestor of
the two other species. The E. aragonensis has a relatively small carapace with
small lateral papillae, partly in contact, some of which are united by filaments.
This species was originally erected at the subspecific level. The third species, E.
posterior, has a relatively small carapace with a surface ornamented by pustules
superimposed on a network of riblets forming a reticular pattern; this species was
originally erected as a chronological subspecies. In summary, the difference be-
tween these three species is principally in size of carapace and ornamentation. The
question arises, are there any shape variations within each of these three species?
if yes, then a polymorphic phenomenon should exist. Reyment (1988) concluded
that this phenomenon might be occurring within these species, using eigenshape
analysis technique; however, he did not define the types of shape polymorphism
of these species in his 1985 paper.

The idea that polymorphism in ostracodes can be described usefully through
geometric morphometric analysis originated with Reyment (1993, 1995b) and
Reyment and Elewa (2002). The aim of the present study is to analyze the avail-
able specimens of the considered species to document any shape-based relation-
ships in the studied Egyptian Loxoconcha species, and within and/or between the
studied Spanish Echinocythereis species.
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2.3 Brief notes on morphometrics

The Hungarian artist Albrecht Diirer was the first, in the 16® century, who used a
geometric technique. D’ Arcy Wentworth Thompson followed the Diirer technique
to devise a quasi-geometric device to express form changes as deformations. He
called his diagrams Cartesian coordinate transformations, but nowhere in his
original work of 1917, nor in the many subsequent reprints and revisions did he
say how he had obtained them. Bookstein took up the subject and came to the
same inescapable conclusion of Huxley (1932) that Thompson had merely pro-
duced his celebrated transformations by freehand and actually geometrically inac-
curate (for more information on the subject see Reyment 1998).

Teissier (1938) introduced a more accessible approach which used the algebraic
mode of analysis by principal components. Teissier’s approach was inarguably
more successful than Thompson’s approach in that it was taken up by and used to
analyze real biological data decades before anyone figured out how to use the de-
formation-grid approach in anything resembling a genuine mathematical analysis.

This idea was seized by Jolicoeur and Mosimann (1960) and became very
popular in taxonomic studies. Later in 1963, Jolicoeur improved the principal
components method by relating it to the allometric model. Hopkins (1966) then
improved Jolicoeur’s (1963) method of assessing multivariate allometry by means
of a factor-analytical model for a reduced rank covariance matrix (see Reyment
and Elewa 2002).

In 1971, Blackith and Reyment introduced the term multivariate morphometrics
for the application of multivariate statistical analysis to the study of variation in
the morphological characteristics of animals and plants. The emergence of a new
era of multivariate morphometry, namely, geometric morphometry, was intro-
duced by Bookstein (1989, 1991) with competing procedures (Reyment 1995).

Bookstein (1989, 1991, 1995) has developed a powerful geometric technique,
which he terms the morphometric synthesis, for the analysis of within-population
and between-population shape change, based on reference points (= landmarks).
There are three types of landmarks that Bookstein recognized in 1991 and the
concept has undergone substantial change since then (e.g., through the recent addi-
tion of the concept of semi-landmarks). Also, the concept of the landmark bears a
subtle and interesting relation to the concept of homology. For more information
about landmarks and morphometrics in general (see MacLeod 1999, 2001, 2002a,
2002b).

Landmarks contain essential information on size, shape, scaling and orienta-
tion. As a consequence, it is quite possible to restore aspects of the appearance of
the measured object (the ostracode carapace herein) with respect to the points se-
lected for study by plotting the coordinate pairs on graph paper, as it is figured
hereafter (for more information see Reyment 1997).

Two main methods are common in the field of geometric morphometrics (Rohlf
1996). The first is named the superimposition method and is based on the least
square method. It is most efficient if overall similarity depends on few landmarks.
The second is the thin-plate spline method which works best when the similarity
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depends on many landmarks, and therefore, just weekly localizable. This second
method consists of fitting a thin-plate spline, an interpolating function, to the x and
y coordinates of the landmarks located on each of N specimens in a sample. The
variation among the specimens is described in terms of variance in the parameters
of the fitted functions. This requires a reference configuration. The computations
of the warps depend on this reference which is often the mean configuration of
landmarks after some suitable alignment of specimens. The relative warps are the
principal component vectors, they depict the main features of variation in shape
among specimens as deformations (i.e. warps). In conclusion, the relative warp is
only a pattern of proportionality among directed landmark displacements (see
Reyment 1995).

2.4 Polymorphism in ostracodes

Ostracodes, like any other crustaceans, show evidence of polymorphism in their
life-cycles. Generally, two kinds of ornamental variations are shown by ostra-
codes: ecophenotypic variation and genotypic variation. The first kind is often
continuous and is under the control of various environmental factors such as tem-
perature, depth, salinity and others (e.g. Reyment 1985, 1988). The second kind is
discontinuous and involves co-occuring morphs without the presence of interme-
diate forms. However, this kind of polymorphism can be confounded by the su-
perposition of ecophenotypic reactions (e.g. Reyment 1963, 1966).

The studied Loxoconcha and Echinocythereis species display a richness of
polymorphism in both ornamental and shape characters. The ornamental and
shape variations in Loxoconcha species are mainly: the type of reticulation, the
shape of the carapace, the straight versus convex dorsal margin, and the straight
versus convex postero-dorsal margin. The variations in Echinocythereis species
belong to two main categories (shape and ornamental variations). The shape varia-
tions include: asymmetric as opposed to symmetric rounded anterior margin; con-
cave versus straight or slightly convex postero-dorsal margin; underslung venter
and concave dorsal margin; and a presumed polymorphism in the length of the
posterior process. The ornamental variations include: the development of smooth
lateral fields; the presence or absence of posterior spinosities (usually one central
spine); the development of two to three rows of tubercles on the anterior zone; pa-
pillae are united to a greater or lesser extent by fine filaments; coalesced papillae;
the development of sub-reticular ornament; the incomplete development of the an-
terior reticulations; and reticulate lateral ornament. There is a distinct possibility
that environmental factors control the development of ornament of the studied
lineage of Echinocythereis carapace in part. There seems to be a rather obvious re-
lationship between the oscillatory regressive phase of the late Lutetian and the
speciation event, on one hand, and the shift from papillation to reticulation, on the
other. (see Reyment 1985 for more details).
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As the analyses of the studied ostracode species are based on geometric mor-
phometrics of landmarks, only the shape polymorphism will be considered
throughout the course of the present study.

2.5 Materials and methods

The studied material is represented by seventeen specimens of the Egyptian Loxo-
concha species, all of them identified as females, and thirteen Spanish Echino-
cythereis species (4 specimens of E. isabenana; 7 specimens of E. aragonensis; 2
specimens of E. posterior). The analysis was made on their left views of cara-
paces. With respect to occurrence, specimens of the Egyptian Loxoconcha species
were collected by the author from the Midawara Formation (sandy marl to sandy
shale facies) of Wadi El Rayan at the south of Fayoum area in the Western Desert
of Egypt (Fig. 1; Table 1), for more information about the lithology of these sedi-
ments, see Elewa (1999). The material of the Spanish Echinocythereis species
were provided to the author from Richard A. Reyment of the Museum of Natural
Sciences of Sweden. This material was collected by geologists of the ELF Petro-
leum Company from the Rio Isabena section, Aragon, Spain, with a control se-
quence from the Rio Campo, some 60 km distant. The Rio Isabena section lies
some 140 km northeast of Zaragoza (Fig. 2); the sequence begins near the
Ypresian-Lutetian boundary (Eocene) and continues to late in the Lutetian, en-
compasses more than 1000 m of marine sediments, mainly marls, with occasional
intercalations of sandstone (Table 1). For more information about the lithology
and description of the three species, see Oertli (1960) and Reyment (1985, 1988).

Bassiouni et al. (1994) placed Loxoconcha vetustopunctatella as one of three
typical species of the open platform environment, which Wilson (1975) described
as a shallow water environment embracing open lagoons and bays behind the
outer platform edge, where water circulation is moderate and salinity varies from
normal marine to hypersaline. On the other hand, it is necessary to be aware of the
possibility that quite marked differences in ornamental patterns can be caused by a
deficiency or a surplus of calcium ions during molting and secreting a new shell
(McKenzie and Peypouquet 1984).

Six landmarks, considered to be diagnostic, were selected on each carapace for
analysis of Loxoconcha vetustopunctatella (Fig. 3); these are located at four points
on the circumference of the left shell (nos. 1, 4, 5, 6), as well as one at the eye-
tubercle (no. 2) and one at the adductorial site (no. 3). The last two are first-order
landmarks, being located at fix-points on the shell. The other four are located at
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Table 1. Biostratigraphical data for the occurrence of the studied species from Egypt and
Spain

points of inflexion as follows: one at the mid-point of the anterior margin (no. 1),
one at the contact between the dorsal and posterior margins (no. 4), one at the
maximum end of the posterior margin (no. 5) and one at the mid-point of the ven-
tral margin (no. 6). For the Echinocythereis species, seven landmarks are consid-
ered to be diagnostic as follows (Fig. 4). One at the mid-point of the anterior mar-
gin (no. 1), one at the eye-tubercle (no. 2), one at the contact between the dorsal
and posterior margins (no. 3), one at the maximum end of the posterior margin
(no. 4), one at the contact between the ventral and posterior margins (no. 5), one at
the contact of the anterior zone with the ventral margin (no. 6) and one at the ad-
ductorial site (no. 7). Landmarks 2, 7 are first-order landmarks, while the others
located at points of inflexion. In the original sense of the term “landmarks”, were
supposed to be located at homologous sites on the organism, however, it has been
found useful to expand this concept so as to encompass “pseudolandmarks™ which
are located at mid-points of rounding of the outline of the organism.

All of these landmarks were digitized on the basis of SEM photographs and
sketches of outlines using a computer program made by F. J. Rohlf (1998a), and
then, subjected to relative warps and thin-plate spline analyses. The Egyptian and
Spanish materials are treated separately from each other.

The programs used for the thin-plate spline and relative warps analyses were writ-
ten by F. J. Rohlf (1997, 1998b), versions 1.15 and 1.20, respectively.
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Fig. 1. Location map of Egypt. Black square represents location of the area from which
specimens of the studied species were collected

Fig. 2. Location map of Spain. Black square represents location of the area from which
specimens of the studied species were collected
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Fig. 3. Sketch showing the locations of the six landmarks (after Reyment and Elewa 2002)
on the carapace of Loxoconcha vetustopunctatella Bassiouni et al. Figure based on morph 3

Fig. 4. Sketch showing the locations of the seven landmarks on the carapace of Echino-
cythereis species. Figure based on E. isabenana

2.6 Results

2.6.1 The Egyptian material

First, to examine the normal distribution within the selected specimens for this
study, the Q-Q probability plot for the distance from landmarks is given (Fig. 5).
This figure indicates that the selected specimens show no important outliers, and
thus, are of normal distribution.

Non-affine shape differentiation in the studied species

The ordination for the 1% and 2™ warps (Fig. 6) is the representation of the non-
affine (= non uniform) shape variation. The first singular value for these data con-
stitutes more than 33% of the variance, the second one comprises more than 27%

of the variance, therefore, more than 61% of the variance is included within the
first two relative warps (Table 2). This is sufficient for interpreting the major as-
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pects of shape variation within the studied material. Figure 6 shows a plot of the
1% vs. 2™ relative warp scores and indicates that the 1 and 2™ relative warps have
a tendency to separate the studied specimens into five groups. Group 1 with sub-
quadrate, pointed posterior shape (no. 1 in the graph), this form represents the
typical shape of the studied species with short caudal process at the posterior end.
Group 2 with sub-rectangular, rounded posterior shape (nos. 7, 8). Group 3 with

Fig. 5. Q-Q probability plot for the distance from all landmarks of the studied
Loxoconcha specimens

sub-rectangular, pointed posterior shape (nos. 2, 3, 4, 5, 6, 9, 10, 11, 12, 14).
Group 4 with sub-ovoid, pointed posterior shape (no. 13). Group 5 with sub-ovoid,
rounded posterior shape (nos. 15, 16). The ordination yielded by this analysis pro-
duces a certain degree of morphological variation which suggests polymorphism
to be present, however, more available specimens is insistent to hold these results
to the species as a whole.
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Table 2. Summary of relative warps analysis for Loxoconcha vetustopunctatella

Components Eigenvalues % variance
1 0.134 33.74
2 0.121 27.44

Affine (= uniform) shape differentiation in the studied species

The representation of the 1% vs. 2™ uniform axes is given in Figure 7. This figure
indicates that the 1* relative warp has a tendency to separate specimens with
straight postero-dorsal margin (right; like nos. 3, 10, 13, 16) from those with con-
vex postero-dorsal margin (left; like nos. 1, 2, 4, 15), while the 2™ relative warp
separates specimens with convex dorsal margin (the upper section of the graph;
like nos. 2, 3, 4, 16) from those with straight dorsal margin (the lower section; like

1% axis

2™ axis

Fig. 6. Ordination by the non-affine shape components for the studied species

nos. 6, 7, 16). It can be concluded that the uniform projection provides additional
information about the shape of the studied specimens, specifically the dorsal mar-
gin, but could not discriminate between the groups obtained by the non-uniform
ordination.
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Fig. 7. Ordination by the affine (uniform) shape components for the studied species

Thin-plate spline comparisons for typical specimens of the
recognized morphs

The thin-plate spline is a tool for doing the comparison of two average shapes pro-
ceeds by the fit of one image to the other with the landmarks forming the points
that must correspond. It provides the mathematical approach for doing the fit but
without any intrinsic biological significance, however, it does permit a realistic
partitioning of shape variation into categories of specific biological interest on an
increasingly more local level, a case similar to using the scanning electron micro-
scope for increasing the magnification of an organism. At the lowest magnifica-
tion the whole shell is visible, with higher magnification, more local features ap-
pear.

The graphical representations of mapping from one shape to another are given
in the next step to find out the relationships between the recognized morphs. Left
view of five females of the five recognized morphs (one specimen for each) were
considered as typical (reference) specimens for the thin-plate spline analysis. Fig-
ure 8 portrays the mapping of the non-affine case of morph 1 into morph 2. The
deformation is strong and the bending energy (an expression borrowed from the
mechanics of thin metal plates; it is the energy required to bend the metal plate,
therefore, the landmarks change their position appropriately) is 0.07012. The pos-
tero-dorsal zone (the caudal process area) is more affected than any other side.
Weak dilatation towards the posterior margin and strong dorsal and ventral
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Fig. 8. The non-affine deformation for the comparison between typical specimens of morph
1 and morph 2

compressions are detected. Figure 9 displays the warp of morph 1 into morph 3.
The bending energy is 0.07973 and the effect is greater than the previous case.
The figure shows that the postero-dorsal margin is more affected than other sides.
There are also strong dorsal and ventral compressions. From Figure 10, showing
the warp of morph 1 into morph 4, it is clear that the deformation is relatively
weak with bending energy equal 0.05824. The ventral zone is more affected than
other sides. Figure 11 shows the warp of morph 1 into morph 5. It is obvious that
the deformation is greater than the previous case with bending energy equal
0.06570.

Fig. 9. The non-affine deformation for the comparison between typical specimens
of morph 1 and morph 3

The deformation is strong at the ventral margin. In conclusion, morph 4 is the
closest form to morph 1, followed by morph 5, morph 2 and morph 3, respec-
tively. Photomicrographs of some representatives of the studied forms are shown
in Fig. 12.
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Fig. 10. The non-affine deformation for the comparison between typical speci-
mens of morph 1 and morph 4

Fig. 11. The non-affine deformation for the comparison between typical speci-
mens of morph 1 and morph 5

Fig. 12. Figures of some representatives of the studied forms of Loxoconcha vetustopunc-
tatella Bassiouni et al. (x 200). 1, 3, 4 (morph 3); 5 (morph 5)
2.6.2 The Spanish material

The Q-Q probability plot for the distance from all landmarks (Fig. 13). shows no
distinct outliers which indicate a normal distribution of the selected specimens.
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Non-affine shape differentiation in the studied species

The scores for the non-affine projection show that the 1% warp score constitutes
about 51% of the variance, the second one comprises more than 21% of the vari-
ance, thus, more than 72% of the variance is included within the first two relative
warps (Table 3). These are suitable for interpreting the shape variation within the
studied Echinocythereis species. From Figure 14, showing the plot of 1% and 2™
non-affine warp scores, the 1* relative warp axis seems to separate between the
forms having a concave postero-dorsal margin (left; nos. 1, 2, 3, 4, 5, 6, 9), from
the specimens having straight to slightly convex postero-dorsal margin (right; nos.
7, 8, 10, 11, 12, 13). The concave postero-dorsal margin as opposed to a straight,
or slightly convex, margin is an example of shape polymorphism (type 2) that was
introduced by Reyment (1985) for the genus Echinocythereis. He mentioned that
this variation is found throughout the entire sequence at about the same frequency

Fig. 13. Q-Q probability plot for the distance from all landmarks of the studied
Echinocythereis specimens

Table 3. Summary of relative warps analysis for the studied Echinocythereis spe-
cies

Components Eigenvalues % variance
1 0.146 50.93
2 0.095 21.64
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and is, consequently, not of particular evolutionary significance. The same figure
indicates that the 2™ relative warp axis have a tendency to separate the specimens
with regularly rounded anterior margin (lower section; nos. 4, 6, 7, 8, 12, 13) from
those with asymmetrically rounded anterior (upper section; nos. 1, 2, 3, 5, 9, 10,
11).The swung rounded anterior as opposed to a regularly rounded anterior margin
is another example of shape polymorphism (type 1) of Reyment (1985). This type
of polymorphism occurs throughout the entire observed sequence and is, therefore,
not involved in the evolutionary changes. It is clear that the two types of polymor-
phism that was observed using the non-affine projection have no evolutionary sig-
nificance, and thus, are not involved in speciation events.

1* axis
el

2™ axis
7 o2

of L]
13

o4

Fig. 14. Ordination by the non-affine shape components for the studied species

Affine (= uniform) shape differentiation in the studied species

In the next step, the uniform relative warps analysis was applied to the same data
and the representation of the 1% vs. 2™ uniform axes is given (Fig. 15). Figure 15
indicates that the 1* relative warp axis shows the polymodality in the length of the
posterior process with increased values at the right section of the graph (nos. 1, 2,
5, 10) and decreased at the left (nos. 3, 4, 7, 13). The genetic background of this
polymorphism is not clear (type 5 of Reyment 1985). The 2™ relative warp axis
separates the specimens with concave dorsal margin (the upper section of the
graph; nos. 6, 10, 11, 13) from those with straight to convex dorsal margin (in the
lower section; nos. 2, 3, 4, 9) (type 4 of Reyment 1985).

Reyment (1985) stated that this variant appears about halfway throughout the
range of E. aragonensis, but does not become relatively common until the range
of E. posterior, this seems to be an evolutionary conditioned feature. However,
specimen no. 13, in Figure 15, is identified as E. posterior and exhibits a concave
dorsal margin (see Fig. 20). It can be concluded that the uniform projection pro-
vides additional information about the shape of morphs within the studied mate-
rial.
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Thin-plate spline comparisons for selected specimens from the three
species

The left view of five specimens of the Echinocythereis species (one specimen
for E. isabenana; tow specimens from the earliest and late E. aragonensis; and
two specimens of E. posterior) were considered as typical (reference) specimens
for the thin-plate spline analysis. Figure 16 portrays the mapping of the non-affine
case of E. isabenana (no. 1; Fig. 20) into E. aragonensis (no. 8; Fig. 20). The
bending energy is 0.03012 and the anterior margin is more effected than any other
side. This could be the shape polymorphism (type 1) of Reyment (1985).
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Fig. 15. Ordination by the affine (uniform) shape components for the studied Echino-
cythereis species

Figure 17, showing the warp of E. isabenana (no. 1; Fig. 20) into the early E.
posterior (no. 13; Fig. 20), clarifies that the deformation is relatively strong with
bending energy equal 0.04202. The anterior and posterior zones are more affected
than other sides (types 1, 2 of Reyment 1985).
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Fig. 16. The non-affine deformation for the comparison between typical speci-
mens of Echinocythereis isabenana (no. 1 in Fig. 20) and the late E. aragonensis
(no. 8 in Fig. 20)
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In order to decide whether the polymorphism (type 3) is not common at the
higher levels above the E. aragonensis, and consequently, is significant for speci-
ation, according to Reyment (1985), the mapping of the earliest E. aragonensis
(no. 7; Fig. 20) into the early E. posterior (no. 12; Fig. 20) is shown (Fig. 18). It is
obvious that the deformation has a bending energy equal to 0.02200, and is greater
at the dorsal margin than other sides (type 4). Figure 19 shows the mapping of the
late E. aragonensis (no. 8; Fig. 20) into the early E. posterior (no. 12; Fig. 20),
and indicates a weak deformation with bending energy equal 0.01507. The defor-
mation is relatively greater at the ventral margin (type 3). The last figure suggests
that the ventral margin is relatively affected (underslung venter), therefore, the
type 3 of Reyment could be common in the transition from E. aragonensis into E.

Fig. 17. The non-affine deformation for the comparison between typical specimens of
Echinocythereis isabenana (no. 1 in Fig. 20) and the early E. posterior (no. 13 in Fig. 20)

L]

Fig. 18. The non-affine deformation for the comparison between typical speci-
mens of the late Echinocythereis aragonensis (no. 7 in Fig. 20) and the early E.
posterior (no. 12 in Fig. 20)

posterior, and has no evolutionary significance. Outlines of the thirteen Echino-
cythereis specimens are shown in Figure 20 with their stratigraphical levels.
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Fig. 19. The non-affine deformation for the comparison between typical speci-
mens of the late Echinocythereis aragonensis (no. 8 in Fig. 20) and the early F.
posterior (no. 12 in Fig. 20)

2.7 Conclusions

It is possible to tie together the various lines of argument used in interpreting the
results from the geometric morphometric analysis of shape variation within the
forms of Loxoconcha vetustopunctatella, and the shape variation within and be-
tween the studied transition of E. isabenana-E. aragonensis-E. posterior.

Loxoconcha vetustopunctatella seems to be an endemic Egyptian species and
has been shown to encompass a range of morphometrical variability. My study of
this species did not focus on the ornamental variability, which was discussed in
detail by Bassiouni et al. (1984). However, geometric morphometrics did provide
good results with respect to shape variability.

The analysis of this Egyptian species revealed the distinction of morphs to be
existing within the studied specimens, with different shape characteristics. This
type of shape variation belongs to the environmentally cued polymorphism that
results under the control of environmental factors. It seems that the occurring
polymorphism within this species could be related to deficiency or a superfluity of
calcium ions during molting and secreting a new shell as a result of changes in de-
grees of water salinity in the study area.

On the other hand, the three Spanish species of the genus Echinocythereis could
clarify the advantage of using geometric morphometrics on ostracode carapaces
for solving problems arising from the variability in shape resulting from polymor-
phism which is a common phenomenon in ostracodes as well as other crustaceans.

The results support the idea of Reyment (1985) attributing the evolution in the
Echinocythereis lineage to two different mechanisms. The transition of E. isa-
benana- E. aragonensis was rapid, with many disjunct features, as it is clear from
the thin-plate spline projections (Figs. 16-21). The second transition (E. aragonen-
sis-E. posterior) was slow and the variations are more of degree than of kind.
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Fig. 20. Figures of the outlines of the studied Echinocythereis species with their strati-
graphical levels (after Reyment 1988)

Age: Eocess (Lutstins)
Older €—— Stratigraphical level ——3 Yousger
1

The advantage of using geometric morphometrics in this example is that the
types of shape polymorphism that were previously recognized under the micro-
scope are discriminated and, more important, the relationship between these shape
variations are established. In contrast, the traditional morphometrics could only
give a general conclusion stating that the speciation events were accompanied by
a reduction in size and significant shifts in shape. However, these techniques pro-
vided me with a preliminary strategy when I started working on this material.

It is worth mentioning that the two examples studied could successfully achieve
the usefulness of geometric morphometrics in discriminating shape variation
(shape polymorphism) in a manner that is superior to any other techniques. The
idea is not to speak about population (this needs more sample size) but the effi-
ciency of the modern approach (geometric morphometrics) in a better way than
classical techniques (traditional morphometrics) do.
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3.1 Abstract

Population differences based on a morphometric analysis were studied in blue
spiny lobster Panulirus inflatus (Bouvier 1895) from the Pacific coast of Mexico.
Seventeen morphometric distances defined by eight landmarks were recorded for
129 specimens and Sheared PCA (SPCA) and Burnaby size-adjusted principal
component analysis were performed. Sexual dimorphism was detected in each lo-
cality by analysis of covariance (ANCOVA), so comparison between localities
were separately performed by sex. Males and females showed some geographic
differences, however, the results indicate a low differentiation level. Morphomet-
ric differences between populations can be due to plasticity in response to local
environmental conditions, but further analysis should to considered to a better un-
derstanding of stock structure of blue spiny lobster.

Keywords: Panulirus, lobster, Mexican Pacific, morphometric analysis, sheared
principal components analysis, truss, distance measures, sexual dimorphism.

3.2 Introduction

The spiny lobster’s fishery is a important economic activity in the northwest coast
of Mexico. Lobster commercial exploitation has been known since the end of the
19t Century, however management regulations by Mexican government did not
begin until 1930. The actual annual catch in the Mexican Pacific coast is approxi-
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mately 1,800 tons (Vega-Velazquez et al. 1996; Perez-Gonzalez et al. 2002) and it
is composed of three species: the red spiny lobster Panulirus interruptus Randall
1840; the blue spiny lobster P. inflatus (Bouvier 1895), and the green spiny lobster
P. gracilis Streets 1871. Panulirus interruptus is the most temperate species, with
a distributional range from California, USA, to Baja California Sur (BCS), Mex-
ico, including some areas in Gulf of California (Hendrickx 1995). Panulirus infla-
tus and P. gracilis inhabit subtropical and tropical waters, from Bahia Magdalena,
(BCS), to Oaxaca, Mexico, throughout the Gulf of California. Annual landings for
these species in Mexico are estimated to be around 500-650 tons (Perez-Gonzalez
et al. 2002).

Several studies have been conducted on Panulirus spp. in the NW Mexico,
mainly focused on optimization of the regulatory mechanisms of their fisheries,
better understand environmental influences on the catches, document larval re-
cruitment (Phillips and Booth 1994), or further develop fishery biology data
(Ayala 1983; Briones and Lozano 1992; Pérez-Gonzalez et al. 1992, Pérez-
Gonzalez y Ortega Salas 1992). However, the relationships between disjunct
populations along the Mexican coast have been scarcely studied (e.g. Perez-
Enriquez et al. 2001).

The main purpose of this study was to compare morphologically the carapace
of P. inflatus sampled from separate locations of NW Mexico. Morphometric dif-
ferences within related populations could be linked to local adaptation to habitat
conditions due to a high degree of phenotypic plasticity (Doadrio et al. 2002), or
may indicate the presence of genetic stock structuring due to well-differentiated
phenotypes that have been isolated long enough to warrant a taxonomic reap-
praisal.

Biological identification at any taxonomic category or fishery stock level (“in-
dividuals within a population with a spatial and temporal integrity to consider
them as self-perpetuating units”, sensu Pawson 1995) is the first step in determin-
ing the status of the resources and for developing a rational fishery management
(Skillman 1989). There are several examples showing that, when the stock com-
position and boundaries are unclear, effective management of fisheries resources
has been hampered (see: Austin et al. 1998). Actually, the main regulations in the
lobster fishery along the Mexican coast include a closed season, a minimum legal
size, prohibition of catching egg-bearing females, and controlling the fishing ef-
fort. However, the tropical lobster fisheries in Mexico show considerable annual
and decadal scale variations in landings (Pérez-Gonzalez et al. 2002).

In this study we used multivariate morphometry based on distance data, which
has been shown previously to be an informative tool to assess distinctness between
closely related taxa (Corti et al. 1981; Creech 1992; Elliot et al. 1995; Eisenhour et
al. 1997; Lourie et al. 1998). Morphometric methodology permits quantification of
differences of variations in size and body shape among organisms based on
corresponding anatomical features. Also, distance-based methods permit the parti-
tioning of allometric from non-allometric variation, in terms of Huxley's log-linear
model of allometry. Particularly, multivariate morphometrics has been applied to
study the intra-population variations in several lobster species (Harding et al.
1993; Cadrin 1995; Castro et al. 1998; Debuse et al 2001) and in general in fishery
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researches (Krause et al. 1994; Tzeng et al. 2001). On the other hand, landmark-
based geometric morphometric methods (procrustes analysis and warp analyses;
e.g. Bookstein 1991) that emphasize the analysis of geometry of morphological
structures could be applied, to an appropiate lobster's data set, to generate a
graphical representation of the shape. This will be our intend in the future re-
search.

3.3 Material and methods

The lobsters used in this study were caught from localities in NW Mexico, be-
tween September 2002 and January 2003 (Fig. 1). Specimens from the Pacific
coast of the Baja California Peninsula (BCP) were obtained from commercial
fishery landings using conventional lobster traps from Bahia Magdalena. Speci-
mens from mainland’s coast of the Gulf of California (MGC) were fished using
tangle nets and skin diving and hooking, as usually captured by fishermen in that
area, at Mazatlan.

Fig. 1. Map of northwest Mexico. Lobster collection sites are represented by black circles
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Fig. 2. Dorsal (A) and lateral (B) view of carapace of Panulirus inflatus and landmarks
taken. Dots and asscociated number indicate the landmarks used and morphometric dis-
tances produced, respectively

Seventeen morphometric distances from a modified truss protocol (Strauss and
Bookstein 1982) derived from eight carapace landmarks (Fig. 2), were measured
on 129 male and female lobsters (BCP, n=75; MGC, n=54) using an electronic
vernier caliper (to an accuracy of 0.01 mm). These landmarks were chosen be-
cause they represent unambiguous points in the morphology of specimens and a
good representation of carapace shape. To minimize bias in the measuring proce-
dure, all measurements were done by the same person (FIGR). The order in which
the males and females were measured was random and all morphometric distances
were recorded on the same side (right side) of each specimen. Carapace length
(CL) was considered as an estimate of the body size and it was measured from an-
terior to posterior margin, on the median dorsal line. These data were divided into
two subsets for males and females at each region (BCPm and BCPf — MGCm and
MGCH) to test the effects of gender and size.

Analysis of covariance (ANCOVA) was used to summarize sexual dimorphism
and population variation at each region, regressing each of the morphometric vari-
ables against CL. Because CL was not significantly different between sex in
specimens from BCP, we also compared males and females in that site performing
a multivariate analysis of variance (MANOVA) using log-transformed data. Sex-
ual dimorphism for each region was also explored by multivariate allometry using
principal component analysis (PCA). Data matrix was standardized previous to the
PCA. Our results represent only the statistical sample and not the two statistical
populations in the studied two regions.

Differences in body shape between populations were analyzed performing two
sheared principal component analysis (SPCA); one to compare males and the
other to compare females. SPCA method (Bookstein et al. 1985) allows an overall
comparison of body shape among similar species or morphs because it restricts the
variation due to size to the first component so that subsequent components are
strictly shape related (Humphries et al. 1981). In consequence, differences be-
tween populations were illustrated by plotting the second or third SPCA. To test
the significance of differences we compared SPCA scores using univariate
ANOVA. Similar steps were performed using Burnaby size-adjusted principal
component analysis (Rohlf and Bookstein 1987). SPCA and Burnaby methods
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were performed using SHEAR-PCA and BURNABY routines, a computer proce-
dures written by Norman MacLeod (available at http: //
life.bio.sunysb.edu/morph/). All other computations were performed using Statis-
tica 5.5 (Statsoft, Inc.).

3.4 Results

Lobster sizes (CL) ranged between 55.7 mm and 108.8 mm. Specimens from BCP
were significantly larger (F=166.19, P<0.05) than MGC, with a mean CL of 88.7
mm and 71.9 mm, respectively (Table 1, Fig. 3). While MGCm were larger than
MGCT (F=7.755, P=0.0075), the difference in BCP was not significant between
sexes (F=0.47, P=0.41968). ANCOVA demonstrate significant differences in
some variables, indicating different growth pattern between males and females. In
other variables, homogeneity of regression was not found; thus, although an
ANCOVA could not be performed because equality of slopes is an assumption re-
quired for the test of intercepts (Tabachnick and Fidell 1989), it was concluded
that the rate of change in each variable with the generalized size variable (CL) dif-
fered across the dataset; Table 2; Fig 4).

Table 1. Mean and Standard Deviation values (mm + SD) from lobster size (CL: carapace
length) and 17 morphometric distances (variables), produced by 8 landmarks, in two popu-
lations of blue spiny lobsters from NW México
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Fig. 4. ANCOVA of distance # 8. Data from MGC (above) and BCP (under)

MANOVA results among BCP’s specimens for the seventeen morphometric
variables (log-transformed), revealed significant differences (Wilk's Lambda =
0.2971; F = 7.9321, P< 0.0001). In BCP's data set the ANCOVA test also indi-
cated significant differences in some variables (Table 2).

Raw PCA detected sexual dimorphism in each locality. The first principal
component accounted for 94.7% of the recorded variation in MGC and 87.2% in
BCP. These components were interpreted as representing overall carapace size (as
one would expect, all PCl loadings were positives and scores PC1 were
significantly correlated with CL; r= 0.98, P<0.05, for BCP, and r= 0.99, P<0.05,
for MGC). In both geographical areas (mainly in BCP) PC2 scores were more
overlapped when the PC1 score values were lower (Fig. 5). This means, that the
differences between males and females become more evident in larger-sized indi-
viduals, as in BCP compared to MGC. Because of this sexual dimorphism and size
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affect on the morphometric measurements of lobster’s carapace, a separate analy-
sis of males and females, and the subsequent correction for size, is needed for
comparison between regions.

Prior to shearing and Burnaby methods, PC1 accounted for 95.63%, PC2 for
1.0% and PC3 for 0.78% of the total variation in males (n=71). In females (n=
58), PC1 accounted for 0.97%, PC2 for 0.60% and PC3 for 0.46% (Table 3). The
higher variance accounted by PC1 was consequence of the wide range of size and
the intraspecific nature in our samples. This behavior (a high reflected variance in
PC1) is commonly found when the specimens analyzed are different in size
(Stauffer 1991). Differences in size result commonly from environmental effects
(e.g. food level) whereas differences in shape are produced by underlying genetic
variation, perhaps reflecting localized adaptations and/or the formation of subspe-
cies across geographic ranges. Therefore we think that little variations, expected in
putative individuals of a same species, are important at that level.

For both sexes, the highest SPCA loadings in SPC2 and SPC3 were associated
to variables 3, 4, and 15 (Table 4). In BCPm and MGCm samples, ordination of
individual component scores revealed overlap between localities on the sheared
SPC2 (83.0% overlap) and SPC3 (total overlap) axes (Fig. 6). An ANOVA of
SPC2 scores revealed significant differences between males (F=33.55, P<0.05),
irrespective of the high overlap in scores indicating similar shape or subtle differ-

Fig. 5. Principal component analysis in MGC (left) and BCP (right). Black dots= males,
white dots=females

ences. In BCPf and MGCf samples, the SPC2 scores showed a total overlap be-
tween localities and the SPC3 axes a 58.6% non-overlap (Fig. 6). Significant
differences were found by an ANOVA test only for SPC3 (F=42.80, P<0.05).
Similar results were found applying Burnaby's method. In BCPm and MGCm
samples, individual component scores on the PC3 were totally overlapped while
the PC2 scores shown significant differences (£=33.28, P<0.05). In females sam-
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ples (BCPf and MGCY), the PC2 sores were overlapping but the PC3 scores re-
vealed significant differences (F=42.61, P<0.05).

Table 4. Sheared principal component scores for 17 carapace morphometric distances, de-
rived fron 8 landmarks, for males and females specimens of blue spiny lobster (Panulirus
inflatus) from NW Mexico

3.5 Discussion

Size and shape are obvious biological properties of organisms arising from their
genetic basis and its interaction with the environment. Therefore, conspicuous dif-
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ferences among related organisms are often those in the size and shape. Shape and
size often vary together, but shapes can be described in a size-free manner.

In lobster, the size has tried to be removed by examining larvae or restricting
the size range (Harding et al. 1993). However, the analysis on larvae does not
guarantee a shape size-free analysis, because it has been found that larvae size
from several sites may differ as consequence of temperature and feeding condition
(Deevey 1960). Additionally, selecting individual of a certain size range restricts
the shape comparison within this range, reducing the covariance and limiting a de-
scription of significant differences among groups (Bookstein et al. 1985; Cadrin
1995). Instead, adult morphometry can be useful because sexual dimorphism can

Fig. 6. Sheared Principal components 2 and 3 in males (left) and in females (right), BCP
black square, MGC white square

be used to find differences among populations (Cadrin 1995).

In the present study, lobsters collected in BCP were larger than those collected
in MGC. These differences could be a consequence of the different methods in the
capture of specimens. However, in BCP, where traps are used and the capture is
composed only of legal-sized individuals, lobster were bigger. Conversely, in
MGC, where lobsters were captured using less selective methods (e.g., tangle net
or diving and hooking with a J-shaped metal hook; Pérez-Gonzilez et al. 2002)
smaller specimens were recorded. Thus, the catch in MGC probably provides an
unbiased estimate of smallest size (Pérez-Gonzalez et al. 2002). Alternatively,
these size differences could have a biological origin. Previous studies on BCP
(Vega-Velazquez 1996) and MGC (Pérez-Gonzalez 1986) found similar results.
Whether the size differences are result of the influence of the environment and the
fishery or have a genetic basis (BCP and MGC are different populations) remains
to be explained.

Pérez-Gonzélez (2002) suggests that the mean size of lobsters from the fishery
at MGC has decreased significantly during the last three decades, as a result of the
lack of compliance of fishermen to fishery regulations. Alternatively, differences
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in lobster size can be enhanced by environmental factors, such as temperature and
food availability. These two variables have been noticed to have the higher effect
on the size of planktonic crustaceans (Deveey 1960). For instance, warmer waters,
as in MGC, induce the presence of smaller sexually mature lobsters (Harding et al.
1992). In contrast, a greater food availability in adults provides a better nutritional
state of the individuals, resulting in an increase in size. The high productivity
Southern of BCP, mainly in Bahia Magdalena (Lluch-Belda2000), has an impor-
tant role. In fact, this is a very important fishery zone of many other resources as
the Red Spiny Lobster (Vega-Veldzquez et al. 1996) and Pacific sardine, Sardi-
nops sagax (Rodriguez-Sanchez et al. 1996). Thus, it is perhaps not surprising that
P. inflatus populations living in this area reach larger sizes.

Based on our data, sexual differences were noted in each zone. There are many
factors that could, in principle, be responsible for the patterns we document, in-
cluding polymorphism. However we are reporting the results about a valid test of
a null hypothesis.

Comparisons of sexual dimorphism in other crustaceans have been based on
notoriously different body structures (e.g. abdomen and chelae) between females
and males (Cadrin 1995; Debuse et al. 2001). However, because sexual differ-
ences in the carapace of P. inflatus are not so evident, an analysis to compare
males with females was necessary. Our results suggest differences between males
and females in carapace morphomtery do exist. Females showed a higher Vari-
able/CL relation or higher slopes than males (Fig. 4) indicating them to have big-
ger dimensions for the same size. At both regions (mainly BCP) PC1 scores were
highly correlated with size. These differences between males and females were
clearer at higher PC1 values (higher size) suggesting a progressive allometric dif-
ferentiation. Allometry differences between males and females have been shown
for many crustacean species (Hartnoll 1982).

Change in the growth rate in lobsters generally appears with sexual maturity
due to different biological, ecological, and behavioural requirements after the ju-
venile stage (Diaz et al. 2001). Since only mature specimens (above 47 mm;
Pérez-Gonzélez 1992), were analyzed in this study, we assumed that growth rate
for each variable in each data set was constant at a different size. Ecological and
behaviour studies will be necessary to complement our analysis and resolve the is-
sue.

Morphometric differences were found between regions both in males and fe-
males. Using secondary sexual characters (characteristics of the chela and abdo-
men), Cadrin (1995) clearly discriminat inshore and offshore populations of the
American lobster (Homarus americanus) from Southern New England. Harding et
al. (1993) also showed clear differences among American lobster populations
from Canada, analyzing the morphometry of lobster larvae. In contrast, Debuse et
al. (2001) found only slight morphological differences among populations of
European lobster (Homarus gammarus) females in nine UK locations According
to our data, a geographic differentiation between regions does exist in NW Mex-
ico. While this differentiation was more evident in females, these results suggest a
low differentiation level.
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Lobster discrimination in NW Mexico may be consequence of adaptive re-
sponses to local differences in environmental factors. The possibility of reproduc-
tive isolation is purely speculative at this point. Isolation can be diminished by the
long periods of larval stage of lobster (6 to 11 months, Pérez-Gonzéles 1992)
promoting a higher dispersal and consequent gene flow. For fishery management
purposes, present results suggest that estimation of population parameters should
be made in each region independently.

The Blue Spiny Lobster exhibits morphometric differences apparently as a con-
sequence of different environmental conditions at each region. Based on our re-
sults, studies with more sensitive morphometric techniques such as landmark-
based analysis of geometric morphometrics (e.g. Hood 2000; MacLeod 2002;
Rosenberg 2002) combined with analysis using molecular nuclear or mitochon-
drial DNA markers (e.g. Sarver et al. 1990; Ovenden et al. 1994; Silberman et al.
1994; Harding et al. 1997), should be considered to define more clearly stock
structures of lobsters and to develop a better understanding of the ecological and
biological aspects of this fishery resource, and help for a better management
strategies.
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4.1 Abstract

Morphometric and shape analysis are usually performed on preserved specimens.
The current paper examines the effect of two common preservation methods,
freezing and alcohol, on the shape and magnitude of crab’s carapace. The carapace
widths and images of the carapace of two batches of the swimming crab, Liocar-
cinus depurator were taken before and after preservation. The carapace width was
measured by two operatives and discrepancy between the two was analysed. The
carapace images were analysed using geometric morphometric analysis. The cara-
pace widths decreased significantly, though minimally, after preservation. Geo-
metric morphometric indicated significant differences after preservation in the
uniform shape components only indicating global differences rather than localised
differentials.

Keywords: Liocarcinus depurator, alcohol, freezing, preservation, shape differ-
ences, geometric morphometry, crab.

4.2 Introduction

Since crustaceans have hard exoskeletons and potentially numerous “landmarks”
they should constitute an ideal group for the application of geometric morphomet-
ric methods. Few such studies on Crustacea can, however, be found. Cadrin
(1995) applied box-truss methods to discriminate between sexes and potential
fishery stocks of the American lobster, Homarus americanus (Milne Edwards).
Rosenberg’s (1997) work on the shape difference between major and minor cheli-
peds of the fiddler crab Uca pugnax, (Smith) probably pioneered the use of land-
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mark-based morphometric analysis in extant crustaceans (see Reyment for works
on fossil Crustacea). The differences observed suggested that the major claw could
produce more crushing power, and that selection for “fight effectiveness” may
have played an important role in the evolution of the cheliped shape. Rufino et al.
(2004) used geometrical morphometric techniques to elucidate subtle differences
in the carapace shape of male and female Liocarcinus depurator.

Recently, reviews of the techniques applied to crustaceans can be found in,
Rosenberg (2002, claw shape variation across the genus Uca), Cadrin and Fried-
land (1999, lobster stock identification) and Cadrin (2000, fisheries stock
identification).

In many field studies, individuals are not measured immediately after capture,
but are preserved for later measurement. The effect of the preservation on the size
of the individuals is often ignored, however significant. The ultimate effect of
preservation distortion may largely depend on the degree of accuracy needed for
each specific study. The effect is often quite variable, for example, many fish spe-
cies, both adults and larvae, either shrink or enlarge after preservation with alco-
hol, formaldehyde or freezing (e.g. Sprattus sprattus, Encheylopus cimbrius and
Pomatoschistus minutus (Fey 1999); Clupea harengus and Osmerus eperlanus
(Fey 2002); Mullus barbatus and M. surmuletus (Al-Hassan et al. 2000)). The few
studies carried out on crustaceans include that of Melville-Smith (2003) who
showed that the carapace of the rock lobster (Panulirus cygnus) shrank signifi-
cantly after cooking and freezing, although the shrinkage was minimal. No study
has been conducted on the effect of preservation procedure on the over-all shape
of the individuals and whether preservation acts in a differential manner on differ-
ent parts of the body.

Clearly, the interpretation of significant differences in morphometry between
species is difficult if the preservation method causes a differential effect between
species. Such differential effects of preservatives on different parts of an organism
will cause differences in shape, which will be more readily appreciated with geo-
metric morphometry than with any other technique.

The present study examines the effect of different preservation methods on size
and shape in the portunid crab Liocarcinus depurator (Linnaeus). It is the domi-
nant brachyuran by-catch (untargeted species) in Mediterranean demersal fisheries
and shows a wide bathymetric range throughout the continental shelf and upper
slope (Abelld et al. 1988; Abelld et al. 2002; Rufino et al. submitted). L. depurator
inhabits several types of substrata, although it is most commonly found on mud
(Minervini et al. 1982; Rufino et al. submitted). A wide-ranging species, L. depu-
rator has been reported from Mauritania and the Canary Islands to Norway in the
eastern North Atlantic and throughout the Mediterranean Sea (d'Udekem d'Acoz
1999).
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4.3 Materials and methods

Individuals of Liocarcinus depurator were collected by trawling off Barcelona
(western Mediterranean). The carapace widths (CW) of 120 fresh individuals (60
males and 60 females) were measured by two operatives using the same digital
calipers with a resolution of 0.01 mm. The upper view of the carapace was also
scanned into a digital image using a calibrated HP Precisionscan 3.1. Thirty male
and 30 female crabs, randomly-selected, were frozen (~ —20°C) and the remaining
30 males and females were stored in 70% ethanol. Three weeks later, the frozen
crabs were defrosted and the measurements repeated on both groups of crabs.

Landmarks (see Fig. 1) were used to quantify carapace shape and “Centroid”
magnitude (defined as the squared root of the summed, squared distance of all
landmarks in relation to the geometric centroid [calculated using tpsRel (Rohlf
2003b)]) was used as a measure of crab size in addition to CW.

Figure 1 shows the locations of the 15 landmarks identified for the geometrical
morphometric analysis. The first landmark was located centrally on the posterior
margin of the carapace. The second landmark was the point of maximum
curvature of the posterior carapace margin. Landmarks 3 to 11 represent the tips of
and anterior notch formed by the four anterolateral teeth. Landmarks 12 to 14
represent the tips of and the notch between the two anterior teeth. Landmark 15
along with landmark 3 delineated the maximum carapace width. Coordinates of
the landmarks were digitised using tpsDig (Rohlf 2003a).

Fig. 1. Landmarks selected on the Liocarcinus depurator carapace

Details on the procedures for geometrical morphometric analysis can be found
in Adams et al. (2003), nevertheless only a brief description is given here. After
digitising, landmark maps were rotated, scaled (to unit centroid size) and
translated through a Generalised Least squares Superimposition (GLS) procedure
(generalised procrustes) to eliminate scale and orientation distorsions (‘fpsRel’
(Rohlf 2003b)). A thin-splate spline procedure was used to fit an interpolated
function to an average map (consensus configuration) of the carapace shape and
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derive the uniform and non-uniform (partial warps) components of shape
variation. The two uniform components describe differences that affect all parts of
the carapace equally (global differences). The magnitude of the first of these
indicates the degree of stretching along the x-axis relative to the average carapace
map. Whereas the magnitude of the second indicates compressions or dilatations
along the y-axis (Cavalcanti et al. 1999). The non-uniform shape components
(partial warps) describe localised departures from the average carapace map.

The approach followed in the data treatment was to calculate the difference be-
tween the operative’s measurements and between before/after conservation, in or-
der to obtain independent samples. A two-sample Wilcoxon test was used to test
differences between genders and the non-parametric one-sample Wilcoxon test
corrected for tied observations (exactRankTests package in R-project (Ihaka and
Gentleman 1996)) was used to test if the CW change due to the conservation or
different author measurements, was significantly different from zero (which would
correspond to absence of a significant change). Ninety-five percent confidence in-
tervals were estimated using one-sample Wilcoxon test corrected for tied observa-
tions (exactRankTests package in R-project (lhaka and Gentleman 1996)).

4.4 Results

Carapace width (CW) measurements were not normally distributed and the vari-
ances between treatments were not approximately equal. Therefore, differences
between operators’ measurements and before and after preservation were analysed
separately.

Within the size ranges measured, no significant difference (p>0.05) between
measurements on males or on females was found (Wilcoxon test corrected for tied
observations: W = 7622, p-value = 0.4332) so, in the remaining analyses, both
sexes were pooled.

There were no significant differences between median operator differences
across the groups of male and female crabs before or after preservation (Mood’s
median Test Chisquared = 9.54, df = 7, p = 0.216). Fig 2 shows boxplots of the
difference data for each group showing how one or two outliers are evident but
that the bulk of the differences were very small. There are no discernible patterns
between genders or preservation methods nor between before and after preserva-
tion. The median differences between the measurements made by the two opera-
tors was 0.0lmm and proved highly significant (Wilcoxon 1-sample test
W=7484.5, p<0.001, N=238).
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Fig. 2. Box plots of the differences in measurements on individual L.depurator carried out
by two different operators

Since the average carapace width being measured was 39.4 mm to find a sys-
tematic error of 0.025% between operatives is remarkably good, despite the “sig-
nificance”. With such large numbers of observations even tiny and essentially triv-
ial differences tend to become “statistically significant”. There was no significant
correlation (r = -0.074, df = 236, p = 0.256) between operatives’ and the size of
the crabs, confirming a standard systematic error between operatives which did
not vary with crab dimension or applied treatment.

From the geometric morphometry, Centroid size was significantly correlated
with CW (r=0.992, df = 118, p < 0.001 see Fig.3).

Carapace w idth (mm)

Fig. 3. Relationship between carapace width (measured with a digital caliper) and the cen-
troid size (based on 15 landmarks on the crab’s carapace) of 120 Liocarcinus depurator (60
males and 60 females). centroid = 0.183 + 0.129*CW
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Carapace width and centroid magnitude, showed different results in relation to
the effect of preservation technique. Carapace width decreased (median difference
= 0.08 mm) after the animals were preserved in alcohol (Table 1), while the cen-
troid magnitude only decreased by 0.0lmm (median difference not significant,
Table 1). The effect of freezing was smaller. Centroid magnitude actually in-
creased (median difference = -0.01, but not significantly, Table 1). Carapace
width, on the other hand decreased significantly (median difference = 0.07-0.05
mm, Table 1) after freezing. However, the variability associated with centroid
magnitude differences after freezing was far greater than any other treatment

For both the difference in carapace width and in centroid magnitude, with pres-
ervation technique there was no significant correlation with the carapace width
(i.e. size of the individual), showing no differential effect of preservation tech-
nique with crab size.

Table 1. Median difference of the carapace width (mm) and centroid size of Liocarcinus
depurator, between before and after preservation (alcohol or frozen), and respective results
of the one-sample Wilcoxon test (V: statistic and p: pvalue)

Fig. 4. Median and 95% CI (Wilcoxon), of the difference between conservation methods,
on the centroid magnitude and on carapace width of Liocarcinus depurator for the two op-
eratives measurements (A and B)
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Analysis of the uniform components for crabs preserved in alcohol (Repeated
measures MANOVA) indicated a significant effect of the preservation on the
shape (Wilks = 0.743, F = 10.016, p <0.001). The resultant discriminant function
was not particularly powerful (63% success for pre-preservation crabs and 65%
success for post-preservation crabs). Freezing also showed a significant multivari-
ate effect (Wilks = 0.792, F = 7.627, p = 0.001), providing an even less powerful
discriminant (58% success for pre-preservation crabs and 60% for post-
preservation specimens). Despite determining significant effects of preservation
on the global shape parameters, the multivariate analysis could not discriminate
well between preserved and fresh crabs simply on the basis of their shape.

The non-uniform shape components exhibited no significant effects of preser-
vation for both alcohol (Manova:- Wilks = 0.177; F = 1.415; p = 0.244) and freez-
ing (Manova:- Wilks = 0.128; F = 2.082; p = 0.068). Thus, although an over all
shrinkage (global change) was evident in the preserved carapaces such was not re-
flected in local effects at particular landmark locations.

4.5 Discussion

Differences in carapace width measurements taken by the two operatives were al-
ways smaller than the differences measured between preserved and fresh speci-
mens. The effect of operative was shown to be truly systematic and did not vary
with treatment or crab size. The precision of each operative was very similar,
again emphasising the systematic nature of the difference.

Both alcohol and freezing preservation methods caused significant shrinking of
L. depurator’s carapace. Shrinking by alcohol preservation was slightly greater
than that caused by freezing. 70% ethanol is well known for removing water from
immersed specimens and presumably does so quicker than exposure to -20°C
which can also create dehydration but usually only under a vacuum.

The individuals of Liocarcinus depurator studied ranged from 30.69 mm to
50.53 mm CW. A maximal shrinkage of a maximum of 100um, represents a mere
0.33 to 0.20% decrease, which in practice is relatively trivial. Melville-Smith
(2003) also found shrinkage of the carapace after freezing in the rock lobster Pa-
nulirus cygnus. Remarkably, given the severity of the treatment, Ibbot (2001)
found no effect of boiling and subsequent freezing on the carapace length of the
southern rock lobster (Jasus edwardsii).

Centroid magnitude showed no significant differences due to the different pres-
ervation methods, and seemed the most variable of the two measures, particularly
for crabs that had been frozen. The inability of centroid magnitude to reflect the
obvious differences in CW measured indicates its limitations as a general indicator
of ‘size’. It must ultimately be more variable than a single easily identifiable
measure since it is composed of many, often imprecisely located, measures. In the
present instance, the variability associated with centroid magnitude hid the signifi-
cance of the obvious shrinkage and even resulted in the opposite effect being iden-
tified (although not significant).
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Geometrical morphometric analysis indicated that the effect of preservation on
crab shape was significant only in the uniform shape component. All differences
in shape were global. Despite the significance, the discriminating power of the de-
rived function was low. The potential for the technique to address tiny differences
like those inflicted on the crab carapace by preservation appears limited at present.
The errors in digitising, establishing landmark locations and then interpolating the
shape functions are clearly greater than the difference revealed by precise meas-
urements of a single, but easily identifiable dimension. Increasing the precision of
the geometrical morphometric techniques to rival simple measures of ‘size’ in dis-
criminating power must be an urgent aim. The power to analyse shape as an over-
all phenomenon with the precision of simple measurements will make geometric
morphometry extremely valuable.
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5.1 Abstract

In cases of large deformations caused by allometric growth and with allometric
coefficients varying in space, the concepts of partial and relative warps do not
have a direct interpretation in terms of morphogenetic mechanisms. This is illus-
trated both with a synthetic example and with an example of apertural allometry in
ammonites. Allometric field decomposition will be used as an example of an al-
ternative, morphogenetically oriented approach, at this stage tentative and partly
impractical. The method is based on a growth gradient model with parameters that
are fitted by repeated growth simulation and comparison with an observed onto-
genetic or heterochronic sequence.

Keywords: Geometric morphometrics, morphogenesis, growth gradients, al-
lometry, ammonites.

5.2 Introduction

The mainstream of modern geometric morphometrics involves the concepts of
thin-plate splines, partial and relative warps (Bookstein 1991, Dryden and Mardia
1998). A common procedure consists in removing translation, rotation and size
from a sample of landmark configurations by Procrustes fitting. The variation in
shape within the sample is studied by interpolating the displacements at the land-
marks using thin-plate splines (TPS), and then decomposing the TPS into partial
and/or relative warps. The landmark configurations can be ordinated (projected
into a low-dimensional space) by their partial or relative warp scores for visualisa-
tion purposes. Several samples can be compared using methods from multivariate
statistics, and the deformations can be regressed onto size to study allometric ef-
fects. For lack of a better term, I will refer to this general approach (with all kinds
of variants and extensions) as the geometric warp method.

The geometric warp method has proved to be a highly successful and powerful
tool for the study of biological shape variation. It has a firm mathematical basis, a
simple geometric interpretation and is easy to apply, and is likely to remain one of
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the best morphometric approaches available in the foreseeable future. The geomet-
ric warp method is a purely geometric approach, and as such it is entirely theory-
free when it comes to biological mechanisms. This can obviously be an advantage
from the viewpoint of the philosophy of science, but for some applications it may
not fully capture the patterns of interest. Most importantly, biologists are becom-
ing more and more interested in morphogenesis and growth processes. To an evo-
lutionary developmental biologist, the phenetic manifestation of shape is only of
secondary interest - only a product (but also part) of a morphogenetic system that
includes the genome. Phylogeny is thus evolution not primarily of the phenotype
(the “standard” view), nor primarily of the genotype (the “selfish gene” concept),
but of what could be termed the “auxotype”: the growth type.

From this perspective, we would like to position organisms and organs in a
morphogenetic/developmental/constructional parameter space rather than in a
classical morphospace (McGhee 1999; Eble 1999). To solve this “inverse prob-
lem” we need two things, both of them usually somewhat impractical to obtain.
First, we need a morphogenetic model: a theory for the processes that produce the
shape. Secondly, given the model and an observed ontogenetic sequence, we need
a way of estimating the parameters of the model. If we could do these things, we
would have a protocol for morphogenetic morphometrics.

These ideas are far from new, and are well known to morphometricians. More-
over, the creators of modern geometric morphometrics are not claiming that their
methods should be interpreted directly in terms of developmental mechanisms,
except in some cases where they have developed special analytical techniques for
this purpose. In other words, the aim of this paper is not to criticise the geometric
warp method, but to illustrate its purely geometric nature and to loosely outline a
possible alternative that can be applied in special cases.

It is also important to stress the distinction between partial warps as shape de-
scriptors and their use to characterize growth trajectories. Four degrees of free-
dom are lost in the landmark data because of the removal of position, rotation and
size in landmark registration. By transforming to partial warp scores (including the
affine component scores) the dimensionality is reduced by four, partly solving this
problem of closure (Dryden and Mardia 1998). This makes partial warps highly
useful as pure shape descriptors for statistical analysis. However, special care
must be taken when partial and relative warps are used to study growth trajecto-
ries, for example by regression onto size. These trajectories may or may not be
linear, and must be analyzed with special methods. Considerable insight may be
achieved by such careful study of growth trajectories based on partial warps (e.g.
Zelditch et al. 2003).

5.3 Allometric fields

The allometric power law of Huxley (1932) must be the simplest and most well
known morphogenetic model available. In its basic form, this model concerns
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growth along two axes, call them x and y. Assuming a constant ratio a between
their relative growth rates, we have

(dy/df)ly = a(dx/dt)/x, 5.1

which by elimination of df and consecutive integration yields the familiar allomet-
ric law:

y = ke (5.2)

for an arbitrary integration constant k. In order to linearise this relationship, it has
been common practice in traditional morphometrics to log-transform all linear
measurements:

logy=alogx+logk. 5.3)

The geometric warp method does not inherently address this issue, which has
caused some feeling of unease. On the other hand, log-transformation can easily
be integrated into distance-based approaches such as EDMA.

The allometric power law was originally devised to explain the relationship be-
tween two linear distance variates. Later, it has been (controversially) extended to
the multivariate case (Jolicoeur 1963). However, when considering growth in a
continuous domain, the study of individual distances between a finite number of
landmarks will not always give the whole picture. This brings us into the concept
of allometric fields and corresponding analytical methods.

We may define an allometric field as follows, echoing Huxley’s (1932) idea of
a growth gradient:

Under the paradigm of allometric power laws, an allometric field is a continu-
ous distribution of allometric coefficients a(x) over an anatomical region with
well-defined boundaries.

In two- and three-dimensional domains, the position x will be a vector, and the
value of a for a given x may vary with direction to allow for anisotropic growth. In
the simplest anisotropic model, which will probably be adequate for most cases, a
will have two (or three) orthogonal components.

A simple artificial example will illustrate the idea. Consider a square region
with parametric axes » and v, varying from 0 to 1. The anisotropic allometric coef-
ficient has two orthogonal components. For growth in the u direction:

a(u,y)=1 (isometric growth) 5.4
In the v direction, we have
a(u,v) = 1+u, (5.9

defining an allometric gradient where cell division rates in the v direction are in-
creasing in the u direction. The existence of morphogenetic gradients is well
established within developmental biology, following the work of Wolpert (1969),
and that morphogens can control cell division rates either directly or through other
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growth factors is also obvious (e.g. Burke and Basler 1996). However, we do not
need to assume any particular genetic mechanism, as we are only proposing a spa-
tial variation in cell proliferation rates that must obviously be present for a shape
change to take place. More complicated fields such as compartmentalized regions
of constant growth rates can easily be used if necessary, but the principle of par-
simony suggests the use of the simplest model.

Consider now an infinitesimally small, square (in parametric uv-coordinates)
element dudv. According to the allometric power law, we will have the following
relation between the lengths (dx, dy) of the sides of the corresponding rectangle in
geometric xy-space:

dy = kdx™ (5.6)

We set k=1 for convenience. Now approximating the continuous allometric
field with a set of finite elements Ax;Ay; of fixed number, we can choose a given
Ax, constant over space (because of isometry in our example case), controlling
overall size, and calculate the 4y using the allometric power law above. The corre-
sponding geometric configuration is approximated by the aid of a spring model,
relaxing to minimal energy (Rolland-Lagan et al. 2003). In this simple case we
could probably also have calculated the shape analytically. Increasing Ax from 1 to
4.5, we produce the simulated ontogenetic sequence shown in Figure 1. Five
landmarks are also indicated.

Fig. 1. Synthetic example of growth controlled by an allometric field (see text for details)

In this case the energy vanishes to zero, because a configuration exists where
all grid nodes have their prescribed distances. We might say that the prescribed
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strains are internally consistent. It is easy to construct a situation where this is not
the case, for example by having a small region of fast growth constrained by a
slow-growing area on all sides. Such an allometric field would not be able to con-
trol shape freely, implying an inconsistent and unsatisfactory model.

Traditional landmark-based multivariate morphometrics does not represent this
simple, continuous deformation in a simple way, or at least not in a way that is
easy to interpret from a morphogenetic standpoint. Consider, for example, the de-
composition of deformation by the use of relative warps. We leave aside for now
the difficulty of statistical treatment of large deformations due to the violation of
the assumption of a flat tangent shape space (e.g. Dryden and Mardia 1998). Al-
though the first relative warp captures important aspects of the deformation, it is
not a sufficient description (Fig. 2). The second relative warp, involving a local
stretching, compensates for errors in the first relative warp (Fig. 3). It is common
in morphometrics to plot specimens in a relative warp space, projecting the high-
dimensional shape representations down to two or three dimensions in a way that
maximizes variance (e.g. Dryden and Mardia 1998). However, plotting of the first
two relative warp scores for the synthetic example produces an arch, where the
second warp score first decreases and then increases again through ontogeny (Fig.
4). Similar arches result from other methods of ordination, such as Principal Com-
ponents Analysis of all log-transformed inter-landmark distances (Fig. 5). Al-
though these representations can of course be subjected to non-linear regression to
provide a consistent ontogenetic trend (Zelditch et al. 2003), they are not useful in
revealing, let alone quantifying, the underlying morphogenetic mechanism. Fig-
ures 2-6 were produced using the software package PAST (Hammer and Harper
2001).

Fig. 2. Relative warps for the synthetic example. Grid deformations corresponding to Warp
1 with amplitudes +2 (left) and -2 (right). Note the incomplete, or at least unclear represen-
tation of the full deformation of Figure 1
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Fig. 3. Relative warps for the synthetic example. Grid deformations corresponding to Warp
2 with amplitudes +2 (left) and +- (right)
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Fig. 4. First and second relative warp scores for the synthetic example. Numbers indicate
growth step.

The concept of an allometric field may be compared with the vector field of
Magwene (2001). Both these ideas involve a continuous growth field, but with the
major difference that the allometric field describes the distribution of local growth
rates under a growth model, while the vector field of Magwene (2001) describes
the geometric displacement of points within the field.
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Fig. 5. PCA of all log-transformed inter-landmark distances in the synthetic example

5.4 Allometric field decomposition

Ideally, we would like to automatically and analytically deduce a representation of
the allometric field from the landmark displacements through ontogeny. This in-
verse problem is however a rather complicated one, and must probably be attacked
differently in different cases. A conceptually straightforward method is simply to
simulate growth using different allometric fields, and optimize with respect to the
fit to the observed landmark positions. The resulting, optimal allometric field
should be represented in terms of a set of linearly independent basis functions, al-
lowing a decomposition of the field and thereby a parameterization of develop-
mental morphospace. The procedure might then go as follows:

1. Decide on an algebraic form for the allometric field, such as a linear combi-
nation of basis functions. For a bilaterally symmetric shape with the axis of sym-
metry in the v direction, such a form could be

(@u, a,)y=(c\|ul+cvres, di|ul+dovtds) (5.7)

2. Define an (u,v) grid covering the landmark configuration of the first ob-
served ontogenetic stage.

3. Using the allometric field for a chosen initial set of parameters, run the
growth simulation up to the size of the second observed ontogenetic stage. Calcu-
late the displaced landmark positions by interpolation in the deformed grid, and
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measure the fit to the shape of the second observed ontogenetic stage using the
Procrustes distance. If more than two ontogenetic stages have been observed, con-
tinue to deform the grid as in step 3, taking note of the fit to each successive stage.

4. Optimise the parameters of the allometric field by repeating the procedure in
step 3 for different parameter values until a best fit to all observed ontogenetic
stages is achieved. The optimisation can be automated using e.g. a steepest gradi-
ent search.

The allometric field parameters can then be subjected to any multivariate analy-
sis method such as MANOVA, PCA, multivariate regression etc.

The use of a discrete, deforming grid may be reminiscent of the finite element
method for shape change analysis (e.g. Cheverud and Richtsmeier 1986). The
main differences are that the allometric field decomposition method is based on a
growth model, and that the method aims to extract a small number of model pa-
rameters for further analysis. The grid can be made arbitrarily fine, and thereby
approach continuity.

5.5 Case study: Ammonite allometry

The procedure will be illustrated with a limited data set of little inherent interest,
but its very simplicity will hopefully convey the idea clearly. A single sub-mature
specimen of the ammonite Liparoceras from the Lower Jurassic of Gloucester-
shire, England was measured using a FARO coordinate measuring machine at the
University of Ziirich. Four three-dimensional landmarks were defined: Venter,
ventral tubercle, umbilical tubercle and umbilical seam (all on one side of the shell
only). The tubercle landmarks were taken within the two rows of tubercles, but be-
tween two consecutive tubercles to avoid errors due to the breakage of tubercle
tips. These landmarks were taken in a near-plane cross section of the shell tube,
and projected into 2D using PCA (the third principal component being negligible).
Three such landmark configurations were measured, with a spacing of a quarter of
a whorl. Over the distance of these measurements, the shell tube diameter roughly
doubles. The Procrustes-fitted landmark configurations and the landmark dis-
placements corresponding to the first principal component are shown in Figure 6.
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Fig. 6. Left: Procrustes fitted landmark configurations from three ontogenetic stages of a
specimen of the ammonite Liparoceras (only one side of the shell). The apertural outline is
indicated with dashed lines. Dots are stage 1, crosses stage 2, squares stage 3. Right:
Landmark displacement vectors corresponding to the first principal component, drawn as
lines away from the mean configuration

The landmark displacements are small, but indicate increased apertural
height/width ratio and an outward displacement of the umbilical seam, reflecting a
well-known ontogenetic trend for this genus.

Consideration of these displacements, and of the local thin-plate spline expan-
sion factors and principal strain directions, suggest a model using isometric
growth in the dorsoventral direction, while lateral growth is controlled by an al-
lometric gradient increasing from umbilical seam to venter. Using the form sug-
gested in point 1 above, we have (a,, a,)=(c.v+cs, 1), giving a two-dimensional pa-
rameter space.

A square (u,v) grid of size 5 by 11 elements was defined, covering the initial
landmark configuration. Running the growth simulation, the landmarks were al-
lowed to move with the deforming grid using bilinear interpolation. The parame-
ters ¢, and ¢; were optimized manually through a number of runs. Figure 7 shows
a resulting growth simulation using the spring model. This specimen can now be
placed as a point in a two-dimensional parameter space (or developmental mor-
phospace) spanned by ¢, and c;. Analysis of further specimens would allow opera-
tions such as ordination and hypothesis testing.

It is possible that a similar landmark displacement could have been reached us-
ing another allometric field. In other words, the inversion may not be unique
(Magwene 2001). In such situations we are forced to choose among several com-
peting models, all explaining the observed data reasonably well. Several methods
have been developed for such model choice (Burnham and Anderson 1998;
Zelditch et al. 2003).
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Fig. 7. Left: Landmark displacements observed in a growth model simulation of the Lipa-
roceras aperture, with ¢,=0.3, ¢3=0.7 (see text). Procrustes fitted configurations from origi-
nal (dots) to displaced (crosses) landmarks. Right: Spring model resulting from simulation
beyond the observed ontogenetic stages (extrapolation), showing the relative lateral com-
pression in the umbilical region. Rectangles were originally square

5.6 Conclusion

The point of this exercise was not to present allometric field decomposition as a
new, useful method, as it is not a practical research tool at this stage. Rather, the
hope was that the description of a developmentally oriented method for shape
analysis, albeit almost hypothetical, would, as a contrast, highlight the purely
geometric nature of the geometric warp method. A partial or relative warp score
does not in itself have any direct biological interpretation in developmental terms.
This takes nothing away from the usefulness of the geometric warp method for
many scientific applications, which has by now been proven, but the scope of the
method should be kept in mind. The extracted parameters of an allometric field
decomposition will represent a growth trajectory and not a single shape. This il-
lustrates the difference in aims between the two approaches.

A second goal of this paper was to inspire development of more practical meth-
ods for morphogenetic morphometrics (this may not be a good term, as the focus
is not the measurement of shape, but of growth — I doubt, however, if auxometrics
will catch on). Perhaps the fitting of model parameters by simulation as suggested
here is the way forward, or perhaps a more direct, analytical approach can be
found.
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6.1 Abstract

Landmark based geometric morphometrics has developed as a powerful set of sta-
tistical and visual tools for the study of the covariance patterns of organismal
shape change with a range of variables or factors. The approach is limited in the
kinds of shape information accessible to it, however, by the need to employ dis-
crete landmarks as the basis for comparison. In particular, curves and complex
outlines are difficult to address using strictly landmark-based methods. Informa-
tion about curves may be incorporated into the study of shape by the use of semi-
landmark methods, which allow information about curved surfaces to be incorpo-
rated into the framework of landmark-based geometric morphometrics. We pre-
sent a discussion of several software and statistical approaches needed to carry out
combined landmark and semi-landmark analysis. In particular, we demonstrate
several approaches to semi-landmark alignment (including the “edgewarp”
method) and compare these to standard landmark based methods utilizing a re-
gression analysis of the Ordovician trilobite Triarthrus becki. Abundant landmarks
on the cranidium of T. becki allow landmark methods to represent the shape of
that structure effectively, making it a good test case for combined landmark and
semi-landmark methods. We verify that patterns of ontogenetic change implied by
regression models using varying combinations of landmark and semi-landmark in-
formation are consistent with one another. Thus, semi-landmark methods and
standard landmark based geometric morphometric methods yield commensurate
information about this ontogenetic shape transformation. These results suggests
that semi-landmark methods show substantial promise for rigorously testing hy-
potheses that involve the comparison of shapes when an adequate set of landmarks
is not available.

Keywords: ontogenetics, geometric morphometrics, trilobite, semi-landmarks,
outlines.
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6.2 Introduction

Landmark based geometric morphometrics has proven to be a powerful and robust
tool for the study of changes in organismal shape relative to a range of effects, fac-
tors and causes (Bookstein 1991; Rohlf and Marcus 1993; Dryden and Mardia
1998). Use of landmark based methods does require the use of discrete landmark
locations on organisms. Aspects of shape such as curved margins or contours on
surfaces are not readily accessible to landmark based analyses. Methods for study-
ing outlines have been developed (Lohmann 1983; Lohman and Schweitzer 1990;
Rohlf 1986, 1990, 1996; MacLeod 1999), including several approaches which in-
corporate landmarks along curves. Outline-based methods have been criticized as
not having the same emphasis on biological homology as the landmark-based
method (Bookstein 1991; Zelditch et al. 1995), however, MacLeod (1999) has ar-
gued that the two methods do not have fundamentally different properties. The
approaches presented by Sampson et al. (1996), Bookstein (1996a, 1997), Book-
stein et al. (2002) and Green (1996) allow analysis of outlines using software and
techniques developed for landmark-based analysis, by incorporating points along
outlines called semi-landmarks. The goal of this approach is to incorporate infor-
mation about landmarks and outlines into a framework for analysis based on
landmark methods of representing information about shape as opposed to adding
information about landmarks into outline-based methods as presented by Mac-
Leod (1999). Incorporating information about outlines into the same form or
representation as purely landmark data allows the use of many of the same soft-
ware tools as landmark-based methods and allows inclusion of landmarks not ly-
ing along outlines. Despite the differences in approach, the overall goals of these
landmark-based methods, and the possible concerns related to homology, are
shared with the outline based methods as discussed by MacLeod (1999).

Semi-landmark methods place a series of points called semi-landmarks along
curves or contours (Green 1996). The curves or contours should be homologous
structures, just as the landmarks employed are homologous points on the organ-
isms (see Bookstein 1991). The shape of the organism is represented by a set of
landmark and semi-landmark points. All specimens then need to be superimposed
on a reference form, which is usually an estimate of the mean form or shape of all
specimens in a study. The locations of the semi-landmarks of each specimen are
then allowed to “slide” along the curve defined by the set of measured semi-
landmark locations on the specimen, to produce a set of semi-landmarks along the
curve that represent the smoothest possible mathematical deformation of the curve
on the reference form to the corresponding curve on a particular specimen (Book-
stein 1996a, 1997; Green 1996), or to minimize the distance between the curve on
the reference form and each individual in the sample (Sampson et al. 1996). This
procedure of finding the mean form and then sliding semi-landmarks in each
specimen is iterated, until a stable reference shape is obtained, that is, until succes-
sive semi-landmark alignments no longer alter the reference form, to some speci-
fied level of precision.
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Typically the reference form used in land-mark based methods is the GLS Pro-
crustes mean form of all specimens in the study (see Gower 1975, Rohlf and Slice
1990; Rohlf 1998). This choice minimizes the errors associated with approximat-
ing the curved shape space with a linear tangent space. It is possible to carry out
semi-landmark alignments on a reference form other than a GLS mean specimen,
should this be necessary for a given study. The extent of departure of a given data
set from the linear tangent space approximation may be estimated using the pro-
gram TPSSmall (Rohlf 1998a). It is particularly important to perform this test
when using a reference other than the GLS Procrustes mean to ensure the linear
tangent space is still a valid approximation to the curved shape space (Rohlf 1998;
Slice 2001).

We present a small study of ontogenetic changes in the Middle Ordovician tri-
lobite Triarthrus becki using a variety of landmark and semi-landmark configura-
tions, and describe the use of the freely available software tools and techniques
(Rohlf 2002; Sheets 2002) used to carry out this study. The specimens used here
were taken from the data set used in a larger, landmark-based study of ontogenetic
shape change (Kim et al. 2002). By comparing the analysis of allometric shape
change using semi-landmarks to the analysis based purely on landmarks, it is pos-
sible to assess the effectiveness of semi-landmark methods for the study of shape.

Although there are a number of issues related to the use of semi-landmark
based methods that merit further investigation, these initial results show that the
differing combinations of landmarks and semi-landmarks utilized herein produce
consistent graphical and statistical representations of the patterns of shape change
in T. becki, indicating that the use of semi-landmarks has not distorted or obscured
the information about ontogenetic shape change present in the landmark data. The
inclusion of semi-landmarks in the study has also revealed information about

Fig. 1. A meraspid specimen of Triarthrus becki (NYSM 17058)

ontogenetic changes in 7. becki that are less obvious in the landmark-only study.
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These results suggest that semi-landmarks offer substantial promise for cases
where discrete landmarks are not present over the entire form of interest. As we
discuss below, however, there are also reasons to approach the application of
semi-landmark methods with some caution.

6.3 Materials

Over 700 specimens of Triarthrus becki, a Middle Ordovician trilobite, were col-
lected by Kim (Kim et al. 2002) from a single bed of the lower Dolgeville Forma-
tion in the Mohawk River Valley, New York State. Further details on the speci-
mens and geological setting may be found in Kim et al. (2002). For this initial,
limited methodological study only 13 well preserved meraspid specimens (Fig. 1)
were used.

Digital Photographs (tiff or jpeg)

Makefan6

Image with Fan (tiff or jpeg)
Makefan6 or TPSDig
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Digitized Landmarks and Semi-landmarks’
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Fig. 2. A block diagram showing how data (within ellipses) is processed by software (ital-
ics) in a landmark plus semi-landmark regression analysis of shape, using either the per-
pendicular projection method (left) or bending energy method (right). TPS programs are by
Rohlf (1998a, 2002) all other software by Sheets (2002)
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6.4 Methods

The processing of the data was carried out using a series of software tools written
by Rohlf (1998a, 2002) and Sheets (2002). A flow diagram of the data processing
and analysis procedure and details of the software used is shown in Fig. 2.

All specimens were digitized by a single researcher (KH Kim) and images were
captured using BioScan Optimas software. To digitize points evenly along con-
tours of the specimens, guidelines with equal angular spacing were placed on the
images of the specimens using MakeFan6 (Figs. 3,4). Other approaches to the
spacing of landmarks along a curve are possible, an equal linear spacing would
also be an obvious alternative, and additional software tools will be needed to
support such approaches using landmark based data. Eleven landmarks were digi-
tized on each specimen, 16 semi-landmarks were placed along the front edge of
the cranidium and 40 semi-landmarks were digitized around the perimeter of the
glabella. The number of semi-landmarks used was arbitrarily chosen in a way that
visually yielded a reasonable approximation of the curves. MacLeod (1999) pre-
sents an algorithmic approach to determining the number of points necessary to
represent a curve to a given level of accuracy that offers an improvement on the
approach used here. As we describe below, the results of our analyses are not
highly dependent on the number of semi-landmarks used, but this choice does af-
fect the relative contribution of the outlines and discrete landmarks to measures of
difference in shape between specimens.

The landmark configuration used for the analysis using only landmarks with no
semi-landmarks present was taken from Kim et al. (2002), which used only the
landmarks on the left-hand side of the cranidium. To form a symmetric data set for
use in the current study, the left-hand side landmarks were mathematically re-
flected over the axis of symmetry to form a symmetric representation of the cra-
nidium. This produced a 20 landmark configuration as shown in Figs. 3 and 7.

All landmark and semi-landmark coordinates were then used to compute an ini-
tial mean shape or reference form for all of the specimens using a GLS Procrustes
procedure (Gower 1975; Rohlf and Slice 1990). All specimens were placed in a
Partial Procrustes Superimposition (Dryden and Mardia 1998; Rohlf 1999) on the
reference form, by minimizing the Procrustes distance (the square root of the
summed squared distances between landmarks of the specimen and reference
form) between them, under translation and rotation of the specimens, using a fixed
centroid size (Bookstein 1991).

Two different approaches were then used to align the semi-landmarks along the
curves, a bending energy criterion (the “edgewarp” method, see Bookstein 1996a;
Green 1996) or a perpendicular projection criteria (similar to that used by Samp-
son et al. 1996).

To carry out semi-landmark alignment using the bending energy criterion, the
positions of the semi-landmarks (along contours) of each specimen were allowed
to slide along the direction parallel to the contours to minimize the bending energy
necessary to produce the change in the contour relative to the reference form, fol-
lowing the semi-landmark approach developed by Bookstein (1996a, 1997),
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Fig. 3. The landmarks and semi-landmarks used in the study. The fans (dotted lines) shown
are used to space semi-landmarks along the anterior margin of the cranidium and the pe-
rimeter of the glabella. The 11 landmarks used in conjunction with the semi-landmarks are
shown as grey dots. Nine additional landmarks (each marked with an x) were used in the
landmark-only portion of the study

Bookstein et al. (2002) and Green (1996). Smooth curves have low bending en-
ergy, while sharp curves have high bending energy. The requirement that semi-
landmarks of the mean shape deform smoothly to the shape of a particular speci-
men in a manner that minimizes bending energy is equivalent to the conservative
assumption that the contour on a particular specimen is the result of the smoothest
possible deformation of the corresponding contour on the reference
form(Bookstein 1996a). The mean shape of all specimens was then recomputed
after sliding the semi-landmarks of each specimen along the respective contours,
and the procedure iterated until a consistent mean form was determined, using a
procedure similar to that used to producing a GLS Procrustes reference form, the
only additional step being the addition of the semi-landmark processing. MacLeod
(personal communication, 2003) noted that this may result in a geometric con-
struction (the GLS reference form) having substantial influence on the analysis.
One could obtain a rough estimate of the extent of this effect by using one or more
biological specimens as the reference forms, rather than utilizing an iterated GLS
Procrustes mean. Researchers using reference forms other than a GLS Procrustes
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mean need to be aware of the issues related to the validity of the linear approxima-
tion to the curved shape space as discussed by Rohlf (1998b).

In the perpendicular projection approach used here, the portion of the differ-
ence in semi-landmark positions between the reference form and the target form
that lies along the curve on the target form is mathematically removed by estimat-
ing the tangent direction to the curve at a point (using a third order polynomial fit-
ted to the point and the two adjacent points along the curve to either side of a
given point to estimate the tangent to the curve at that point) and removing the
component of the difference that lies along the tangent to the curve. This results in
an alignment of the semi-landmarks along the curve such that the semi-landmarks
on the target form lie along the lines perpendicular to the curve that passes through
the corresponding semi-landmarks on the reference form (see Sampson et al.
1996). If the curves do not have abrupt curvature changes, this criterion tends to
minimize the distance between the semi-landmarks on the target and the reference.

Regression analysis of the aligned meraspid specimens was carried out, using a

Fig. 4. The landmark, semi-landmark and helper point data set for the meraspid specimens,
shown after semi-landmark processing using the perpendicular projection criteria. The
landmarks are open circles, semi-landmarks are solid diamonds and helper points are plus-
signs (+)

variety of different protocols to specify which landmarks and semi-landmarks
were to be used in the regression analysis. In some protocols, some of the points
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along the contours were designated as “helper” points, and were used only to align
the semi-landmarks along the contours. Helper points were then discarded prior to

regression analysis. This reduces the number of semi-landmarks relative to the
number of landmarks used in the study.

Since semi-landmarks contribute to the Procrustes distance (see Dryden and
Mardia 1998; Rohlf 1999) in the same manner as landmarks do, a large number of
semi-landmarks along a single curve will contribute more to the Procrustes dis-
tance than a single landmark representing a point on the organism does, despite
the fact that the contour and the structure represented by the landmark are both
homologous features. The use of helper points in conjunction with semi-
landmarks may reduce this effect, while maintaining coverage of the contour dur-
ing the sliding of semi-landmarks along the contour. We used two arbitrarily cho-
sen configurations of semi-landmarks and helpers that yielded reasonable visual
representations of the curves. There have been algorithm approaches to determin-
ing the number of points needed to represent a curve (MacLeod 1999), which
would yield less arbitrary results. Future semi-landmark software should include
this or similar approaches. Figs. 3 and 4 shows the different configurations used in
the study. Note that each configuration was aligned using both the bending energy
(denoted BE) and the perpendicular projection criteria (denoted as D for ‘dis-
tance’), except for the landmark only configuration (in which no semi-landmarks
need be aligned).

The regression analysis of shape on log centroid size was carried out using the
two semi-landmark criteria (BE and D) with each of three protocols for handling
reference points: 1) all landmarks and semi-landmarks (LM+SLM), 2) the land-
marks only (LM), and 3) landmarks, semi-landmarks and helpers
(LM+SLM-+HLP). Rather than work with the landmark coordinates themselves, it
is common in landmark based geometric morphometrics to use a thin-plate spline
decomposition method to produce a basis set of scores along the eigenvectors of
the bending energy matrix (see Bookstein 1991; Dryden and Mardia 1998). The
thin-plate spline decomposition expresses the deformation of each specimen rela-
tive to the reference form as components (the Partial Warp plus Uniform Compo-
nent Scores) along the eigenvectors of the bending energy matrix (the Principal
Warp axes), and the patterns of deformation induced by affine deformations of the
reference form (the Uniform Components, Bookstein, 1996b).

In addition to allowing for the production of the evocative deformation grid
patterns that illustrate changes in shape (as seen in Figs. 5-7), the use of the thin-
plate spline decomposition yields a set of variables for use in statistical analyses
that have the same number of variables as degrees of freedom in the data. It is im-
portant to note that this use of the thin plate spline is not a method of data analysis
or reduction that is comparable to a Relative Warp analysis (PCA based on Partial
Warp scores). The Partial Warp scores are not being used to uncover “factors” in-
fluencing shape covariation or to deduce patterns of variation, but merely as a
convenient set of replacement variables with which to carry out computations. The
deformation diagrams, or “grid diagrams” ala D’ Arcy Thompson, produced by the
thin plate spline are dependent on the use of the thin-plate spline as an interpola-
tion method for estimating deformation at points between landmarks, rather than
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as a decomposition method. In fact, the thin-plate spline may be used purely as a
drawing or rendering tool: any given set of predicted or measured deformation
values at landmark locations may be depicted as a deformation grid by using the
thin-plate spline purely as an interpolation function, without the necessity of using
the partial warp scores as variables in the analysis.

In our analysis, we constructed regression models to depict the shape change
that occurs during growth, as a function of change in relative (or proportionate)
size. To form such a regression model, we carried out a multivariate regression of
all of the Partial Warp plus Uniform Component scores on the log of the centroid
size (Bookstein 1991) of the specimens. The regression model determines the por-
tion of the variation in the shape “explained” by the covariation of shape with the
relative size measure used (log centroid size). Note that this differs from a factor
analysis or Principal Components Analysis approach in that we hypothesize ini-
tially that relative size is a factor influencing shape change and then determine the
extent and nature of the shape change attributable to changes in relative size,
rather than exploring the covariance structure within the data to determine the
presence of one or more factors influencing shape change. Statistical tests are ap-
plied to the regression model to determine if the hypothesis that there is a signifi-
cant correlation of shape with relative size is supported by a given data set or not.

For each protocol (LM, LM+SLM, LM+SLM+HLP) and alignment procedure
(BE, D), the Partial Warp plus Uniform Component scores produced by a thin-
plate spline decomposition (Bookstein, 1991) were computed using a GLS Pro-
crustes reference form for each group, and then the multivariate regression model
was computed based on this thin-plate spline decomposition. When working with
semi-landmarks, the sliding of the semi-landmarks along the contour removes one
degree of freedom from each semi-landmark. In addition four degrees of freedom
are lost in the Procrustes superimposition process. Consequently, when the defor-
mation is expressed as Partial Warp plus Uniform Component scores, there are
still more variables than degrees of freedom in the Partial Warp plus Uniform
Component scores when semi-landmarks are used in a study. Although the use of
the thin-plate spline is no longer helpful statistically under these conditions, it is
still of use graphically. The patterns of ontogenetic shape change in the meraspid
specimens predicted by the regression model for each protocol are shown in Figs.
5 to 7. Similar results were obtained for a set of holaspid specimens not shown
here.

The significance of the regression was tested using the Generalized Goodall’s
F-test (Rohlf 1998a), which computes an F-score from the ratio of the summed
squared Procrustes distances of the shapes predicted by the regression model from
the mean shape, to the summed squared Procrustes distances from the actual
shapes of the specimens to the shapes predicted by the regression model. This is
similar to the ratio of variance explained by the regression model to the unex-
plained variance. Rather than rely on an analytic model of the distribution of the
Generalized Goodall’s F-test, we employed a bootstrap procedure to determine the
range of F scores produced under a null hypothesis of no relation between shape
and log of centroid size. The percentage of bootstrap sets whose F-score exceeded
the observed F-score provides an estimate of the significance of the regression
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model. This resampling based test avoids the difficulties associated with the
reduction in degrees of freedom in the data, and with the limited sample size
relative to the number of variables used.

To form a univariate test of the significance of the regression model, we calcu-
lated the Procrustes distance of each specimen from the mean of the three smallest
specimens in the group. These Procrustes distances were then regressed on log
centroid size. We tested the significance of this regression model using the corre-
lation coefficient r, and the test statistic 1/2log[(1+r)/(1-r)] (Freund and Walpole
1980), which is normally distributed with a variance of N-3, where N is the num-
ber of specimens.

6.5 Results

The meraspid specimens of 7. becki showed statistically significant patterns of al-
lometric shape change with log centroid size, for all configurations and alignment
procedures (Table 1). Kim et al. (2002) found significant allometric changes in
meraspid stage based on landmark data only with a much larger (72 specimen)
data set, so the results shown here are consistent with the earlier work, despite the
reduction in sample size.

The perpendicular projection method (Fig. 5 upper) yields depictions of the pat-
tern of change that are very similar to those produced under the bending energy
method (Fig. 5 lower). The patterns produced by the bending energy method are
noticeably smoother than those produced by the perpendicular projection ap-
proach. Note the more abrupt changes in the grid curvature evident at the posterior
lateral margins of the cranidium. This difference is a direct result of the fact in that
the bending energy alignment method is based on the assumption that changes in
the contours occurred in the smoothest possible manner, i.e., that this method
seeks to disperse shape change over as broad a region as possible.

The landmark only configuration (Fig. 7) yields a similar pattern of overall on-
togenetic shape change that is consistent with that produced by the landmark plus
semi-landmark configurations (Figs. 5, 6). The landmark plus semi-landmark con-
figurations, however, do pick up several features of ontogenetic change not visible
in the diagram produced by the landmark only data. First, semi-landmark data
permit resolution of ontogenetic shape change with considerably more detail. The
landmark only analysis suggests a generalized widening that increases mildly to
the posterior of the cranidium. In contrast, the landmark plus semi-landmark
analysis reveals more localized changes in cranidium shape. Secondly, this greater
definition of the shape change shows that the central part of the cranidium (the
glabella) widens rather strongly relative to the surrounding regions (the “fixed
cheeks™), which become dramatically
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Table 1. Tests of the dependence of shape on log centroid size. For the multivariate data,
the fraction of bootstraps sets that exceeded the observed F-value are shown along with the
corresponding p-value

Configuration Multivariate Univariate
(Generalized (Correlation
Goodall’s F) Coefficient r)
LM+SLM, D 0/100 0.9324
p<0.01 p=5.71x10"®
LM+SLM+HLP.D 0/100 0.9106
p<0.01 p=45x107
LM+SLM, BE 0/100 0.9028
p<0.01 p=1.28x10°
LM+SLM+HLP,BE 1/100 0.8663
p<0.01 p=1.54x107
LM Only 0/100 0.9669
p<0.01 p=5.30x10"
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Fig. 5. A comparison of the regression models constructed from landmark plus semi-
landmark data, the upper plot is the results obtained using the perpendicular projection
method (D), the results based on bending energy method (BE) are shown in the lower plot
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narrower. The greater definition of shape change also suggests a more pronounced
anterior migration of the posterior tip of the palpebral lobe with a concomitant
relative decrease in palpebral lobe length.

Thus the added detail and greater coverage of the cranidium afforded by the in-
clusion of semi-landmarks, not surprisingly, produces a much more nuanced de-
scription of the shape change that accompanied growth in T. becki meraspis. That
this is a product of coverage rather than an effect peculiar to the semi- landmark
technique is suggested by the intermediate degree of subtlety exhibited in the
shape change description produced by the process when some of the semi- land-
mark points are treated as helper points (i.e., semi-landmark included in the proc-
ess of aligning curves, but not in the spline decomposition of shape changes; Fig.
6).
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Fig. 6. A comparison of the regression models of meraspid growth based on all landmarks
and semilandmarks (LM+SLM, upper plot) and on a protocol where the number of semi-
landmarks was reduced by use of helper points (LM+SLM+HLP, lower plot). Perpendicu-
lar projection alignment of semi-landmarks was used in both cases
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In this study, we have found that the incorporation of semi-landmark data
yields results consistent with those based purely on landmark data, and may reveal
features of shape change not evident in purely landmark based studies. These re-
sults are not strongly dependent on the choice of alignment procedure (perpen-
dicular projection or bending energy) nor are they substantially altered by the
choice to use helper points. This is an initial indication of the promise of semi-
landmark methods for the study of shape, particularly for the inclusion of informa-
tion about curved features of organisms that present few standard landmarks.
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Fig. 7. A comparison of the regression models of meraspid growth based on all landmarks
and semi-landmarks (LM+SLM, upper plot) and on landmarks only (LM, lower plot). Per-
pendicular projection alignment of semi-landmarks was used in the upper plot
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6.6 Concerns about the Use of Semi-landmarks

Despite the agreement of landmark and semi-landmark based analyses seen here,
and the promising features of the approach, there are some substantial concerns
about the method.

1) Landmarks on two-dimensional surfaces have 2 degrees of freedom each,
while semi-landmarks submitted to the semi-landmark alignment procedure have
only one. All software that computes degrees of freedom based on the number of
coordinates in an input file will have incorrect calculations of the degrees of free-
dom present when evaluating the results of statistical tests. This difficulty may be
avoided by using only bootstrap or permutation based tests.

2) The number of semi-landmarks along a curve (either 16 or 40 in the two
curves shown in the examples above) is much larger than the number of land-
marks typically used in a study (11 in this case). This means that the semi-
landmarks along a single curve may a “dominate” an analysis. One approach is to
use “helper points”, which are points arrayed between semi-landmarks along the
curve and used to align the semi-landmarks (within Semiland6), but thereafter dis-
carded prior to the calculations of statistics during the analysis. In his work on ei-
genshape methods, MacLeod (1999) has developed an algorithmic approach to de-
termining the number of points necessary to represent a curve to a given level of
accuracy, which would provide an objective criterion for the number of semi-
landmarks and the number of helper points to use in a given study. Other ap-
proaches to the relative weighting of semi-landmarks and landmarks might also be
possible. Additional work on software tools appears necessary.

3) The biological homology of the points along the curve has been debated (see
discussions in Zelditch et al. 1995, MacLeod 1999, 2002a, 2002b). MacLeod
(1999) presents a case that outline methods are not fundamentally different from
landmark methods in the way they handle biological homology. While there may
be debate about purely landmark methods as opposed to outline based methods, it
seems clear that analyses utilizing semi-landmarks are not fundamentally different
in their treatment of biological homology from outline-based methods. One must
be careful to represent biologically homologous curves when setting up the study.
It is the responsibility of the researcher to compare homologous features. While
the thin-plate spline is a robust and reliable method for multivariate statistical
analysis in many applications, it must be noted that its properties in positioning
semi-landmarks along a curve have not been thoroughly explored. This issue war-
rants further investigation.
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7.1 Abstract

Morphological analysis of the growth forms of corals (and other marine sessile or-
ganisms) is an important prerequisite for research on these organisms. A quantita-
tive morphological analysis is required in studies on the morphological plasticity
in marine sessile organisms. To verify simulation models of growth and form of
branching sponges and corals, a morphological comparison between actual and
simulated forms is essential. We will discuss a number of methods suitable for the
quantitative morphological comparison of branching forms. Methods will be dis-
cussed for computing measurements based on medial axes (the morphological
skeleton) in two- and three-dimensional images of branching structures.

Keywords: Scleractinian corals, sponges, morphological skeletons, morphologi-
cal analysis of indeterminate growth forms.

7.2 Introduction

Many marine sessile organisms, as for example coralline algae, sponges, hydro-
corals, stony corals and bryozoans, exhibit considerable morphological plasticity;
in many cases this is related to the impact of the physical environment. Examples
of studies in which morphological plasticity and the relation to the physical envi-
ronment have been investigated are: local light intensities and growth forms of the
stony corals Montastrea annularis (Barnes 1973; Graus and Macintyre 1982) and
Porites sillimaniani (Muko et al. 2000); variations in morphology due to differ-
ences in exposure to water in coralline algae (Bosence 1976), the sponge Hali-
clona oculata (Kaandorp and de Kluijver 1992), the hydrocoral Millepora spp.
(Stearn and Riding 1973; de Weerdt 1981), the scleractinian corals Pocillopora
damicornis (Lesser et al. 1994), Madracis mirabilis (Sebens et al. 1997, Kaandorp
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et al. 2003) and Agaricia agaricites (Helmuth and Sebens 1993), and the bryozoan
Electra pilosa (Okamura and Partridge 1999).

An important complication in the morphological analysis of growth forms of
scleractinian corals and many other marine sessile organisms, is that the growth
forms are usually indeterminate and complex. Most methods for the analysis of
growth and form use landmark-based geometric morphometrics (Bookstein 1991;
Chaplain et al. 1999). These methods are more suitable for unitary organisms and
less applicable for the analysis of indeterminate growth forms of modular organ-
isms (Harper et al. 1986). In a number of cases the organism is built from well-
defined modules (for example the corallites in scleractinian corals or zooids in
bryozoans), in other cases the module itself has no well-defined shape but an ir-
regular and indeterminate form (for example an osculum and its corresponding
aquiferous system in sponges). For organisms with well-defined modules it is pos-
sible to apply landmark-based methods for the morphometrics of individual mod-
ules. For example, Budd et al 1994 and Budd and Guzman 1994 used landmark-
based methods to measure the corallites in a scleractinian coral.

The development of methods for quantifying the morphology of indeterminate
growth forms of marine sessile organisms is an important prerequisite for further
research on these organisms in a number of areas. A potential application area for
morphological analysis of growth forms is in studies where the growth form is
used to assess the state of the physical environment. In bio-monitoring studies on
current environmental conditions or studies on the paleo-environment, it might be
possible to detect environmental changes based on growth forms by applying a
morphological analysis, possibly aided by information obtained from simulation
models. These organisms represent very suitable subjects for developing simula-
tion models of morphogenesis, as several important simplifications concerning
their growth process can be made. In many cases the growth process can be de-
scribed as accretive, where layers of new material are deposited on top of the pre-
ceding growth stages, which remain unchanged. Furthermore the influence of the
physical environment can be reduced to a few dominant parameters, among the
most important of these the amount of water movement and local light intensities.
In a number of studies (Kaandorp and Sloot 2001; Kaandorp and Kiibler 2001;
Merks et al. 2003) simulation models of the morphogenesis of organisms with ra-
diate accretive growth have been developed. To verify these simulation models, a
morphological comparison between actual and simulated forms is essential. One
of our ultimate aims is to study the growth and form of these organisms through a
combination of simulation models and morphological analysis. The idea is that by
analysing growth forms from a certain marine sessile organism and morphological
simulation models, it might be possible to identify some generic effects of the im-
pact of physical environment on the overall growth form of organisms with accre-
tive growth, and to distinguish these from species-specific morphological features,
which are presumably controlled by genetic regulation.

In previous studies (Kaandorp 1999; Kaandorp and Kiibler 2001; Abraham
2001) methods have been developed for the morphological analysis of two-
dimensional images of branching marine sessile organisms. In these studies the
analysis is based on the construction of a two-dimensional morphological skeleton
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within the image of the branching object by applying a thinning algorithm (for an
overview of these algorithms see Jonker and Vossepoel 1995). The morphological
skeleton, or medial axis, of the branching object can be used to measure various
biologically relevant parameters as for example the diameter of the branches,
branching rate, branching angles and branch spacing. In for example studies on
particle capture in the branching stony coral Madracis mirabilis (see Fig. 1) and
the influence of hydrodynamics (Sebens et al. 1997), it was demonstrated that
branch diameters and branch spacing are crucial morphological properties. The di-
ameter of the branches and spacing between branches is variable and may be con-
trolled by a combination of hydrodynamics and genetics. Sebens et al. (1997) ar-
gue that through modifications of its branch structure and branch spacing,
Madracis mirabilis can function efficiently as a passive suspension feeder over a
wide range of exposure to water movement. An important limitation in the two-
dimensional studies is that this method only works well for growth forms which
tend to form a branching pattern in one plane, for example the sponge Raspailia
inaequalis analysed by Abraham (2001). For many stony corals, where usually
three-dimensional branching structures are formed with branches in all directions,
as for example in Madracis mirabilis, this method does not provide optimal re-
sults. By occlusion effects branches of the growth form overlap other branches
and it is not possible to distinguish the complete branching structure on the two-
dimensional image.

In a preliminary study (Kaandorp and Kiibler 2001) we have have tried to solve
this problem of occluding branches in complex-shaped scleractinian corals, by
analysing three-dimensional images obtained with Computed Tomography scan-
ning techniques. The three-dimensional morphological skeleton of these images
was constructed by applying the thinning algorithm described by Tsao and Fu
(1981). This skeleton can be used to measure several morphological properties,
such as the thickness of branches and the determination of branching points,
branching angles, branch spacing etc. A major problem with the thinning algo-
rithm described by Tsao and Fu (1981) was that it gives reasonable results only for
relatively simple branching objects. One of the major pitfalls in many of the three-
dimensional thinning techniques is the generation of new branches due to small
perturbations at the surface of the object. This phenomenon is demonstrated in
Fig. 2. In Fig. 2A the morphological skeleton consists of one medial axis, and in
Fig. 2B the addition of a small perturbation results in the formation of a new side
branch. Especially for large complex-shaped three-dimensional objects, such as
those shown in Fig. 1, the result is a highly complex (“bushy") skeleton. For prac-
tical measurements this complicated structure is virtually useless.

Recently we solved this problem of the formation of “bushy" skeletons by ana-
lyzing the images with a 3D thinning algorithm developed by Ma and Sonka
(1996). This algorithm has been specifically designed to extract the skeleton of
images of pulmonary airway trees. The first part of the paper will briefly introduce
the thinning procedure and the extraction of medial axes (the morphological skele-
ton) in relatively simple 2D images of the sponge Haliclona oculata and discuss
how various measurements can be defined, using the morphological skeleton.
Measurements on 2D images of a sponge (Haliclona oculata), a hydro-coral (Mil-
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(Millepora alcicornis) and a scleractinian coral (Pocillopora damicornis) can be
found elsewhere (Kaandorp 1999). In the second section of the paper we will
briefly describe the acquisition of the three-dimensional images of the scleractin-
ian coral Madracis mirabilis, which we have used as a case-study. Finally we will
briefly describe the application of the three-dimensional thinning procedure of Ma
and Sonka (1996), and show measurements obtained with this method. The appli-
cation will be demonstrated using a simple three-dimensional image of a simu-
lated branching object. Preliminary results using the actual data sets depicted in
Fig. 1 will be shown. Mathematical details regarding the 3D thinning algorithms
are beyond the scope of this paper and can be found elsewhere (Jonker and Vosse-
poel 1995; Ma and Sonka 1996).

A B

Fig. 1. Surface renderings of CT-scans of the coral Madracis mirabilis} (A) thin-branching
low-flow morphology (B) compact high-flow morphology. Both morphs are visualized on
the same scale. The dimensions of the actual objects shown in (A) and (B) are respectively
13cmXx 8cm X 11 cmand 11 cm X 10 cm X 6 cm

A B
Fig. 2. A. Construction of a morphological skeleton in a cylindrical object. B. Formation of
a new side branch due to a small perturbation on the surface of the object
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7.3 Methods

7.3.1 Measurements in two-dimensional images

The morphological skeleton in a two-dimensional image was obtained by applying
the two-dimensional thinning algorithm developed by Zhang and Suen (1984).
The skeleton is defined by connecting the center points of the maximal discs
which fit exactly within the contour (Rosenfeld and Kak 1982). As an example,
Fig. 3A shows the morphological skeleton constructed within the contour of the
sponge Haliclona oculata (Kaandorp 1999) in Fig. 3B. In the construction of the
morphological skeleton several artefacts may be generated. By occlusion effects
some branches of the growth form may overlap other branches and produce junc-
tions that are not actually present; furthermore, contamination and damage at the
object (for example at the holdfast of the organism) may produce “false” junctions.
In many marine sessile organisms (for example in many sponges) real junctions
are also present; these are formed by fusion of branches (anastomosis). In the
morphological measurements, both “false" junctions and junctions formed by an-
astomosis have to be detected by comparing the images to the actual objects and
are not used in the measurements.

A B

Fig. 3. A. Morphological skeleton constructed within the contour shown in B. In B the con-
tour picture is shown of the sponge Haliclona oculata (Kaandorp 1999)

The diameter was measured for two types of maximal discs: the diameter da of
the disc a with a center point at a junction of the morphological skeleton, and the
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diameter db of the disc adjacent to disc a. Disc b was measured in an area of the
contour which represents a younger part of the organism compared with the area
where disc a was located. Both types of discs are shown in Fig. 4. The diameter da
represents an estimation of the maximal thickness of a branch, while db is an es-
timation of the minimal thickness. The measurement rb is the branching rate, and
is defined by the length of an edge connecting the centers of two successive a
discs. A low value of #b indicates a high branching rate, while high values indicate
relatively slow formation of branches during the growth process. Two types of an-
gles were measured using the skeleton: b _angle is the branching angle, and is de-
fined by the intersection points of the skeleton and the outer circle of disc a;
g angle is the geotropy angle, and is defined by the angle between the vector con-
necting two successive a discs and the positive y-axis. The y-axis in the construc-
tion of g_angle corresponds to the original growth position, and is directed away
from the substrate. The angle g angle expresses the degree in which the organism
tends to grow away from substrate.

Fig 4. Construction of the maximum discs a (open discs) and b (solid discs) within the con-
tour of the sponge Haliclona oculata shown in Fig. 3B

In Fig. 5 the measurements of the diameter br_spacing are depicted in a con-
tour of the sponge Haliclona oculata. The diameter br_spacing is defined as the
radius of a maximum disc which can be constructed using the tip of the skeleton,
located at the tip of a branch, and construction stops when the outer circle of the
disc intersects with a part of the skeleton which is not directly connected to a part
of the skeleton situated within the maximum disc. The standard deviation of
br_spacing expresses the degree to which branches tend to fuse; a relatively low
value indicates that there is a low degree of self-intersection between branches,
while a high value shows that there is no mechanism present preventing self-
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intersection, and anastomosis of branches may occur. In a number of cases the
value of br_spacing is undefined, for example when the tip of the root of the ob-
ject shown in Fig. 5 is used as the center of construction. In morphological meas-
urements these non-valid centers were not used and have to be removed in a step
which involves visual inspection of the data.

Fig 5. Construction of four br_spacing maximum discs using the tips of the skeleton situ-
ated in the branches of a contour of the sponge Haliclona oculata as centers of construction

The algorithm with which da, d, b_angle, g_angle, rb, and br_spacing were

measured can be subdivided into five stages:

1. Determination of the morphological skeleton.

2. Determination of the junctions in the skeleton.

3. Determination of the a discs at the junctions of the morphological skeleton,
where “false" junctions and junctions formed by anastomosis are detected by vis-
ual inspection of the data set and are eliminated.

4. Measurement of b discs, rb lengths, and the angles b_angle and g_angle in suc-
cessive order by retracing the morphological skeleton. The endpoints of the skele-
ton, located within the tips of the branches, are determined. Non-valid endpoints
are detected by visual inspection of the data set and are eliminated. Retracing
starts at the root of the skeleton, which is close to the holdfast of the object.

5. Construction of the br_spacing discs, using the endpoints of the skeleton as
centers of construction.

After this procedure an ordering of the a discs is possible. Since the skeleton is
retraced starting near the holdfast, arrangement of the a discs in the order of emer-
gence during the growth process can be ensured; i.e. an a disc which is directly
connected via the skeleton to a previous a disc will be younger than its predeces-
sor. Furthermore this procedure ensures that the b disc is positioned within the
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contour (immediately after an a disc) representing a part of the organism which
was added to the organism after the formation of the part in which the previous
disc a is located. The branching angle, b_angle, is measured in branches formed
after the part represented by disc a, while in the measurement of the geotropy an-
gle, g_angle, the direction of the vector connecting two successive a discs can be
unambiguously determined and corresponds to the growth direction. A complica-
tion in the algorithm is the occurrence of loops (in Fig. 4 several loops can be ob-
served). The loops were caused by occlusion and fusion of branches. Before stage
4, loops have to be removed from the data set by cutting the morphological skele-
ton at points where branches fuse. Loops may cause the a discs to be arranged in
reverse order to their emergence during the growth process.

Before stage 5, in stage 4, the non-valid endpoints of the morphological skeleton
have to be removed. In Stage 5 the br_spacing discs are constructed at valid tips
of the skeleton, which are located in the youngest parts of the growth form.

7.3.2 Three-dimensional data acquisition

For the three-dimensional data acquisition we have used X-ray Computed Tomo-
graphy (CT) scanning techniques. The CT scan data consists of 512 X 512 x z (20
< z £ 50) three-dimensional pixels, so-called “voxels". The slice thickness of the
CT scan data is 2.5 mm in the xy direction. Each voxel represents a density value
between 0 and 2'%, where 0 is the lowest density (the air around the coral skele-
ton), while high values indicate the calcium carbonate of the coral skeleton. In Fig
1 the CT scans of Madracis mirabilis are visualized with a surface rendering tech-
nique. The surface was constructed with the marching cube technique discussed in
Lorensen and Cline (1987). The surface is constructed approximately at the
boundary between air and the calcium carbonate skeleton of the coral. With this
technique, using the original data set of 512 x 512 X z voxels, an image is recon-
structed with an equal resolution in x, y, and z directions (see for details Schroeder
et al. 1997). On the voxels representing the surface of the corals a triangulated
mesh was constructed using this surface rendering technique. This triangulated
surface representation can be used to map the form onto a lattice of 512° voxels,
with an equal resolution in the x, y, and z directions. This lattice representation can
be used as the input data set for a three-dimensional thinning algorithm.

7.3.3 Three-dimensional measurements based on the morphological
skeleton

For the thinning of the three-dimensional images we have applied the algorithm
from Ma and Sonka (1996). For obtaining medial axes and medial surfaces in
three-dimensional images a large number of algorithms are described (an over-
view is given by Jonker and Vossepoel (1995). In Fig. 6 the 3D thinning algorithm
was applied in a simple branching three-dimensional data set. The branching ob-
ject in Fig 6 was generated with a simulation model (for details regarding the
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simulation model, see Kaandorp and Kiibler 2001). In Fig 6 the branching object
is visualized as a transparant object, within the object the medial axis is shown as
a solid line. In Fig 6 the same measurements as discussed in the section above are
constructed in three dimensions. In Fig. 6A the a-spheres are constructed at the
junctions of the morphological skeleton. In Fig 6B the b spheres are positioned
within the surface of the branching object immediately after an a-sphere. The
branching angle, b_angle (Fig 6C), is measured in branches formed after the part
represented by the a-sphere, while in the measurement of the geotropy angle,
g angle (Fig. 6D), the angle between the vector connecting two successive a-
spheres and the positive y-axis was computed. The branching rate »b (Fig. 6E) is
the length of an edge connecting the centers of two successive a-spheres. The
branch spacing br_spacing is the radius of a maximum sphere, the centre of the
sphere is located at the tip of a branch, and the extension of the sphere stops when
a part of the skeleton is reached, which is not connected to a part of the skeleton
situated within the br_spacing sphere (Fig 6F).
A B

Fig 6. Construction of the a-spheres (A), b-spheres (B), branching angle b_angle (C), geo-
tropy angle g_angle (D), branching rate rb (E) and branch spacing br_spacing (F) in a simu-
lated object
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7.4 Results

The three-dimensional thinning algorithm of Ma and Sonka (1996) was used to
measure diameters of the a-spheres and b-spheres, branching angle b_angle, geo-
tropy angle g angle, branching rate rb and branch spacing br_spacing in the
three-dimensional image of Madracis mirabilis shown in Fig 1. Fig. 7 shows the
morphological skeleton constructed with the three-dimensional image of Fig. 1A.
The measurements, based on this skeleton, are summarized in Table 1.

Table 1. Measurements of the a-spheres, b-spheres, branching angle b angle, geotropy

angle g angle, branching rate »b and branch spacing br_spacing in the three-dimensional
image of Madracis mirabilis shown in Fig. 1A

Fig. 7. Construction of the morphological skeleton within the three-dimensional image of
Madkracis mirablis colony shown in Fig. 1A

7.5 Discussion

In Fig. 7 it is demonstrated that it is possible to construct a morphological skeleton
within a three-dimensional image of Madracis mirabilis and to use this skeleton



Morphological analysis of branching sponges and corals 93

for measuring diameters and angles (see Table 1). Although the three-dimensional

image in Fig. 1A is relatively simple, without any obvious anastomosis of

branches, several loops formed in the measurement procedure. For ensuring the
correctness of the measurement procedure these loops have to eliminated from the
data set in a visual inspection step (stage 3 in the algorithm described above).

Loops in the morphological skeleton can be formed by various causes:

1. Artificial fusion of branches due to a low resolution of the CT scan images,
where branches seem to anastomose and the separation between the branches can-
not be detected.

2. Real anastomosis of branches. Careful inspection of the 3D image of Ma-
dracis mirabilis in Fig 1B shows that especially at the base, near the holdfast of
the colony, fusion of branches frequently occurs.

3. Loop formation through “contamination’” of the data set. For example by
the presence of boring and encrusting organisms, branches seem to fuse in the
three-dimensional image.

4. Artificial fusion of branches due to self-occlusion in two-dimensional im-
ages.

The loop formation is still a problematic issue in the two-dimensional analysis of

more complex branching structures (compared to the relatively simple images of

Haliclona oculata shown in Fig. 3) and in the analysis of more complex three-

dimensional branching structures as shown in Fig. 1B. In both cases this problem

can be prohibitive in the morphological analysis. In Fig 1A it is still possible to
remove the fusions manually. In Fig 1B, the thinning process results in a highly
complex three-dimensional branching structure, which makes manual removal of
loops virtually impossible. The loops in Fig. 1B are caused by a combination of
the first three points mentioned above, which makes a useful morphological analy-
sis of object Fig. 1B currently impossible. Furthermore it should be noted that for
the determination of the branch spacing br_spacing, another visual inspection step

in stage 4 of the algorithm is needed. Invalid construction points may lead to a

very large br_spacing values while small perturbation at the surface may lead to

the formation of very small branches, leading to a very small values of
br_spacing. This explains the awkward values for the br_spacing in Table 1. For
this reason, the br_spacing in Table 1 are not reliable.

Currrently we are working on solutions of the problems mentioned above. Here
we are using the following approaches:

1. The resolution of the three-dimensional images can be improved by increas-
ing the resolution of the CT scans.

2. Detection of real fusions and artificial anastomosis due to contaminations is
still a problematic issue. It is difficult (and may be even impossible) to repre-
sent a fusion of branches in a useful mathematical form, which can be used in
an algorithm.

3. Improvement of the interactive visual inspection step, required in stages 3
and 4 of the algorithm. Currently we are working on three-dimensional visu-
alisation environments in which these data sets can be processed and loops
and invalid construction points can be removed interactively. Alternatively it
is possible to isolate branches from the three-dimensional image, shown in
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Fig. 1B, and to simplify the loop formation problem and to do a series of
measurements on separated branches.

The measuring method, based on morphological skeletons, can be used to de-
termine morphological invariants (diameters of branches, angles etc.) in indeter-
minate growth forms of branching organisms, which cannot be easily morphologi-
cally characterized by landmark-based methods. In this paper we focused on six
types of measurements. The branching structure can also be used in a Horton-
Strahler analysis (see Kaandorp and Kiibler 2001) of the ordering of branches, and
analysis of various types of fractal dimensions (Kaandorp and Kiibler 2001), pro-
vided that the resolution of the images is sufficient to do measurements on a range
of scales. The measuring method works well in two-dimensional images of
branching organisms, with a relatively simple branching pattern (for example the
sponge Haliclona oculata shown in Fig 3). For measurements in more complex
objects only a three-dimensional version of the method will provide useful results.
In a three-dimensional branching structure, without too many fusions, the method
(with the exception of the br_spacing measurements) gives reasonable results. For
the analysis of more complex morphologies, as shown in Fig 1B, the development
of a three-dimensional interactive visualization environment is needed, in combi-
nation with high resolution images.
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8.1 Abstract

Patterns of head shape variation in four species of hammerhead sharks of the ge-
nus Sphyrna (S. lewini, S. tiburo, S. tudes, and S. zygaena) were analyzed using
geometric morphometrics methods. The analysis was performed on the coordi-
nates of 8 anatomical landmarks defined on the basis of external morphology and
homologous among the species, reconstructed from distance measurements among
the landmarks, using a truss scheme and a modified multidimensional scaling al-
gorithm. The landmark coordinates for each specimen were aligned by general-
ized Procrustes analysis and entered into a thin-plate splines relative warp analy-
sis. Shape differences among the species were investigated using both the uniform
and non-uniform shape components. Canonical variates analysis of the partial
warp scores were used to compare patterns of interspecific variation and multiple
regression analysis of the shape components on centroid size was used to examine
for intraspecific variation.

The uniform components accounted for most of the statistically significant
shape differences among the species. There were also differences among species
with respect to the non-uniform shape components. The first relative warp de-
picted a lateral expansion and an anterior compression of the head, whereas the
second relative warp displayed a lateral compression and posterior expansion of it.
Sphyrna. tiburo and S. tudes were separated from S. lewini and S. zygaena along
the first relative warp. The major non-affine shape differences (local deforma-
tions) were associated to a relatively larger snout and smaller head in S. tiburo and
S. tudes. Significant intraspecific shape changes with increasing size were found
for two species, S. lewini and S. zygaena. The largest variation observed with size
increase was associated to the uniform compression of the head on its anteroposte-
rior axis and a localized lateral compression of the snout.
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No clear evolutionary trend could be unequivocally depicted by the interspeci-
fic shape differences, though the results of the geometric morphometric analysis
may support the existence of multiple head designs in hammerhead sharks.

Keywords: Hammerhead sharks, geometric morphometrics, partial-warps, thin-plate spli-
ne, relative warp scores, truss, ontogeny, phylogeny.

8.2 Introduction

The hammerhead sharks (family Sphyrnidae) are uniquely distinguished from
other sharks of the order Carcharhiniformes by a lateral expansion of the head,
known as the cephalofoil (Gilbert 1967, Compagno 1988). The internal structure
of the cephalofoil consists of cartilaginous plates that act as support for the entire
head. This internal structure in turn leads to the relative rigidity of the cephalofoil
(Nakaya 1995; Lima et al. 1997).

Several hypotheses have been presented to explain the function of this lateral
expansion of the head in the Sphymidae, such as providing lift during swimming
(Thomson and Simanek 1977; Compagno 1988), improving sensory functions
(Compagno 1988; Nakaya 1995), and handling prey (Chapman and Gruber 2002;
Strong et al. 1990), but a clear consensus has not yet been achieved. In recent
years, experimental studies have demonstrated that the cephalofoil may indeed
serve as an efficient lift generating structure, or hydrofoil (Nakaya 1995; Driver
1998), at least in the larger species.

The shape of the cephalofoil varies significantly during ontogeny in hammer-
head sharks, with the cephalofoils of the juveniles in larger species tending to re-
semble those of the adults in smaller species. The ontogenetic shape changes that
occur in the head of sphyrnids seems to have no parallel in other carcharhinid
sharks (Gilbert 1967), but are poorly known and so far only qualitative descrip-
tions in single species have been done (Castro 1989).

The evolution of the cephalofoil also remains unexplained. Despite their close
relationships to the carcharhinid sharks (Compagno 1988; Naylor 1992), the
cephalofoil represents an autapomorphy which warrants the recognition of the
hammerhead sharks as a separate family (Compagno 1988; Lima et al. 1997).
There are currently two conflicting phylogenetic hypotheses of relationships
within the Sphyrnidae. A phylogeny based on morphological characters (Com-
pagno 1988) suggests that the cephalofoil evolved in the smaller species but only
realized its hydrodynamic function in medium to large, more derived species;
therefore, the cephalofoil as a hydrofoil could be viewed as an exaptation (sensu
Gould and Vrba 1982). On the other hand, a phylogeny based on mtDNA se-
quences (Martin 1993) suggests that the larger species are less derived and that
there has been a trend towards size decrease during the diversification of the
sphymid clade; according to this view, it would not be possible to consider the
hydrofoil properties of the cephalofoil as an adaptation.
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Though the shape of the cephalofoil varies significantly among the hammer-
head sharks, a rigorous quantification of these shape differences is required before
their functional role and evolutionary patterns can be properly assessed. However,
there have been very few morphometric studies of the sphyrnids and these have
focused almost exclusively on the analysis of hydrodynamic properties of the
cephalofoil in selected species, using measurements of surface areas, angles of at-
tack and aspect ratios (Thomson and Simanek 1977; Nakaya 1995; Driver 1997).
Only Driver (1997) did an attempt to compare shape variation in the cephalofoils
of seven species of hammerhead sharks using shape coordinates and thin-plates
splines analysis.

In the present study, the intra- and interespecific changes in shape of the
cephalofoil in four selected species of Sphyrna are examined with the new tech-
niques of geometric morphometrics, that allow the precise and detailed analysis of
shape change and shape variation in organisms on the basis of positions of ho-
mologous anatomical landmarks or shapes of outlines (Rohlf and Marcus 1993).
Geometric morphometric methods also allow for the graphic presentation of re-
sults for visual display and comparison of shape changes among the forms of in-
terest. These methods represent an interesting alternative to traditional mor-
phometrics, based on measured distances, angles, and ratios, and have
demonstrated to be particularly useful to studies involving the comparison of form
in fishes (Caldecutt and Adams 1998; Carpenter 1996; Cavalcanti et al. 1999, Loy
et al. 1996, 1998; Reig et al. 1998; Riiber and Adams 2001; Walker 1993, 1996,
1997; Walker and Bell 2000).

8.3 Materials and methods

8.3.1 Samples

Specimens were obtained from the ichthyological collections of Museu de Zoolo-
gia, Universidade de Sdo Paulo (MZUSP), Museu Nacional, Universidade Federal
do Rio de Janeiro (MN/UFRJ), Fundagio Universidade do Rio Grande (FURG),
Departamento de Biologia Animal e Vegetal, Universidade do Estado do Rio de
Janeiro (DBAV/UERIJ), and Laboratério de Ictiologia, Departamento de Ciéncias
Bioldgicas, Universidade Estadual de Feira de Santana (LIUEFS). A total of 83
specimens belonging to the four species of Sphyrna that are among the most com-
mon along the Brazilian coast (Figueiredo 1977) were analyzed. Choice of species
for inclusion in this study was determined by the availability of an adequate size
range and number of specimens. Sample sizes and body size range for each
species are as follows: S. fiburo (Linnaeus, 1758): n = 22, 75-938 mm in total
length (TL); S. tudes (Valenciennes, 1822): n = 18, 156-440 mm TL; S. lewini
(Griffith & Smith, 1834): n = 30, 155-770 mm TL; and S. zygaena (Linnaeus,
1758). n= 13, 121-1507 mm TL.



100 Mauro J. Cavalcanti

8.3.2 Data acquisition

The analysis was performed on the Cartesian coordinates of eight two-
dimensional landmarks defined on the basis of external morphology (Fig. 1).
Landmarks refer to: (1) left lateral indentation; (2) right lateral indentation; (3)
upper margin of the right eye; (4) distal end of the cephalofoil posterior right mar-
gin; (5) proximal end of the cephalofoil posterior right margin; (6) proximal end
of the cephalofoil posterior left margin; (7) distal end of the cephalofoil posterior
left margin; (8) upper margin of the left eye. After the classification of Bookstein
(1991), landmarks 1, 2, 3 and 8 can be classified as Type I and landmarks 4 to 7
as Type II. Distance measurements based on a box-truss scheme (Strauss and
Bookstein 1982) were taken among the landmarks with electronic calipers to the
nearest 0.05 mm. The landmark coordinates for each specimen were reconstructed
from these measurements by a simplified metric multidimensional scaling algo-
rithm (Carpenter et al. 1996), using the UNFOLD program written by H.J.S.
Sommer.

8.3.3 Data analysis

The geometric size of each specimen was estimated by the centroid size, defined
as the square root of the sum of squared distances from all landmarks to the cen-
troid of the configuration (Bookstein 1991). The landmark coordinates for each
specimen were aligned and superimposed by the Procrustes generalized orthogo-
nal least-squares method (Rohlf 1990; Rohlf and Slice 1990). In this procedure,
the configurations were scaled to unit centroid size and then centered and rotated,
in order to minimize the sum of squared distances between the landmark of each
individual configuration to the corresponding landmarks of a reference or "con-
sensus" configuration, computed as the mean landmark configuration of all
specimens. This reference configuration was used to estimate the uniform compo-
nents and partial warps (non-uniform components of shape). This step is required
to define an adequate metric for the subsequent computation of the thin-plate
splines interpolation function. The reference configuration defines the point of
tangency between the non-Euclidian shape space and the approximating linear
tangent space, where all statistical analyses based on the General Linear Model
are done (Rohlf 1995, 1996, 1999).

Patterns of shape change were analyzed by the thin-plate splines technique
(Bookstein 1989, 1991). This method models shape changes as deformations, by
fitting an interpolation function to the aligned landmark coordinates of each
specimen against the reference configuration, so that all homologous landmarks
coincide. Differences in shape among the specimens and the reference configura-
tion, fitted by the thin-plate spline function, are expressed as a bending energy
matrix. The eigenvectors of the bending energy matrix are known as principal
warps, and are relative only to the reference configuration. The eigenvalues asso-
ciated to each principal warp are inversely related to the spatial scale of shape
change, so that large eigenvalues correspond to eigenvectors (principal warps) de-
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scribing small-scale deformations, whereas small eigenvalues correspond to ei-
genvectors that describe large-scale deformations. The projection of the aligned
specimens onto the principal warps yield the matrix of partial-warp scores (the
“weight matrix”, W), that describe their deviations from the reference configura-
tion and can be used as a set of shape variables in subsequent multivariate statisti-
cal analyses (Rohlf 1995, 1996).

The shape changes modelled by the thin-plate splines technique can be further
decomposed into two parts, the uniform and non-uniform components. The uni-
form components (ul and u2) express global (affine) variation in shape, whereas
the non-uniform components describe local (non-affine, non-uniform) shape
changes at different geometric scales, and correspond to the partial warps as de-
scribed above. The first uniform component (ul) corresponds to the stretching of
a landmark configuration along the x-axis, whereas the second uniform compo-
nent (u2) indicates a shearing along the y-axis. In this study, the x-axis corre-
sponds to the width of the cephalofoil, and the y-axis corresponds to its length.
The uniform components were estimated by the complement method of Rohlf,
Bookstein (2003). The uniform components were tested for significant differences
among species by multivariate analysis of variance (MANOV A: Neff and Marcus
1980).

A relative warps analysis was performed to assess localized shape changes
among the species. The relative warps are the principal components of the partial-
warp scores matrix (Bookstein 1991; Rohlf 1993). The average configuration of
landmarks was used as the reference configuration in the relative warp analysis,
and the reference was aligned to its principal axes. The relative warps were com-
puted with the scaling option a = 0, that weights all landmarks equally and is
more appropriate for systematic studies (Loy et al. 1993; Rohlf 1993; Rohlf et al.
1996). The relative warps were computed in the full shape space (i.e. including
both the uniform and the non-uniform components). Deformation grids using thin-
plate splines were used to graphically portray the patterns of shape variation
among the landmarks.

Centroid size was tested for differences among species by single classification
analysis of variance (ANOVA: Sokal and Rohlf 1995). The major axis of varia-
tion in partial warp space (first relative warp) was regressed on centroid size for
the assessment of ontogenetic localized shape variation within each species. The
uniform components were also regressed on centroid size for the assessment of
ontogenetic uniform shape variation. Ontogenetic trajectories on size and shape
were analyzed with a single classification analysis of covariance (ANCOVA: So-
kal and Rohlf 1995), treating species as a fixed effect and centroid size as the co-
variate. Probabilities for homogeneity of slopes among the size and shape ontoge-
netic trajectories were computed by a generalization of Tukey's HSD test for
unequal samples sizes (Spjotvoll, Stoline 1973). The relative contribution of uni-
form components to ontogenetic shape changes was estimated by a multivariate
regression of shape components on centroid size. It was calculated as the differ-
ence in percentage of variance unexplained by models with and without the uni-
form components (Loy et al. 1998; Monteiro 1999).
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Significance of cephalofoil shape differences was assessed by a canonical vari-
ates analysis (CVA: Neff and Marcus 1980) of the partial-warp and uniform com-
ponents. The results were visualized directly on cephalofoil shape by regressing
the partial warps and uniform components onto each canonical axis (Rohlf et al.
1996). The regression also allowed the estimation of the relative contribution of
uniform components (complete integration of shape change) to among-species dif-
ferences. This is given by the difference between unexplained variances after the
partial warp scores matrices with and without uniform components appended were
regressed onto canonical scores.

The relative warps analysis and computation of centroid size and partial-warp
scores were done using the TPSRelw program, version 1.35 (Rohlf 2003). Re-
gressions between the partial warps, centroid size and canonical variates were
computed with the TPSRegrw program, version 1.26 (Rohlf 2000). All statistical
analyses were performed with the STATISTICA package, version 5.5 (StatSoft
1999).

8.4 Results

There was no correlation between the x and y uniform components, but these
components showed a highly significant difference among species by single clas-
sification MANOVA (Wilks A = 0.03467, p << 0.0001). The uniform compo
nents do not depict large differences from the reference configuration (Fig. 2) and

Fig. 1. Outline drawing of Sphyrna lewini, showing the locations of the eight anatomical
landmarks (numbered points) and morphometric distance measures recorded on each
individual

clearly separate the species with wide and narrow (S. zygaena and S. lewini) from
the species with evenly rounded (S. tudes and S. tiburo) cephalofoils.
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Fig. 2. Scatterplot for individual scores of all specimens of Sphyrna on the x and y uniform
components (U1 and U2). A: S. zygaena, O: S. lewini, A: S. tudes, B: S. Tiburo

Single classification ANOVA showed a highly significant difference in cen-
troid size (Fy3_ 791 = 20.48746, p << 0.0001) among species.

Centroid size was significantly correlated with the uniform shape components
(R? = 0.4719, p << 0.0001). The partial regression coefficient for the x uniform
component (r = -0.6860, p << 0.0001) was much larger than that for the y uniform
component (r = 0.0656, p = 0.5581).

A significant multiple correlation was also found between centroid size and the
non-uniform components (R* = 0.3458, p < 0.001). The largest correlation was
with the 3x partial warp (the projection of the x-coordinates on the third principal
warp). The multiple correlation increased when both the uniform shape and non-
uniform components were regressed on centroid size (R* = 0.6034, p << 0.0001),
with the largest correlation being with the x uniform component.

The first two relative warps accounted for 78.47% of total non-uniform shape
variation in the sample. Two groups are formed on the ordination of relative
warps (Fig. 3), one including S. lewini and S. zygaena and the other including S.
tudes and S. tiburo. Main localized shape differences between these groups are
due to a relatively larger snout and smaller cephalofoil in S. tudes and S. tiburo
(Fig. 4). Sphyrna tudes displays a broader range of non-uniform shape variation
than the other three species.
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Fig. 3. Scatterplot of individual scores from the relative warps analysis of all specimens of
Sphyrna, with the uniform component excluded (o = 0). A: S. zygaena, O: S. lewini, A: S.
tudes, B: S. Tiburo
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Fig. 4. Non-affine shape changes, expressed as deformations using thin-plate splines, along
relative warps 1 (a) and 2 (b)

The three vectors extracted from the sample by the canonical variates analysis
of partial warps and uniform components were highly significant (y*> = 248.78, p
<< 0.0001) and contributed to shape differentiation among species (Table 1).
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Shape variance due to among species differences expressed by these three vectors
taken together amount to 98.7% of total variation. Decomposing the among spe-
cies variation into localized and uniform components of variance showed that the
partial warps (localized shape differences) were responsible for 23.34% and the
uniform components for 50.38% of the total variation.

Table 1. Mahalanobis distances between species (above diagonal) and probabilities (below
diagonal) for the null hypothesis of no difference between species centroids

The first canonical variate (Fig. 5) separates all species but S. zygaena and S.
lewini. Sphyrna tudes appears as an intermediate group and S. tiburo is very dif-
ferent from all other three.
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Fig. 5. Scatterplot of individual scores from the canonical variates analysis of all specimens
of Sphyrna, with the uniform component included. A: S. zygaena, O: S. lewini, A: S. tudes,
W S. tiburo

The shape difference that separates the species is in large part due to a uniform
compression on the anteroposterior axis of the cephalofoil (Fig. 6a). On one ex-



106  Mauro J. Cavalcanti

treme (S. tiburo) the cephalofoil is large in length but not in width. On the other
extreme (S. lewini) it is large in width but not in length. Sphyrna tudes is sepa-
rated from the other three species along the second canonical variate. The shape
difference on this axis is mostly due to a localized enlargement on the snout of S.
tudes (Fig. 6b).

Significant ontogenetic variation in cephalofoil shape was present in S. lewini
(Table 2) for both the uniform and non-uniform shape components, and in S. zy-
gaena for the uniform component only. Sphyrna tiburo and S. tudes showed no
variation in shape with centroid size for either component (Figs. 7 and 8), but this
result may only represent a lack of size variation in the specimens examined and is
inconclusive with regard to patterns of ontogenetic variation within these species.
The variation observed with size increase is both a uniform compression of the
cephalofoil on its anteroposterior axis and a localized lateral compression of the
snout. The cephalofoil is also expanded laterally during size increase (Fig. 9).
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Fig. 6. Shape changes, expressed as deformation grids using thin-plate splines, as a func-
tion of size in Sphyrna, estimated by a multivariate regression of all shape variables (uni-

form components+partial warps) on canonical vectors 1 (a) and 2 (b)
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Table 2. Within-group correlations with centroid size for the first relative warp and the
first uniform component (ns = not significant)

cs

Fig. 7. Categorized plot of within-group regression of the first relative warp on centroid
size, depicting the ontogenetic trajectories for each of Sphyrna
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Ccs

Fig. 8. Categorized plot of within-group regression of the second uniform component on
centroid size, depicting the ontogenetic trajectories for each of Sphyrna

- deviation

Fig. 9. Shape changes, expressed as deformation grids using thin-plate splines, as a functi-
on of size in Sphyrna, estimated by a multivariate regression of all shape variables (uni-
form components+partial warps) on centroid size. a) estimated shape for a very large spe-
cimen; b) mean configuration; c) estimated shape for a very small specimen
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Size and localized shape ontogenetic trajectories have significantly similar slo-
pes in S. lewini and S. zygaena, and the trajectories for both species differ in slope
from S. tiburo and S. fudes (Table 3). The latter species has a slightly steeper
ontogenetic trajectory. The trajectories on uniform shape differences also differ a-
mong species, except between S. lewini and S. zygaena. The fact that S. fudes
shows a steeper slope in the localized shape ontogenetic trajectory might be due to
the fact that more different ontogenetic phases were sampled for that species alo-
ne.

Table 3. Probabilities for homogeneity of slope in size and shape ontogenetic trajectories
on the first relative warp (above diagonal) and the first uniform component (below diago-
nal). Significant values (p < 0.05) are marked with an asterisk

- S. lewini S. tiburo S. tudes S. zygaena
S. lewini - 0.000148*  0.000148*  0.032199
tiburo 0.000148* - 0.000150*  0.000148*

S.
S. tudes 0.000148*  0.000148* -
S. zygaena  0.034264 0.000148*  0.000148* -

Size variation causes 31.52% of total shape variation in the samples. Of this
percentage of variation, 5.36% are due to partial warp variation and 26.15% are
due to uniform components variation.

8.5 Discussion

The geometric morphometric analysis of shape variation in the cephalofoil of the-
se four species of Sphyrna indicates that the evolutionary and ontogenetic lateral
expansion of the head does not occur only by a simple expansion of the blades but
by a modification of the entire head structure.

The uniform components contribute to a larger part of the interspecific shape
differences than the partial warps, suggesting that the cephalofoil is a highly in-
tegrated and constrained structure in the evolutionary sense. The large contributi-
on of the uniform components to intraspecific shape changes also point to a high
level of integration during ontogeny in these species.

Because evolutionary shape changes are mostly due to uniform components,
the localized shape changes do not contribute to the widening of the cephalofoil.
Instead, they are responsible for specific differences that separate each species
from the other. This might be interpreted as supporting the suggestion of Martin
(1993) with respect to the existence of multiple cephalofoil designs in ham-
merhead sharks, as a result of selection forces acting at different times along the
evolution of this group.

However, the results of the present study do not allow to unequivocally inter-
pret the trajectory of cephalofoil evolution in the sphyrnids. The morphometric
pattern of cephalofoil shape variation places S. zygaena, S. lewini and S. tiburo as
extremes of shape variation and S. fudes as an intermediate group (that also differs
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from the other species by more subtle shape differences as reflected by the locali-
zed shape components), yet offer no clear indications of the evolutionary direction
of shape change in the cephalofoil of these species.

Additional phylogenetic information is required to test the alternative hypothe-
ses of cephalofoil evolution in the sphyrnids. An interesting perspective for future
work is the possibility of assembling the available sphyrnid phylogenies into a
more comprehensive phylogenetic "supertree" (Sanderson et al 1998) that combi-
nes all or most of the information from the source trees, and onto which shape da-
ta could be fitted by a procedure of the type suggested by Rohlf (2002). The effect
of the phylogeny on shape variables could then be studied by the method of inde-
pendent contrasts (Felsenstein 1985; Harvey and Pagel 1991) or other phylogene-
tic comparative methods. Westneat (1995) has applied this approach quite suc-
cessfully in his study of functional morphology in labrid fishes.

Nonetheless, it can be anticipated that as the investigation of intra- and inte-
respecific morphometric variation in the sphyrnids continues, with the inclusion
of more species in further studies, there will be some resolution of the evolutiona-
ry histories of these organisms. The precise spatial view of shape changes only
made possible by the powerful analytical tools of geometric morphometrics can
make a significant contribution toward this goal.
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9.1 Abstract

The existence of a stock structure in the Pacific sardine (Sardinops sagax) along
its geographic range, has been discussed at length by fishery biologists in the last
sixty years. Samples of the Pacific sardine collected in the west coast of Baja Cali-
fornia, Mexico, the southern limit of its distribution, were compared by canonical
variate analyses (CVA) to test for the presence of stock structuring. The raw data
of morphological characters were depured and adjusted to obtain size-free CVs of
body shape measurements, excluding outliers, testing properties and transforming
variables. Because sexual dimorphism was detected in morphometric characters,
females and males were analyzed separately. According objectives, an overall por-
trayal of the morphometric structure of S. sagax was needed; therefore an addi-
tional CVA was made using all data disregarding gender or locality. Significant
differences in shape variables were found between groups analyzed, however the
environmental properties of the spawning and development areas in Baja Califor-
nia, migratory behavior, and genetic data available indicate that present morpho-
logical differences found may reflect environmentally induced morphotypes, and
therefore will not be reliable indicators of stock identity.

Keywords: Sardinops sagax, Pacific sardine, stocks, morphometrics, Baja Cali-
fornia.
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9.2 Introduction

The clupeoid fishes, sardines, anchovies, and herrings, are of great importance in
the world's fisheries, representing about one-third of the total world fish catch
(Blaxter and Hunter 1982). For most of recent years, either Sardinops or Engraulis
has supported the world’s largest fisheries and the former has been the largest sin-
gle component of the world's harvest of fish (Parrish et al. 1989). Consequently,
the Pacific sardine Sardinops sagax (Jenyns 1842) has been the most important
species for fisheries in northwest Mexico in recent decades (Cisneros et al. 1995),
making an important contribution to protein resources and the economy of the
country.

The taxonomy of the Pacific sardine, as many other clupeoid fishes, has been
controversial. In spite of several studies and revisions of the group (e.g. Regan
1916; Thompson 1926; Hubbs 1929; see also a thorough discussion in Parrish et
al. 1989), the use of different binomen for the Pacific sardine continues (e.g. Sar-
dinops sagax, Sardinops caeruleus, Sardinops sagax sagax, Sardinops sagax
caeruleus, Sardinops sagax caerulea).

Moreover, the question of the stock composition of the Pacific sardine along
the eastern Pacific coast also has been discussed at length. Existence, quantity, and
geographical ranges of stocks of Sardinops in the California current system has
been of considerable interest to fishery biologists in the last sixty years (e.g. Jans-
sen 1938; Clark and Janssen 1945; Clark 1947, Vrooman 1964; Mais 1972;
Hedgecock et al. 1989; Radovich 1995).

Biological identification of individuals, at the genus, species or fishery stock
rank, is an important step far beyond the scope of taxonomy, and is mainly used
for determining the status of the resources and developing a rational strategy for
conserving them via fishery management (Skillman 1989). Overexploitation of
stocks may result in a loss of genetic diversity and may reduce the resilience of the
species as a whole, because it is unlikely the exploitation rate on individual bio-
logical stocks can be optimized when fish are being harvested from a mixture of
such stocks (Pawson 1995). Also, exist examples when, because the stock compo-
sition and boundaries are unclear, the effective management of fish resources has
been difficult (e.g. Austin et al. 1998).

The Pacific sardine inhabits coastal waters from the British Columbia, Canada,
southward to Baja California, Mexico, including the Gulf of California. Several
approaches to stock or subpopulation identifications have been investigated along
its distribution range based on tagging and marking (Clark and Janssen 1945),
meristic variables (Clark 1947), egg and larval surveys (Ahlstrom 1954), blood
types (Vrooman 1964), growth parameters (Wolf and Daugherty 1964), mor-
phometry and genetics (Hedgecock et al. 1989), and cohort analysis (Félix et al.
1996). However, for the southern part of the geographical distribution of S. sagax
(Pacific coast of Baja California) most of the studies have been on reproduction,
size-length relationships, and analysis of catch data (e.g. Torres-Villegas et al.
1985; Félix et al. 1996).
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Detection of morphological differences within fish populations in its geo-
graphical range may indicate the presence of stock structuring. Therefore, the
main purpose of this study was to make a morphological comparison among two
populations of the Pacific sardine exploited along the west coast of Baja Califor-
nia, Mexico, to determine if constitute morphometrically differentiated stocks.

For the purpose of the present study, we use the term sfock as groups of indi-
viduals within a species population that have sufficient spatial and temporal integ-
rity to warrant consideration as self-perpetuating units (Pawson 1995). Multivari-
ate morphometry has been chosen because it represents an appropriate tool to
assess distinctness between closely related taxa as in the study of geographic
variation and racial affinities (e.g. Corti et al. 1988; Creech 1992; Elliot et al.
1995).

9.3 Materials and methods

9.3.1 Sample collection and treatment of data

All fish used in this study were obtained from the commercial fishery at Isla de
Cedros, Baja California and Bahia Magdalena, Baja California Sur, Mexico, (Fig.
1) between February and June 1994.

Sampling gear was that of existing sardine fisheries of the zone, mainly purse
seines. Specimens collected were preserved immediately after catch with 10%
Formalin and carefully dissected for gonad examination.

For each specimen, nine landmarks were established and allowed 19 distance
measurements (truss elements) to be defined, which were made to the nearest +
0.01 mm using an electronic calliper. The morphometric characters are segments
of box truss protocol (Strauss and Bookstein 1982) defined by landmarks that de-
scribe body shape of each fish. These landmarks are true and unambiguous points
from specimen to specimen (e.g. points of insertion of fin rays and anatomical fea-
tures of the head), which allow one to compare and detect variation of linear di-

Fig. 1. Map of northwest Mexico indicating sampling
locations for Pacific sardine, Sardinops sagax
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mensions in horizontal, vertical, and oblique directions throughout the entire body
(Creech 1992; Elliot et al. 1995). All distances were taken on the left side of the
fish. In Figure 2 are listed the code and definitions of landmarks and truss ele-
ments used. To minimize bias in the measuring procedure, all measurements were
made by the same person (FJGR) using the same digital caliper over a period of
two months, and alternating individual specimens from each area.

In the present work, the outline perimeter (Pe) was used as a standard estimator
of overall size, and was calculated as the summation of the contiguous distances of
the landmarks (excepting landmark 8, the pectoral fin origin). The sex of each fish
was determined before the morphometric characters were measured; therefore the
data were divided into two subsets for each locality to test the effect of gender and
size on body measurements. The raw data of fish measured was analyzed for out-
liers. Analyses were restricted to adult specimens between 300 and 400 mm of Pe
because availability range size in fish factories and to minimize bias related to
growth allometry (Table 1).

Fig. 2. Description of the truss elements resuiting from 9 external landmarks (points)
used in the canonical variate analysis (19 interpoint distances or measurements): 1-2 =
Dorsal head length (tip of snout to occiput); 1-8 = Distance of snout to pectoral fin ori-
gin; 1-9 = Maxilla length; 2-3 = Predorsal length (occiput to dorsal-fin origin); 2-7 =
Distance of occiput to pelvic fin origin; 2-8 = Distance of occiput to pectoral fin origin;
2-9 = Distance of occiput to maxilla rear margins; 3-4 = Dorsal-fin base; 3-6 = Dis-
tance of dorsal fin origin to anal fin origin; 3-7 = Distance of dorsal fin origin to pelvic
fin origin; 3-8 = Distance of dorsal fin origin to pectoral fin origin; 4-5 = Distance of
dorsal fin insertion to base of the middle caudal rays; 4-6 = Distance of dorsal fin inser-
tion to anal fin origin; 4-7 = Distance of dorsal fin insertion to pelvic fin origin; 5-6 =
Distance of the base of the middle caudal rays to anal fin origin; 6-7 = Distance of the
anal fin origin to pelvic fin origin; 7-8 = Distance of pelvic fin origin to pectoral fin
origin; 7-9 = Distance of pelvic fin origin to maxilla rear margins; 8-9 = Distance of
pectoral fin origin to maxilla rear margins
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Table 1. Number of specimens of Pacific sardines (Sardinops sagax) sampled and analyzed
by sex and location along the west coast of Baja California, Mexico (February - June 1994)

9.3.2 Data analysis

The influence of the gender on morphometric traits was examined within-group
(each location) by a bivariate analysis of covariance (ANCOVA) by the regression
of each morphometric character against Pe. A significant interaction term between
the regressor and character indicates heterogeneity of regression, suggesting dif-
ferences between males and females and precluding direct group comparison (Ta-
bachnick and Fidell 1989). In each case, tests of homogeneity of characters regres-
sion slopes were made. The differences of morphometric traits between-group (by
gender; male-to-male, female-to-female) were explored by an ANCOVA, by a
univariate analysis of variance (ANOVA) and a canonical variate analysis (CVA).
Previously to ANOVA and CVA, Pe was compared to detect differences in size
among specimens selected. From the results of the latter test on Pe, all mor-
phometric measurements were standardized to minimize the variation resulting
from allometric growth and to remove the influence of size in shape measures.
Standardization was made using the formula:

Mt = Mo (Peq, / Po) ® (18.1)
where Mt = standardized measurement, Mo = observed character length, Pe,, =
the overall mean perimeter for all fish in all groups, Po = the perimeter of a
specimen, and b = slope of the regression of log Mo to log Po for each subset
(Karakousis et al. 1991; Reist 1985). Parameter b was estimated according Elliot
et al. (1995) to reduce the effects of Pe on group differences in the standardized
data.

Standardized measurements were transformed to natural logarithms to reduce
the magnitude of the variances between groups and to obtain a better approxima-
tion to multivariate normality (Schaefer 1989; Mayden et al. 1991). Additionally,
tests of normality were made on standardized measurements and those characters
that not present normality and homoscedasticity were excluded. Then, an ANOVA
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using measurements logarithmically transformed was made between-group (e.g.
locations).

Canonical variate analysis (CVA) was used to determine linear combinations of
variables (canonical variates) with maximum separation among specimens of dif-
ferent gender or from different geographical locations. CVA has been used in nu-
merous works where the objective was the identification of different populations
using morphometric characters (e.g. Castro et al. 1998). The CVA orders groups
along axes of maximum variation in such a way as to maximize among-group
variances relative to within-group variances (Corti et al. 1988). Moreover, the co-
efficients of the canonical variate may be used to determine the discriminatory
value of each original variable, and allow the calculation of the likelihood of mis-
classification of specimens into another group analyzed (Humphries 1993). A
scatter diagram based on the main canonical variates gives a visual portrayal of
the relative similarity of the groups.

The CVA was made on the basis of gender, considering the results of variable
checking for different criteria of inclusion (e.g. standardized sizes and mor-
phometric characters with normality and homoscedasticity). We computed Maha-
lanobis distances (e.g. Klecka 1980: 55) to examine differences between sexes and
location-group centroid. Because an overall portrayal of the morphometric struc-
ture of S. sagax was needed, a third CVA was made using all data disregarding
gender or location (four groups) but considering the same variable checking crite-
ria described above. Mahalanobis squared distances and their approximation to the
F statistic was used to quantify the multivariate differences between the popula-
tions centroid (Manly, 1991). Univariate and multivariate analysis was done using
Statistica for Windows, Version 5.0

9.4 Results

9.4.1 Data improvement

Before statistical analysis, eight fish were eliminated because their measurement
of Pe was greater than three standard deviations from the mean and therefore were
outliers (four for each location). From the rest, 43 specimens were discarded be-
cause of the variation in size ranges of the samples, restricting analyses to 163 fish
with values of Pe in the predefined range (300 - 400 mm of Pe; see Table 1).

9.4.2 Univariate analysis
Univariate analysis of covariance (ANCOVA) within-group indicated that at least

for one character the slopes of the log-log regressions of morphometric traits
against Pe were significant. For Isla de Cedros, the truss elements 1-2, 1-8, 2-8, 2-
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9, 3-4, 3-7, and 4-7 (Fig. 2) differ significantly between sexes (P <0.05), whereas
for Bahia Magdalena the differences between males and females were more subtle
and only one measurement, 1-9, was significant (P <0.05). These results therefore
preclude a direct analysis to show sexual dimorphism in the morphometric meas-
urements used.

ANCOVA between-groups indicated differences for males in the truss meas-
urement: 1-2, 1-8, 1-9, 2-3, 2-7, 3-6, 3-7, 3-8, 4-6, 4-7, and 8-9 (P <0.05). In the
other three (5-6, 7-8, and 7-9), homogeneity tests were not made because of het-
erogeneity of slopes. For females, truss elements: 1-8, 2-7, 2-8, 2-9, 3-6, 3-7, 3-8,
4-6, 4-7, 5-6, 6-7, and 7-8 differ significantly (P< 0.05). Three others, 1-2, 3-4,
and 4-5, show interactions with Pe and therefore homogeneity tests were not done.

ANOVA of the outline perimeter (Pe) indicated significant differences between
males and females of Bahia Magdalena (F (1, sy = 16.20, P < 0.000) but not within
males and females of Isla de Cedros (F (1, 79y = 0.136, P = 0.713). Because of the
results of later tests, the morphometric measurements were standardized. After
size adjustment, no transformed measurement showed significant correlation with
Pe (ANOVA, P > 0.05). Normality in six of nineteen standardized measurements:
2-3, 4-6, and 4-7 in females from Bahia Magdalena, 2-9 and 3-8 for females from
Isla de Cedros, and 7-8 for males of Bahia Magdalena, was rejected (P < 0.05).

ANOVA between-groups of resulting measurements, logarithmically trans-
formed, indicated differences for males in the truss elements: 1-2, 1-8, 1-9, 2-3, 2-
7, 3-8, 4-5, 7-9, and 8-9 (P < 0.05). For females, measurements: 1-8, 2-7, 2-8, 3-6,
5-6, 6-7, and 7-8 differ significantly (P <0.05). For males in three measurements
the homoscedasticity was not proven: 2-9, 3-7, and 4-7 (P <0.05), and in two for
females: 1-9 and 3-7 (P <0.05).

9.4.3 Multivariate analysis

For males the CVA was run using fifteen measurements, because of their normal-
ity and homoscedasticity: 1-2,1-8, 1-9, 2-3, 2-7, 2-8, 3-4, 3-6, 3-8, 4-5, 4-6, 5-6, 6-
7, 7-9, and 8-9. For females, twelve truss measurements were use for CVA, 1-2, 1-
8, 2-7, 2-8, 3-4, 3-6, 4-5, 5-6, 6-7, 7-8, 7-9, and 8-9. For the CVA including over-
all data, but using the same variable checking criteria, ten truss elements were se-
lected, 1-2, 1-8, 2-7, 2-8, 3-4, 4-5, 5-6, 6-7, 7-9, and 8-9.

The canonical variate analysis for females yielded a significant difference be-
tween the populations of Isla de Cedros and Bahia Magdalena (Wilks' Lambda =
.4717; P < 0.000). Females of the Pacific sardine are clearly separated into two
distinct groups whose centroid distance was significant (Mahalanobis distance =
4.567; F (12, s9) = 5.499; P< 0.000). Three specimens for Isla de Cedros and six for
Bahia Magdalena were misclassified by the CVA, but the accuracy of the classifi-
cation was high for both groups for an overall 88% (93% for females of Isla de
Cedros and 81% for Bahia Magdalena).

In the CVA for males, the canonical correlation for the CV obtained was sig-
nificant (Wilks' Lambda = .6422; P < 0.001). As females, the males were sepa-
rated in two groups along the canonical variate. The centroid distance between
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groups was significant (Mahalanobis distance =2.261; F (5, 75y = 2.783; P< 0.001).
Specimens from Bahia Magdalena showed the greatest degree of correct classifi-
cation, 82%, whereas about 78% of male fish from Isla de Cedros were classified
correctly. Nine fish per location were misclassified.

The CVA using the four groups (each sex and location) produced three canoni-
cal variates, the first two significant and accounting for 91% of the variation (first
61%, second 30%). This CVA produced three variates with a Wilks' Lambda (F
@0, 440) = 3.822; P < 0.000), that reveals significant differences between the group
centroids. Females from Bahia Magdalena exhibit the greatest Mahalanobis dis-
tances compared to the other groups, all significant at P < 0.05. However, the clas-
sification accuracy was low. On average, 54% of fish were correctly classified:
41% for males from Bahia Magdalena (30 misclassified) 54% in Cedros’ females
(19 misclassified); 58% for Bahia Magdalena’s females (13 misclassified); and 68
for Isla de Cedros’ males (13 misclassified) (Fig 3).

Examination of the scatter-plot of the first canonical variates shows the CVI
separated Magdalena's females from all other groups, whereas the CVII discrimi-
nated between males and females from Isla de Cedros. Male fish from Bahia
Magdalena showed a high overlap in both canonical variates with the rest of
specimens.

9.5 Discuss>ion

In multivariate statistics, it is desirable to have sample sizes several times larger
than the number of variables to avoid overfitting (Tabachnick and Fidell 1989; El-
liot et al. 1995). Shaklee and Tamaru (1981) demonstrated the effect of sample
size on the multivariate analysis, concluding that as the number of individuals in a
sample decreased below 15, the separation of the species became dependent of the
individuals used in the analysis. Harris (1975) has suggested that if the number of
individuals minus the number of variables used is greater than 30, then the sample
can be considered adequate. In the present study, that criterion gives a value of
144, assuming therefore an appropriate sample size. Discarding the measurements
expressing the variation in size and sexual dimorphism produced a more objective
and essentially size-free CVA.

Several authors, based on distinct criteria, had established the existence of sub-
populations of Sardinops sagax along the eastern Pacific coast. Clark (1947), on
the basis of vertebral counts found two groups, the first from British Columbia to
northern Baja California and the second in the Gulf of California and southern
Baja California. Felin (1954) and Radovich and Phillips (1952), found heteroge-
neous growth rates between distribution areas of the Pacific sardine. Mais (1972)
using combined meristic and morphometric characters, found the existence of
three stocks, located in California (USA), Baja California (Mexico), and the Gulf
of California. Vrooman (1964), by blood studies, found three genetically distinct
subpopulations: "northern", which ranges from California to northern Baja Cali-
fornia, "southern", which ranges from southern Baja California to southern Cali-
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fornia, and "gulf" which is confined to the Gulf of California. Hedgecock et al.
(1985; 1989), found that the five Pacific sardine populations studied by them are
virtually genetically identical at the gene loci examined. The morphometric analy-
sis by Hedgecock et al. (1989) on the same specimens, genetically investigated,
concluded that S. sagax shows a north to south cline in size-at-age. However, the
size interval they used (145 mm to 240 mm SL), sample size of subsets analyzed,
inclusion of SL in the statistical analysis, measurements along the general length
axis of the fish, and the untested effect of sex and size within populations studied,
can have caused bias and failure to differentiate populations morphometrically
(e.g. Shaklee and Tamaru 1981; Reist 1985; Creech 1992). More recently, Félix et
al. (1996) by analysis of catch data and temperatures suggests the existence of
three stocks along the coast of Baja California.

Fig. 3. Canonical variate scores for each individual of Sardinops sagax from the west coast
of Baja California. Canonical variate axes, CVI (61% of the variance of data) and CVII
(30%) produced by 163 specimens and 10 morphometric measurements. Classification ac-
curacy, 54% in average. Significant differences between the group centroids (see text). MC
and FC = males and females from Isla de Cedros, n = 40 and 41, respectively; MM and FM
= males and females from Bahia Magdalena, n = 51 and 31 respectively

Although the genetic evidence argues for the absence of spatial variation in al-
lozyme frequencies (Hedgecock et al. 1989), the present morphological analysis
considering a restricted size interval, based on patterns of body shape size-free,
and excluding the influence of sexual dimorphism, reveals significant differences
between the two populations of the Pacific sardine exploited along the west coast
of Baja California, Mexico. These morphological differences were more evident
when comparing specimens separately by gender, attributing the lower percentage
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of accuracy in the overall CVA (four groups) to sexual dimorphism detected in the
truss measures and that specimens belong to the same species.

Differences observed between morphometrics and allozymes by Hedgecock et
al. (1989), maybe linked to relatively reduced number of loci analyzed, preventing
detection of differences between compared stocks. Moreover, the allozymes
analysis has not detected interpopulation differences, where de DNA mitochon-
drial analysis has been capable to determine genetic differences among popula-
tions (Billington and Hebert 1991).

Hence, it would appear that morphometrical differences are a result of the phe-
notypic plasticity in S. sagax. Phenotypic plasticity describes a profile of potential
phenotypes from a fixed genotype affected by temporal and spatial variation of the
environment (Lin and Dunson 1999). This event is quite common in nature and
environmental cues often result in behavior or morphological development appro-
priate to local conditions (Adkinson 1995).

The Pacific sardine is a multiple-batch spawner (Torres-Villegas 1997) with
dispersal of the eggs and larvae along its geographic range (Ahlstrom 1954, 1959)
and strong evidence of adult seasonal migration along the west coast of Baja Cali-
fornia (Félix et al. 1996). Therefore overlapping generations reduce the potential
for random genetic differentiation from genetic drift.

That is, that morphological characters can be environmentally determined, be-
cause the environment in the spawning and juvenile development areas of the Pa-
cific sardine varies spatially and temporally (Lluch et al. 1989) and genetic homo-
geneity can occur despite differences in selective regimes (Lin and Dunson 1999).

Morphological differences between specimens in the present study may reflect
environmentally induced morphotypes, a plausible case of uncoupling of organis-
mal and molecular evolution, where organismal divergence is accompanied by
molecular conservatism (Clayton 1981), and therefore those morphological differ-
ences will not be reliable indicators of stock identity (sensu Pawson 1995).
Knowledge of the stock structure or identification of stocks of Sardinops sagax is
important to the fishery management of the species. Further studies combining
morphological variables, environmental factors, biological characters, and other
analytical procedures used on specimens at same time, such as geometric mor-
phometrics and biomolecular markers (related with DNA nuclear and mitochon-
drial) will contribute to our knowledge of the origin of individual differences.
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10.1 Abstract

Geometric morphometrics are used to characterize shape variations in different Sauropo-
domorpha ichnotaxa and unclassified ichnites. Ten landmarks were collected from
each of 30 specimens. Landmark configurations were superimposed, and residuals
were modeled with the thin-plate spline interpolating function (to visualize shape
changes). This group of techniques allows to discriminate tendencies in shape
changes (providing quantitative descriptors). The multivariate analysis of shape
variables on the centroid size indicates the absence of allometry in our sample of
Sauropodomorpha tracks.

Keywords: Sauropoda pes tracks, Brontopodus, geometric morphometrics, allometry,
relative warps.

10.2 Introduction

Application of Geometric Morphometric (GM) techniques in the ichnological re-
cord haven’t received much attention. Some applications have been made on dino-
saur tracks particularly the Theropoda and Ornithopoda ichnological record
(Rasskin 1995; Rasskin et al. 1997). This work presents the first GM study on the
Sauropodomorpha ichnological record. Here we constrast a descriptive study
based on four sauropod ichnological morphotypes with a geometric morphometric
approach.

The discovery and documentation of many new sauropod tracksites in Portugal
over the last ten years have yielded valuable information to better understand
sauropod manus and pes prints morphologies. Nevertheless, well-preserved sauro-
pod manus and pes prints are still rare in the general fossil record.

Until 1990 a small number of well-preserved specimens were known world-
wide and few ichnogenus were considered valid scientific names. Middle Jurassic
sauropod ichnites from Morocco were described as Breviparopus taghbaloutensis
(Dutuit and Ouazzou 1980).
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Brontopodus birdi was named on the basis of well-preserved sauropod track-
ways from Albian carbonates from Texas (Farlow et al. 1989). Parabrontopodus
mcintoshi was proposed from narrow-gauge Upper Jurassic sauropod trackways
(Lockley et al. 1994a)

The record of the ichnogenus Brontopodus is worldwide distributed - Portugal
(Lockley et al. 1994a,b), Croatia (Mezga and Bajraktarevic 1999), Switzerland
(Meyer 1993), Spain (e.g. Moratalla 1993), Poland (Gierlinski 2002), United
Kingdom (Romano et al. 1999), China (Lockley et al. 2002), South Korea (e.g.
Lim et al. 1994), Australia (e.g. Thulborn et al. 1994), USA (Farlow et al. 1989).

More recently, Lower Cretaceous sauropod footprints from Croatia were de-
scribed and named as Titanosaurimanus nana (Dalla Vecchia and Tarlao 2000).

In the present study were used Sauropodomorpha footprints outlines from sev-
eral works (Table 1).

Most of the sauropod footprints are oval- or egg-shaped without diagnostic
digit impressions, due to inadequate substrate conditions, and further unfavorable
conservation factors (e.g. Leonardi 1987; Lockley 1991; Gatesy et al. 1999; Gar-
cia-Ramos et al. 2000; Nadon 2001). Nevertheless, several of these poorly pre-
served ichnites have received formal names despite the fact that other well-
preserved specimens have not (Lockley et al. 1986).

Up to now, no Geometric Morphometric analysis of shape variation in a sam-
ple of Dinosauria — Sauropodomorpha footprints of the world ichnological record
has been conducted and just only the preliminary results of the application of this
methodological approach on 22 specimens were presented (Rodrigues and Santos
2003). The aim of this paper is to discuss the contribution of the Geometric Mor-
phometrics analysis to improving the discrimination of Sauropodomorpha foot-
prints and, possibly, to improving the characterization of ichnological shape varia-
tion.

In this paper we use GM analysis on pes prints attributed to Sauropoda and
other marks attributed to Prosauropoda footprints in order to provide a contribu-
tion to Sauropodomorpha footprints discrimination. We chose a total of 30 Sauro-
podomorpha pes tracks from the world ichnological record (range of standard
length 5.8-94.0 cm) (see Table 1).

10.3 Materials and methods

10.3.1 Samples

Good general preservation and presence of, at least, four digit impressions de-
termined selection of specimens. With these selection criteria, we tried to reduce
the taphonomical bias.
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The descriptions of sauropod tracks were based on several features characteris-

tics of Sauropoda autopodia. Concerning pes prints the following distinctive fea-
_tures were characteristic:

subcircular/suboval/subtriangular shape of the pes print with asymmetrical

expanded proximal portion (entaxonic);

outward rotated,

four or five digit impressions usually outward rotated or laterally oriented,;

strongly curved and usually triangular impressions;

claws on digits I, II, III.

We grouped the specimens into four morphotypes, based on the ichnotaxonomy
proposed by different authors in the literature. Morphotype 1 (MT1) — this mor-
photype gathers Brontopodus birdi/Brontopodus sp., Morphotype 2 (MT2) —
Brontopodus aff. B. birdi | Brontopodus type | Brontopodus; Morphotype 3 (MT3)-
Prosauropoda ichnites (Tetrasauropus/ Pseudotetrasauropus/ Paratetrasauro-
pus); Morphotype 4 (MT4) — miscellaneous and unidentified ichnites.

Fig. 1. Examples of specimens used in this study — Specimen 1 (Morphotype 1), Specimen
2 (Morphotype 2), Specimen 8 (Morphotype 4), Specimen 12 (Morphotype 1), Specimen
26 (Morphotype 2) and Specimen 18 (Morphotype 3). Parataxonomy and references in Ta-
ble 1. IV — fourth digit. (Adapted from Lockley et al. 1994a, Santos et al. 1994, Thulborn
1990)

10.3.2 Obtaining Landmarks coordinates

Due the inherent characteristics of the materials analyzed in this study, the type of
landmarks applied were Type III (Bookstein 1991).

Silhouettes and photos of Sauropodomorha footprints in literature were used
and digitized with Hp 5470C scanner.

Images were treated digitally (digital clearness) using Paint Shop Pro 7.0 (Jasc
Software 2002).

We assumed that all specimens were left pes. When only right pes existed, the
specimens were reflected (mirror effect) using Paint Shop Pro 7.0 (Jasc Software
2002).

The coordinates of the specimens were determined with TpsDig 1.37 (Rohlf
2003a). Since we used figures from different literature sources, they presented dif-
ferent sizes. In order to correct this we used scale factor in every specimen.
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Some of the specimens studied have been measured in terms of length and
width, applying the measure tool on TpsDig 1.37 (Rohlf 2003a). This procedure
was applied because those measurements are not mentioned in the literature.

10.3.3 Description of landmarks

1- maximum Aypex of digit I; 2 - Aypex between digits I and II; 3 - maximum Ay-
pex of digit IT; 4 - hypex between digits II and III; 5 - maximum hypex of digit III;
6 - hypex between digits III and IV; 7 - maximum Aypex of digit IV; 8 — intersec-
tion point between a perpendicular line (from mid point of landmark 7 and 9) and
the ichnite contour; 9 — most posterior point of the print considering its axis; 10 -
intersection point between a perpendicular line (from mid point of landmark 1 and
9) and the ichnite contour .

All ichnological terms and definitions follows Leonardi (1987) and Thulborn
(1990). The long axis of the footprint employed in the landmarks 8, 9 and 10 fol-
lows the definition of Leonardi (1987).

Fig. 2. Orientation terminology and position of the 10 landmarks used in this study. Land-
mark 1 and 9 are in the anterior and posterior region of the track, respectively; landmark 8
and 10 are in the lateral and medial region of the track, respectively

The mid points between landmarks 1 and 9 and between 7 and 9 were calcu-
lated. Marking of a perpendicular line to the referred mid points and the point of
intersection of that line with the contour of the footprint. These calculations were
performed with Microsoft Visio 2000 (Microsoft Corporation 2000).

A full, detailed, mathematical description of the GM methodology used in this
study is outside the range of this paper. Theoretical background of these meth-
dologies are reviewed in different literature sources (e.g. Bookstein 1989a, b,
1990, 1991, Rohlf and Marcus 1993, Marcus et al. 1996, Rohlf and Bookstein
2003).
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For each specimen, centroid size and weight matrix (with both uniform compo-
nents appended) were computed. The weight matrix is the matrix of the partial
warp scores. Centroid size was tested for differences by single classification
analysis of variance (ANOVA) (Sokal and Rohlf 1995). All specimens were
scaled to unit centroid size before alignment by the method of Generalized Pro-
crustes Analysis (GPA) superimposition.

10.4 Relative warp analysis

The coordinates of all aligned specimens were used for thin-plate splines relative
warp analysis (Bookstein 1991; Rohlf 1993).

The Relative Warps (RW) analysis was performed with the scaling option a=0
(Rohlf 1993) that weights all landmarks equally, with the uniform component in-
cluded - complement method (Rohlf and Bookstein 2003).

Relative warps analysis corresponds to a Principal Components Analysis of the
covariance matrix of the partial warp scores, which are different scales of a thin-
plate spline transformation of landmarks. The thin-plate spline is a smooth
interpolation function that computes and visualizes transformations of Cartesian
Coordinates in a way similar to D’Arcy Thompson’s transformation grids
(Thompson 1917). A rectangular grid is projected over Procrustes aligned
landmark configurations and the bending of the grid visually depicts the difference
in landmark locations between two configurations

The columns of the weight matrix represent the shape variables (Partial warps),
being the last two columns the uniform shape components (Unif X, shearing, and
Unif Y, stretching along the major axis of the consensus configuration). The first
n-2 columns characterize more localized shape components (non uniform shape
components).

10.5 Multiple regression analysis

Centroid size, the square root of the sum of the squared distances between all ho-
mologous landmarks and the center of gravity of the landmarks, is commonly used
as general size measure in geometric morphometrics.

To explore the existence of size allometry (i.e. shape change as a function of
size), a multivariate regression of the weight matrix (with uniform components
appended) onto log centroid size was performed. The log of centroid size was used
as our size variable because most of shape change occurs early in ontogeny (e.g.
Zeldich et al. 2000).
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10.6 Software

Procrustes superimposition, weight matrix, graphical material and centroid size
were performed using TPSRelw 1.35 (Rohlf 2003b); TPSRegr 1.26 (Rohlf 2003c).
Statistical analysis and scatterplots — SPSS 10.0 (SPSS Inc., 2000).

10.7 Results

Centroid size was tested for differences among specimens by ANOVA (F= 4.126,
p< 0.05) and was significant. The centroid size is moderately correlated with the
uniform component x (r=-0.379, p<0.05) and not correlated with uniform compo-
nent y.

10.7.1 Relative warps analysis

Fig. 3. Scatterplot of mean consensus configuration with individual specimens su-
perimposed by Generalized Procrustes Analysis (GPA)

There is large variability in most of the landmarks as visualized in Fig. 3. In land-
marks 8, 9 and 10 the observed variability is mostly latero-medial.

The first three relative warps account for 66.46% of the total variation of the
specimens. RW1 accounts for 35.52% of total shape variability. There is a signifi-
cant correlation between centroid size and the first relative warp (r=0.404, P
<0.05).

RW?2 accounts for 18.40% for shape variability and is not correlated with cen-
troid size. RW3 explains 12,54% of shape variability and is not correlated with
centroid size.

The distribution of the four morphotypes is presented in a scatterplot of Rela-
tive Warp 1 (RW1) and Relative Warp 2 (RW2) (Fig. 4).
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Distribution of specimens presents some tendencies: specimens 16, 17 and 18
(Prosauropoda origin) clearly separated from other specimens; specimens 1, 2,
12, 24 and 26 are morphological related despite their different morphotype classi-
fication; Croatia specimens (27, 28, 29 and 30) are closely associated with the ex-
ception of specimen 30. This could be explained as probable misidentification of
digit polarity. All other specimens present a distribution very similar with the con-
sensus and without clear grouping.

Patterns of shape change along the two first relative warps are illustrated in
Fig.5. Most of the variance from the consensus, along RW1 axis (negative to posi-
tive deviations), is due to the rotation of digits from an inward (medial) position to
an outward (lateral) position. Similar tendency in relative shape change is ob-
served in the heel region. This shape variation along this axis is also a conse-
quence of a medial bending. In addition, we detected an antero-posterior shorten-
ing associated with digit rotation (both outward and inward). The correlation
between centroid size and the first relative warp support this size shift.

RW?2 differences from the consensus (negative to positive deviations) are due:
1- reduction in relative length of digits I and II; 2 — digits I, II and III becoming
narrow.

Fig. 4. Scatterplot of RW1 and RW?2 of the specimens and respective Morphotypes
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Fig. 5. Shape changes depicted by the RW1 and RW2. (A) Deformation relative to the
mean shape toward the negative direction of RW1. (B) Deformation relative to the mean
shape toward the positive direction of RW1. (C) Deformation relative to the mean shape
toward the negative direction of RW2. (D) Deformation relative to the mean shape toward
the positive direction of RW2

10.7.2 Multiple regression analysis

Regressing the full set of partial warps on log centroid size showed no significant
differences (Wilks' Lambda = 0.4372, F (16, 13) = 1.046, P>0.4). Size explains
only 4.91% of the shape variation in our sample. Clearly, in our sample, shape is
not a function of size.

The isometric growth of appendicular skeleton in sauropods has been noted
(e.g. Carpenter and Mclntosh 1994). For instance, the limbs of Camarasaurus
show evidence of isometric growth with very little indication of allometry (Wil-
hite 1999, 2003). Some authors also noted isometric growth in the limbs of Apato-
saurus (Carpenter and MaclIntosh 1994).

10.8 Discussion and conclusions

Ichnology can complement information from the dinosaur osteological record, for
instance, by providing complementary data on aufopodia shape and structure as
well on limb posture. (Lockley and Hunt 1995; Gatesy et al. 1999; Wilson and
Carrano 1999).
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GM techniques were applied for the first time in the Sauropodomorpha ich-
nological record, as far as we are aware. This methodology allowed to descrimi-
nate between tendencies in shape changes in our sample as well as to confirm the
absence of allometry.

The shape variation observed in our sample are caused by:

relative digit position (inward/medial to outward/lateral rotation);

medial region bending (directly associated with outward/lateral rotation of dig-
its) and relative heel position (inward/medial to outward/lateral rotation).

We have observed and quantified that specimens attributed to prosauropods
(Tetrasauropus, Pseudotetrasauropus and Paratetrasauropus) are closely related
to each other in comparison to the mean shape and to specimens attributed to sau-
ropods (i.e. there is a morphological discontinuity between the Prosauropoda and
Sauropoda tracks). As a consequence of this GM analysis, we can maintain the
idea of a Prosauropoda origin for Morphotype 3, which includes the above re-
ferred ichnogenus type Tetrasauropus. An opposite ichnotaxonomical proposal is
the attribution of Tetrasauropus to the Sauropoda ichnological record (Lockley et
al. 2001).

The general sauropod track record suggests that pes prints are slightly longer
than wider and present a trend as an outward rotation of four or five externally ro-
tated digit impressions (e.g. Farlow et al. 1989; Lockley 1991; Meyer et al. 1994).
These features are reliable with character 64 on the sauropod phylogenetic hy-
pothesis of Wilson and Sereno (1998) - “Pedal unguals, orientation: aligned with
(0), or deflected lateral to (1), digit axis”.

Digit rotation is the most important factor in the shape variation in our sample.
Despite this, there are other factors contributing to the variability of shape ob-
served.

This analysis allows us to suggest that Brontopodus birdi present more outward
rotated digits than the Portuguese specimens 3, 4, 5 and 8. These specimens pre-
sent a digit rotation very similar to mean shape.

Specimens from Croatia (27, 28, 29 and 30) were attributed to a Titanosauria
origin (Dalla Vecchia and Tarlao 2000). In this analysis, they are the most extreme
specimens regarding inward digit rotation, which is close associated with Morpho-
type 3 (Prosauropoda origin) and distant to Morphotypes 1 and 2 (Sauropoda ori-
gin). This may suggest a slightest non-sauropoda origin hypothesis or digit mis-
identification (i.e. digit I could be digit IV, inverting the digit rotation course).
This methodology could permit the recognition of misidentified tracks as long as
other factors could be included (e.g. stratigraphical age, wide or narrow-gauge
trackway).

Morphotypes 1 and 2 are morphologically comparable, which is confirmed by
its parataxonomical origin affinity. This GM study corroborates the majority of
previous ichnotaxonomical classifications.

The multivariate regression analysis on the centroid size supports the lack of al-
lometry in different taxa of Sauropoda limbs (Wilhite 1999, 2003; Carpenter and
MaclIntosh 1994). This geometric study corroborates the osteological results on
absence of allometry on Sauropoda appendicular structures.
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Other multivariate analyses are currently under study using as independent
variables: velocity; wide/narrow gauge trackway; geological/stratigraphical frame;
illustration authors. This latter variable study is justified by the ichnological inter-
pretation that precedes each track illustration. It means the author of the illustra-
tion is a very important variable in geometric morphometric studies that uses track
contours.

Table 1. Reference, morphotype, parataxonomy, age, literature consulted and standard di-
mensions of the specimens analyzed. * - measurements made by the authors; ** - measu-
rements made by the authors on the most external contour; LT- Late Triassic; J- Jurassic
MIJ- Middle Jurassic UJ- Upper Jurassic; LC — Lower Cretaceous.
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11.1 Abstract

A morphometric approach to Titanosauriformes sauropod dinosaur femora pro-
vides an interesting tool for systematic and paleobiogeographic studies. The femur
is an element of phylogenetic interest, being the proximal one third deflected
medially or lateral bulge one of the autapomorphies of Titanosauriformes. Some
of the selected 20 landmarks use to be reference anatomical points for the femur
measurements, yet never attempting to apply for the Geometric Morphometrics.
The landmarks are located at the posterior femora outline, except for the fourth
trochanter that is a medial projection of this feature. The Procrustes Superimposi-
tion Analysis reveals that there are differences among some Titanosauriformes
clades, for instance between the Titanosauria from Laurasia and Gondwana. This
may indicate they separate at the end of the Jurassic times, when supercontinents
were the Pangea, and it is unnecessary to resort to intercontinental bridges during
the Upper Cretaceous to explain the existence of Titanosauria in Laurasia

Keywords: Titanosauriformes, Sauropoda, femora, biogeography, APS.

11.2 Introduction

At the end of the Jurassic the definitive rupturing of Pangea started. This formed
the super-continent of Laurasia, whereas the continents of the southern hemi-
sphere shaped Gondwana. The fragmentation between these two super-continents
is more significant at the beginning of the Cretaceous with the opening of the cen-
tral Atlantic and its interaction with the Tethys (Bonaparte and Kielan Jaworoska
1987; Calvo and Salgado 1996; Le Loeuff 1997; Sereno 1999).

The oceanic masses constitute a formidable barrier for terrestrial organisms. It's
certain that this would have hindered the movement of terrestrial organisms be-
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tween Laurasia and Gondwana during most of the Lower Cretaceous. This isola-
tion has been the reason for the notorious divergence between the cretaceous fau-
nas on each side of these continental masses. Some of the cretaceous taxa are con-
sidered as laurasiatic or gondwanic, according to their presence or abundance on
each continental mass. The occasional presence of these taxa outside Laurasia or
Gondwana respectively, has frequently been explained as the dispersion from their
place of origin through terrestrial bridges (Le Loeuff and Buffetaut 1991; Forster
1999). The common taxa may be the result of faunal migrations between Laurasia
and Gondwana or at least from a specific flow in both directions during the Creta-
ceous. However shared taxa can also be explained, in biogeographic terms, as a
result of dispersion from the place of origin or by vicariance, which means the
partition of an ancestral taxon and its posterior evolution separated by a geo-
graphic barrier (Foster 1999; Canudo and Salgado 2003).

Fig. 1. A: Landmarks position (LM: 1-20) and terminology used in this paper. LM's are lo-
cated on a posterior view of a right femur of Phuwiangosaurus sirindhornae (slightly modi-
fied from Martin et al. 1999). B: Neosauropoda Phylogeny (Wilson 2002)

Sauropoda are the terrestrial vertebrates that have reached the largest size in the
Earth’s history. During the last years there has been a considerable effort to under-
stand their phylogenetic relationships and most important clades (Salgado et al.
1997; Wilson and Sereno 1998; Upchurch 1998; Wilson 2002), which has permit-
ted the reconstruction of the phylogeny of Sauropoda. Titanosauriformes is well
differentiated by unmistakable sinapomorphies. One of the femur sinapomorphies
is the lateral bulge of the shaft (Salgado et al. 1997; Wilson and Sereno 1998; Wil-
son 2002), which means that the proximal one third is deflected medially (LM 18
in Fig. 1A).

Titanosauriformes originated during Jurassic before Pangea’s fragmentation.
One of the oldest taxa known is Brachiosaurus, which is found at the end of the
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Tanzanian and USA Jurassic. Actual cladistic studies consider Brachiosaurus as
the most basal titanosauriform (Salgado et al. 1997; Wilson 2002, Fig.1B). During
the Lower Cretaceous they show an important diversification (McIntosh 1990;
Hunt et al. 1994). As well as their broad distribution, as per their pangeatic origin,
Titanosauriformes (specially Titanosauria) have been used to make palaeobio-
geographic reconstructions mainly as proof of the existence of intercontinental
bridges (Le Loeuff 1993; Casanovas-Cladellas and Santafé-Llopis 1993; Foster,
1999). Nevertheless, the presence of Titanosauriformes in the Jurassic Pangea ex-
plains its cretaceous distribution as a consequence of a vicariant evolution (Ca-
nudo and Salgado 2003).

The objective of this work is to study the variation of the shape of the Titano-
sauriformes femora and the use of the Geometric Morphometrics as a tool for pa-
leobiogeographic studies.

G.S: Geographical Situation. Afr: Africa NA: North America Eur: Europe SA: South
America LJ: Late Jurassic EC: Early Cretaceous LC: Late Cretaceous E: Epoch #: Reversed
*: Titanosaurus indicus has recently revised by Wilson and Upchurch (2003), they con-
cluded that the genus "Titanosaurus” and family "Titanosauridae" may be likewise aban-
doned, for this reason we use inverted commas.
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11.3 Materials and methods

Data has been collected from 24 figures of whole femurs of Titanosauriformes
(Table 1 and Figures 2 and 3). The landmarks are situated on the posterior view of
the femur perimeter except the ones showing the fourth trochanter position.

LN
WY

Fig. 2. Outline femora made with the landmarks junction. A: Euhelopus zdanskyi. B: Phu-
wiangosaurus sirindhornae. C: Tangvayosaurus hoffeti. D: Brachiosaurus altithorax. E:
Brachiosaurus  brancai. F: Brachiosaurid. G: Aragosaurus ischiaticus. H:
Titanosauriformes indet. I: Pleurocoelus nanus. J: Chubutisaurus insignis. K: Tangvayo-
saurus? falloti. References are in table 1

The landmarks have been obtained through outlines drawn from the figures of
the posterior views published by the authors and in some cases straight from our
own images. The femur has been selected to do this study because it is an element
of great systematic interest, furthermore one of the diagnostic characteristics of Ti-
tanosauriformes (lateral bulge) can be found on the femur (Salgado et al. 1997,
Wilson 2002). Due to the relevance of this element the femur is well figured in
almost every study. Moreover, the Sauropoda femur is sufficient straight to as-
sume that the anterior and posterior outlines record the morphology of the speci-
mens. Ideally the drawing should be collected directly from the specimen, but due
to collections being all over the world it is non viable. In some cases, as in the fe-
mur outline of "Titanosaurus” indicus of Swinton (1947), the draft is taken at the
anterior view, and as the fourth trochanter is situated medially the landmarks are
similar at both views.
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Previous to the digitalisation of the landmarks and to eliminate the size factor,
the figures have been reduced to the same scale, using as baseline the row between
LM 2 and 3. Following the perpendicular to this baseline the scale is adjusted us-
ing a vectorial, drawing programme (Free-Hand 8.0). Apart from scaling, this pro-
gram has also been used to associate every femur according to a left femur in the
posterior view to eliminate variables associated with asymmetry and we assume
that the Sauropoda femurs are perfectly symmetrical. Due to the scarcity of mate-
rial this assumption cannot be verified. The digitalisation and principal component
analysis of the landmarks from each specimen studied has been done with APS
(The Procrustes Superimposition Software, Penin 2003).

The landmarks or anatomic points selected represent the femur morphology of
Sauropoda’s posterior view. In general these points are of a mixed kind as in cases
1 and 2 of Bookstein (Rabello Monteiro and Furtado dos Reis 1999). As per the
fourth trochanter case the projection of the landmarks has been used where this
element is situated against the plane of the posterior view of the femur (except for
"Titanosaurus" indicus as indicated).

The landmarks selected are those that can be identified in Fig 1. At the begin-
ning the landmarks selected were some of the ones related to the condyles like the
proximal terminals of the condyles, but in the illustrations exists a certain degree
of a different interpretation of the articulated surfaces of the condyles for what de-
gree of subjectivity that could exist, something that should be avoided. In Figures
2 and 3, the landmarks and outlines are considered in the 24 femora studied.

Some of the landmarks considered in this study are used to be the reference
anatomical points for femur measurements but no attempt to apply the geometric
morphometric methodology has been done. They are the following (Figs. 1-3):

1. Lateral end of the fibular condyle.

2. Distal end of the fibular condyle. This is the lateral end of the string that
forms the baseline of the femur.

3. Distal end of the tibial condyle. This is the medial end of the baseline.

4. Medial end of the tibial condyle.

5. Proximal end of the tibial condyle. Generally this point is reflected on the
outlines of the Sauropoda femurs as a consequence of a change from con-
cave to convex as seen in Opisthocoelicaudia (Borsuk-Bialynicka 1997). Al-
though in some sauropods the condyle, practically has not this medial
spreading out which can be interpreted as the non-existence of this concav-
ity. In this case the landmark taken is the projection of the proximal end of
the tibial condyle on the outline.

6. Medial point where the diaphysis has its minimum medial lateral diameter. It
coincides with the point of maximum concavity of the distal half of the fe-
mur on its medial side.

7. Medial projection on the outline of the distal end of the fourth trochanter.

8. Distal end of the fourth trochanter. In the sauropod femurs where the fourth
trochanter is medial the points 7 and 8 coincide and even stick out from the
outline.

9. Proximal end of the fourth trochanter.
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10.Medial projection on the outline of the proximal end of the fourth tro-
chanter. As in landmarks 7,8, LM 9 and 10 may coincide and yet LM 9 can
protrude medially. In this case the 4th trochanter is seen as a convex feature
in the femur profile.

11.Medial-distal end of the articular head. This point is an inflexion, which
marks the limit between the epiphysis and the proximal end of the shaft.

12.Point of inflexion between the concave and convex profile of the articular
head.

(AN
O

Fig. 3. Outline femora made with the landmarks junction lines. A: Antarctosaurus wich-
mannianus. B: Saltasaurus loricatus. C: Neuquensaurus australis. D: Neuquensaurus
robustus. E: Lirainosaurus astibiae. F: Ampelosaurus atacis. G: Magyarosaurus dacus. H.
Magyarosaurus dacus Jianu. 1: Alamosaurus sanjuanensis. J: Aegyptosaurus baharijiensis.
K: Opisthocoelicaudia skarzynskii. L: "Titanosaurus"” indicus. M: "Titanosaurus” indicus.
References are in table 1

13.Point of greatest medial distal convexity of the articulated head. In the ma-
jority of the Sauropoda, it coincides with the most medial point of the whole
of the femur.

14.The most proximal point of the articular head. Generally, it corresponds to
the furthest point from the distal condyles of the whole femur.

15.Most depressed point between the greater trochanter and the articular head.
Coincides with the depression of the intertrochanteric fossa.

16.Greater trochanter. In some sauropods has practically disappeared, reason
why in these cases has been made to coincide, this point with point 17.

17. Latero-proximal corner of the greater trochanter.
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18.Greatest lateral expansion of the proximal third. This expansion is the most
lateral end of the femur or “Lateral Bulge” of Salgado et al. (1997).

19.Lateral part where the diaphysis acquires its minimum diameter. Coincides
in the same transversal plane as point 6, practically parallel to the distal
plane where the baseline is found.

20.Lateral projection at the proximal beginning of the fibular condyle. Discus-
sion as in LM 5.

11.4 Results and discussions

The results of the morphometric study of the sauropod femora seem to be a useful
tool in biogeography as well as systematic. Our results are expressed in Figures 4
y 5. The analysis of the landmarks position variability is expressed in its principal
component analysis (PCA) Figure 4 shows the analysis of all the Titanosaurifor-
mes whereas Figure 5 illustrates only the Upper Cretaceous Titanosauria. In both
PCA diagrams the taxa grouping is greatly significant, temporarily as well as bio-
geographically. The Figure 4 allows infer three assemblages; on the one hand all
the laurasiatic Titanosauriformes of the Lower Cretaceous and in the other, the
two groups of the Upper Cretaceous, laurasiatic and gondwanic Titanosauria.
Some taxa like Euhelopus, Opisthocoelicaudia or Aegyptosaurus are not part of
any of these groups, which is interpreted in posterior paragraphs. A different case
is both species of Brachiosaurus, which are situated in a non-apparent paleobio-
geographic distribution, which makes sense because the separation of continents
was unclear at the end of Jurassic, meaning that Gondwana and Laurasia were to-
gether and there must have been easy communication between both land-masses.

11.4.1 Titanosauriformes of the Lower Cretaceous

The fossil record of Titanosauriformes is rare at the Lower Cretaceous both in
Europe and North America. Nevertheless our study of the femur reveals a close
phylogenetic relation between these groups. Following the authors, during the
Barremian, faunas of Titanosauriformes and possibly similar Titanosauria roamed
throughout both continental masses (Tidwell and Carpenter 2002). This seems to
agree with our results (Fig. 4) since the studied femurs indicate that there are
Laurasiatic Titanosauriformes from Asia, Europe and North America that are
grouped altogether.

As seen in Figure 4 these Titanosauriformes are found far away from the genus
Euhelopus, which (at least in our studies) represents a morphologically distant
group from the rest of the Titanosauriformes of Lower Cretaceous of Laurasia.
This taxon is interpreted in a different way according to the diverse phylogenetic
propositions. On the one hand it comes out of the neurosauropods clade of Fig. 1B
because it is related to other Jurassic Chinese sauropods (Upchurch 1998) and on
the other hand it is regarded as a representative of the Titanosauriformes clade, as
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a group closely related to Titanosauria (Wilson and Sereno 1998; Wilson 2002).
Our studies may indicate that in Asia there would have been two groups of well-
differentiated Titanosauriformes, on one side Euhelopus and on the other the rest,
or also the possibility that Euhelopus does not belong to the Titanosauriformes
clade.

Laurasia\ 0
Laurasian
N Euhelopus 17 Titanosautria
14
18Q
10 .&/ 16 [} .
b 9 1 Opisthocoelicaudia 150 19
O 13 \h B. altithorax—s. < 7
5 0
Gondwana
American X
< Titanosauriformes
Titanosauria Laurasia
Lower Cretaceous
A B 0

Fig. 4. A. Lower Cretaceous paleogeographic map modified from Le Loeuff (1997) The
numbers are Titanosauriformes Lower Cretaceous taxa from Laurasia. B. Principal Compo-
nent Analysis of the Titanosauriformes femora using the generalized Procrustes Superim-
position Software (APS, Penin, 2003). 1: Chubutisaurus insignis. 2: Saltasaurus loricatus.
3: Alamosaurus sanjuanensis. 4: Neuquensaurus australis. 5: Antarctosaurus wichman-
nianus. 6: Neuquensaurus robustus. 7: Brachiosauridae indet. 8: Pleurocoelus nanus. 9: Ti-
tanosauriformes indet. 10: Aragosaurus ischiaticus. 11: Tangvayosaurus hoffeti. 12: Phu-
wiangosaurus sirindhornae. 13: Tangvayosaurus? falloti. 14: "Titanosaurus” indicus after
MclIntosh (1990). 15: Lirainosaurus astibiae. 16: Magyarosaurus dacus after Mclntosh
(1990). 17: "Titanosaurus” indicus after Swinton (1947). 18: Ampelosaurus atacis. 19:
Magyarosaurus dacus sensu Jianu and Weishampel (1999). 20: degyptosaurus baharijien-
sis. References are in table 1

11.4.2 Titanosauria and Titanosauridae

The type taxon of the Titanosauridae family is "Titanosaurus" indicus. It was ini-
tially described on the basis of two caudal vertebras and a partial femur of the
Lameta formation in India (Lydekker 1877; Wilson and Upchurch 2003). Al-
though in the original description Lydekker (1877) doesn’t give a formal diagnosis
of "Titanosaurus" he describes the caudal vertebras as strongly procelic, which
permits the differentiation with other Dinosauria genus and also permits the rec-
ognition of sauropods with similar character in different parts of the world, like in
the Lower Cretaceous of England and the Upper Cretaceous of Argentina (see dis-
cussion in Salgado 2003; Wilson and Upchurch 2003). The "titanosaurids" are the
group of Neosauropoda most diversified, especially for the tendency to assign to
this family any of the rest of Sauropoda of the Upper Cretaceous of Gondwana
(MclIntosh 1990; Foster 1999). Recent phylogenetic analysis (Salgado et al. 1997;
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Upchurch 1998; Wilson and Sereno 1998; Wilson 2002) clarifies the monophyly
of this clade, which traditionally has been considered as Titanosauridae. Due to
the fragmentary nature of the original material of "Tifanosaurus", several proposi-
tions have been made to consider it nomina dubia (Wilson and Upchurch 2003)
and to substitute Titanosauridae for Saltasauridae, to establish the systematic of
the traditionally considered as more derived titanosaurids, mostly from South
America (Sereno 1999; Wilson 2002). The last phylogenetic propositions demon-
strate that the classic titanosaurids are a diverse group, which are part of the Ti-
tanosauria clade (Fig. 1). This group would include the family Saltasauridae and
the subfamilies Nemegtosaurinae, Saltasaurinae or Opisthocoelicaudinae (Wilson
2002). Our study reveals the partition into American and Laurasiatic Titanosauria
by grouping these forms in two separate clades

11.4.3 Titanosauria of Laurasia

When analysing Titanosauriformes as a whole, as well as only Titanosauria (Figs.
4, 5) it can be observed that Titanosauria from Laurasia group together, including
"Titanosaurus" indicus. This means that they represent a group broadly distributed
throughout Asia and Europe well away from gondwanic taxa. It is surprising to
note the association of T. indicus with European Titanosauria, since the most ac-
cepted proposition is that the "Titanosaurus” genus represents a relict of gond-
wanic fauna, which enters into Laurasia as a consequence of the clash between the
Indian and Asian plaques during the migration of India to the north during the
Maastrichtian. However our data tells a different story, which is that, the titano-
saurs analyzed are more coherent like laurasiatic emigrants who colonized India
after the collision. The existing argument, which considers "Titanosaurus” as a
gondwanic emigrant, means that we should consider Titanosauria as gondwanic
taxa, which is incorrect (Canudo and Salgado 2003). It also lacks the registration
of previous Maastrichtian Cretaceous dinosaurs in India, which could have cor-
roborated the gondwanic origin. In India exist a mosaic of gondwanic and laurasi-
atic vertebrates from which at least a third are laurasiatic (Bonaparte 1984). It
doesn’t seem to be problematic in this context that the femurs from the analysed
"Titanosaurus” are not gondwanic and belong to laurasiatic Titanosauria.

The position of Opisthocoelicaudia, a Sauropoda from the end of the Mongo-
lian Cretaceous, poses a different problem (Figs. 4, 5). In the original description
it was classified as a Camarasauridae (Borsuk-Bialinicka 1997) and therefore was
outside of Titanosauriformes clade. However, in the cladistic analysis have situ-
ated it in Titanosauria (Salgado et al. 1997; Wilson and Sereno 1997) and also
have proposed the subfamily Opisthocoelicaudinae (Wilson 2002). In our Figures
4 and 5 it can be seen how its femur stays separated from laurasiatic Titanosauria
as well as from gondwanic although in both cases it is closer to the gondwanic
taxa. Also other authors, and referent to this Wilson (2002) considers that Alamo-
saurus and Opisthocoelicaudinae are part of the same subfamily. Therefore both
taxa probably will have to be considered as a gondwanic emigrant in Laurasia.
Nevertheless, as our study shows, due to the different morphology presented by
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the femur it is possible that it could be a representative member of the Titano-
sauria family non-related to the groups considered in this study.
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Fig. 5. Principal Component Analysis of the Titanosauria femora using the generalized
Procrustes Superimposition Software (APS, Penin, 2003). 1: "Titanosaurus" indicus after
Meclntosh (1990). 2: "Titanosaurus" indicus after Swinton (1947). 3: Ampelosaurus atacis.
4: Magyarosaurus dacus from Mclntosh (1990). 5: Magyarosaurus dacus from Jianu and
Weishampel (1999). 6: Lirainosaurus astibiae. 7: Antarctosaurus wichmannianus. 8:
Saltasaurus loricatus. 9: Neuquensaurus australis. 10: Alamosaurus sanjuanensis. 11:
Neuquensaurus robustus. References are in table 1

11.4.4 Titanosauria of Gondwana of Upper Cretaceous. Alamosaurus,
the emigrant

Traditionally the Titanosauria taxa have been considered as gondwanic faunas
with their presence in the laurasiatic Upper Cretaceous (i.e. Alamosaurus) ex-
plained as migrations. Nevertheless the oldest rests of Titanosauria are from
Laurasia, in the European Barremian (Le Loeuff 1993) as well as the North
American (Britt et al. 1997). The presence of Titanosauria in Gondwana is poste-
rior, since it was found for the first time in the Aptian of Africa and South Amer-
ica (Taquet 1976; Salgado 1993). These dinosaurs could have taken advantage of
a connexion between Laurasia and Gondwana, and almost certainly it happens at
the end of the Barremian. The faunas are the evidence (Canudo and Salgado
2003). This could be the reason why Titanosauria came from Laurasia and at the
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end of the Lower Cretaceous colonised Gondwana, to diversify during the Upper
Cretaceous.

Figures 4 and 5 show the results obtained from the morphometric analysis of
the femurs. When we analyse Titanosauriformes as a whole or Titanosauria indi-
vidually, the South American taxa are separated from the European and Indian.
Even the oldest taxon, which is Chubutisaurus insignis, is separated. The genus
Aegyptosaurus, the only gondwanic taxon studied from Africa is separated from
South American Titanosauria, which could be expected to be closer, but also stays
separated from laurasiatic taxa. Future studies may indicate the existence of a
group of African Titanosauria that have a vicariant evolution in relation to the
South American and laurasiatic taxa. Accordingly the best-known African Titano-
sauria is Rapetosaurus krausei from the Maastrichtian of Madagascar (Curry
Rogers and Foster 2001). The last phylogenetic revision of Wilson (2002) situates
it in a different clade to the South American Titanosauria, which could be an ar-
gument connected to the vicariant hypothesis.

One of the particularities of the associations of dinosaurs from the North
American Upper Cretaceous is the almost Sauropoda vacuum, when in similar
ages they are present in the rest of Laurasia and Gondwana. The species Alamo-
saurus sanjuanenesis is the only reported sauropod. It is found at the end of the
Cretaceous of southern regions of North America (Lucas and Hunt 1989; Lehman
and Coulson 2002). Different paleobiogeographic interpretations try to explain
this: Lucas and Hunt (1989) consider that Alamosaurus is an emigrant from South
America, that took advantage of an earth bridge before the Maastrichtian, and
through which, in the opposite direction, also migrated hadrosaurs to South Amer-
ica (Bonaparte and Kielan Jaworowska 1987) Also it has been suggested that there
could have been an Asiatic emigrant (Rusell 1995) which could also have been a
representative of a North American group of Titanosauria, that as described previ-
ously were present during the Lower Cretaceous, although it was absent from the
paleontological record for most of the Cretaceous (Britt et al. 1997; Foster 1999,
Tidwell and Carpenter 2002).

Various argentinean authors (Salgado et al. 1997) proposed the morphological
similitude of Alamosaurus and South American titanosaurids. In their cladistic
study they suggest that Alamosaurus is related to the sudamerican taxa. Our study
agree with these authors and indicates that Alamosaurus is integrated into the
group of American Titanosauria and is well differentiated from the group of laura-
siatic Titanosauria including "Titanosaurus”. Therefore it has been discarded that
Alamosaurus could be an Asiatic immigrant because it is more coherent for it to
have been a gondwanic immigrant from South America during the Upper Creta-
ceous.

11.5 Conclusions

The application of the Procrustes Superimposition Analysis of the femurs of the
Titanosauriformes has revealed that this could be a strong discriminative tool ap-
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plicable in paleobiogeographic studies, allowing the discrimination of systematic
and geographic groups. Because of the fragmentary nature of the Cretaceous
Sauropoda fossil record, our conclusions can only be accepted as hypothetical.
Even though it has permitted us to confirm proposed paleobiogeographic hypothe-
sis like the one about the gondwanic origin of 4lamosaurus or the close relation-
ship between laurasiatic Titanosauriformes during the Upper Cretaceous except
for Euhelopus. But in some other cases the results have been unexpected like the
clear differences found between the European and Indian Titanosauria and the
South American, which appears to indicate that their separation was earlier during
the Upper Jurassic when Laurasia and Gondwana where together in Pangea. The
most immediate conclusion is that it is unnecessary to resort to intercontinental
bridges during the Upper Cretaceous to explain the existence of Titanosauria in
Laurasia.
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12.1 Abstract

Birds are the most diversified forms of modern terrestrial vertebrates. They are ar-
chosaurs, and are related to Theropoda within Dinosauria. Even though bird mor-
phology has been a subject of interest for centuries, most studies have focused
solely on discrete morphological characters, leaving a gap in the understanding of
morphological organization and integration in macroevolution. We present this
chapter to exemplify a quantitative exploration of the macroevolutionary trends of
skull morphological diversity in theropod dinosaurs including modern birds. Using
a sample with taxa representative of all of known modern avian Orders, skull dis-
parity is described over a morphospace modeled from shape variables obtained by
General Procrustes methods. High taxonomical categories imply large-scale mor-
phological difference, thus landmarks were selected according to evolutionary
homologous and developmental conservative areas. Morphological diversity of the
skull relies mainly on craniofacial variation, and can be found within the first four
dimension of a PCA. Modern avian forms have a strikingly localized, but not
morphologically independent, variation at the rostrum. Craniofacial variation un-
folds in a range of structurally straight-flexed appearance dependant on the co-
variation between the rostrum and braincase, structurally mediated by the antorbi-
tal cavity. Extinct theropods occupy a region within morphospace resembling an
extreme straight skull. Major macroevolutionary changes are likely associated to
expansion of the braincase.

Keywords: Archosauria, aves, disparity, macroevolution, morphology, morpho-
space, phenotypic Integration, Theropoda.
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12.2 Introduction

12.2.1 Theoretical perspective

Birds and crocodiles are the living representatives of the Archosaurian lineage.
Modern birds are the most diversified forms of the group, and perhaps of all extant
terrestrial vertebrates (Witmer 1997). They are abundant in both populations and
species (there are over 9000), they live on every continent, and occupy virtually
all available ecological niches (Chaterjee 1999). This strikingly high degree of di-
versity is what has probably raised avian morphology to be such a well studied
subject over centuries.

Studies regarding the morphology of the skull in modern birds, however, have
directed more attention to the description of variability at the species and subspe-
cies levels (Zusi 1993), concentrating on the study of discrete characters and on
their functional significance, rather than on the variation of entire integrated mor-
phological complexes. For instance, the rostrum is known to be a strikingly vari-
able structure from which examples of adaptation can be called straightforward. It
is commonly thought that its morphological characters only reflect a response to
trophic demands (see e.g. Proctor and Lynch 1993; Feduccia 1999; Grant and
Grant 1993). Since birds are a paradigmatic example for the analytical considera-
tion of discrete anatomical elements, very little attention is paid to the structural
properties of the whole, (e.g. the rostrum is a unit that belongs to the craniofacial
system), thus leaving a gap in the understanding of architectural properties, pheno-
typic integration and constraints of their skull, or put another way, whether if it
functions as a cohesive morphological system or not.

We must therefore propose to study skull morphology by developing ap-
proaches that help decipher the properties and organization of the whole (Dulle-
meijer 1972). It must be kept in mind though, that morphological organization
can, and needs, to be studied at different taxonomical levels to unveil and under-
stand the main events that occurred in its macroevolution (Raff 1996). In regard to
the morphological organization of the skull in archosaurs previous studies have
revealed the existence of a structural geometric configuration, which was found to
be a constructional constant (Marugén-Lobon and Buscalioni 2003). When plotted
over morphospace of skull proportions, real organisms only occupied 18% of the
100% that was theoretically available. This resulted from a constraining rule of
morphological organization governing the three main constituent modules of the
skull (rostrum, orbit and braincase), which was dictated by a negative correlation
between the braincase and rostrum proportions common among all archosaurs. A
numerical relationship between braincase and orbit proportions was also charac-
teristic within the pattern. A special case within the trend were, for instance, flying
forms (namely pterosaurs and birds), forms which show a more restrictive brain-
case/orbit ratio relationship, unbalanced towards larger orbital proportions.

In contrast to the use of proportions, however, geometric morphometrics pro-
vide a major operative advance in the field of morphometrics (Bookstein 1991;
Rohlf and Marcus 1993), and is now a practice gaining worldwide application in
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morphological research, as many of its mathematical properties are now better un-
derstood. In accordance to the theoretical standpoint anticipated in the paragraph
above, it is important to highlight that geometric morphometrics makes it possible
to analyze biological form whilst preserving its physical integrity by including in-
formation that pertains to the geometry of the whole (Richtsmeier et al. 2002),
thereby upholding what was its initial operative purpose. Thus, we have chosen
the use of General Procrustes methods of superimposition to obtain the variables
for the construction of an empirical morphospace (McGhee 1999) to describe dis-
parity in terms of shape variation, and to provide further interpretations about
morphological covariation in terms of evolutionary processes (Debbaut and Davis
2002).

We have hereby abstracted the whole skull into a series of landmarks placed
homogeneously across conservative and homologous areas of the skull of avian
and theropod forms, using a sample that covers 100% of known avian Orders and
10 theropod dinosaurs, from which we aim to explore the patterns of phenotypic
covariation among the structural units that construct their skull, and to track the
morphological evolution of the avian skull by exploring the variation across char-
acters and modules. Our purpose is to exemplify a preliminary approximation of
how to prospect for common or different macroevolutionary trends of the struc-
tural variation between birds and theropods.

12.2.2 Morphology

Overall features that illustrate the external appearance of the skull of modern birds
in contrast to other diapsids are (Fig. 1); a large braincase (because of the presence
of a larger brain in relation to body weight; Jerison 1973; King and King 1979),
where the large brain housed in fits so tightly that the walls within the braincase
externally conforms its shape (Jerison 1973). The large orbital cavities resemble
the large eyes they house (King and King 1979; Martin 1985), and finally, a ros-
trum strikingly variable in length and shape (Zusi 1993; Feduccia 1999). The ros-
trum also houses the olfactory chambers (Bang 1971), associated to the external
nares, the latter also highly variable in topography and typology (see, Zusi 1993).

The skull of modern birds is also very variable in its craniofacial arrangement,
which becomes conspicuous from the topographical orientation between the
braincase and the rostrum. Taking, for instance, the occipitals as a reference in lat-
eral view, the rostrum is angled in regard to the braincase within a range between
90° up to approximately 165-170° or even higher angles (Gaup 1906; Marinelli
1928; Duijm 1951; Hofer 1952; Fig. 4). Several typologies have been proposed
and named in regard to the different configurations qualitatively described, but lit-
tle agreement has been reached about the nature of these arrangements and the
causal factors underlying them.

The skull of modern birds is kinetic (Fisher 1955; Bock 1965; Biiller 1981), be-
ing able to allow the rostrum to pivot independently from the braincase. While a
kinetic skull is not uncommon in diapsids, in modern birds it has its own structural
and biomechanical properties, and is variable across taxa. The spectrum of kinetic
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types embraces Prokinetic types, for those in which the upper jaw maintains its
shape as it pivots at the craniofacial hinge, and the various types of Rhynchoki-
netic, with several and different points of flexure along the rostrum.

Fig. 1. Example of a modern avian skull in lateral view (Corvus corax, O. Passeriformes),
with landmarks (descriptions on Table 1)

12.2.3 Phylogenetic context

It is broadly accepted that modern birds belong to the monophyletic group Ar-
chosauria (Reptilia: Diapsida), but within this group, they have been historically
related to several different groups; basal thecondonts, crocodylomorphs, and ther-
opod dinosaurs (the ‘thecodontian’, ‘crocodylomorph’ and ‘theropod” hypotheses
respectively) (Padian 2001). Ostrom (1973) provided decisive evidence that pio-
neered the revalidation of the latter, the theropod hypothesis, a proposal that
nowadays is the most extended and accepted avian phylogenetic hypothesis.

Within the Coelurosauria, it is the consensus (Norell et al. 2001) to include
birds in Maniraptora as Avialae (Gauthier 1986; Aves sensu, Cracraft 1986;
Chiappe 1995; Padian and Chiappe 1998). While the monophyly of modern forms
(Neornithes sensu, Chiappe 1995) remains stable, the relationships within the
neornithine clades have also been highly contentious. Classic subdivisions within
the clade divide Neornithines in two groups, the Paleognathae and Neognathae.
Cracraft and Clarke (2001) have recently argued in favour of the monophyly of
Neornithes and subgroups within.

Operatively, we will use the term “modern birds” or “birds” when referring to
our extant Neornithes sample. When including other extinct dinosaurs, we will re-
fer to ‘extinct theropods’, meaning Coelurosaurian theropods (e.g. Dromaeosau-
rus, Velociraptor, or Oviraptorids) and Non-Coelurosaurian theropods (e.g. basal
forms as Herrerasaurus, or more derived and popular Allosaurus or Tyrannosau-
rus).
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12.3 Materials and methods

The sample consists of 93 skulls from a sample of modern adult birds which com-
prising 100% of described Orders following Morony et al. (1975; 25 Orders).
Sampling was not random, but rather, the intention was to extend the sample to in-
clude representatives from all Orders of birds. However, election of specimens
was also dependant on availability and/or anatomical preservation of necessary
features (e.g. good preservation of all the structures on the same specimen for
landmark placement). Studied specimens are housed at the Vertebrate Collections
of the Museo Nacional de Ciencias Naturales de Madrid (MNCN), the Collection
of the Museum of Anatomy at the University of Valladolid (MAUYV) and the Col-
lection or Ornithology at the American Museum of Natural History (AMNH) in
New York.

The skulls were all digitised in lateral view and using the same procedure to
avoid parallax distortion. For this purpose, lenses were set at maximum telephoto
(8x), and the digital camera was placed at varying distances to fit specimens at the
same frame within the lenses; the minimum was for smaller specimens at 2.5m. A
squared grid underneath each specimen’s skull served to align the mid sagittal
plane to a line of the grid (from the Premaxillary Symphysis as the most anterior
point to the sagittal crest close to the foramen magnum at the occipital region cau-
dally), and at that position, the skull was set completely perpendicular to the focus
axis of the camera. At the same time, the camera was placed still on a tripod paral-
lel to the ground plane. However, we have not checked for possible digitising dis-
tortions in this study, a potential source of error within analyses. Notwithstanding
the possibility of error due to parallax, it should be expected that morphological
differences at a high taxonomic level would still be the largest source of variation
(see e.g., Duijm 1951). The small sub-sample consists of 9 extinct theropods that
were digitised from either from real fossil material, casts, or literature (see Fig. 4).

We have selected a series of 17 arguably homologous landmarks delimiting the
constituent units that build the skull; the rostrum, the orbital cavity and the brain-
case, (Fig. 1, Table 1). Landmarks have been placed within the skull according to
homologous features stable at development and evolution, e.g. cranial nerves,
and/or boundaries between units (rostrum, antorbital, orbit, braincase, otic and ar-
ticular areas). When including dinosaurs, not all landmarks designated for modern
forms could be used because of absence due to preservation (see Table 1). Land-
mark series were recorded with TPSdig (v. 1.34, Rohlf 2003). All anatomical de-
scriptions follow the Nomina Anatomica Avium (Baumel and Witmer 1993).

Landmark superimposition was carried out using Generalised Procrustes
Analysis (GPA, a.k.a Generalised Least Square Superimposition, GLS; Bookstein
1991). This methodology removes all information unrelated to shape minimizing
the distance between landmarks by translating, rotating and scaling all forms to a
consensus (the average) while preserving all shape differences among specimens
(Rohlf and Slice 1990). Resistant Fit superimposition (Siegel and Benson 1982)
was also used for exploratory purposes. Principal Component Analysis (PCA) has
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been used on the residuals of landmarks after GPA superimposition to explore
trends of morphological variation.

Centroid Size will be the geometric expression of skull size (as the squared root
of the sum of the square distances between landmarks). All geometric morphomet-
rics were performed using GRFnd (Slice 1994), the TPS series (Rohlf 2003), and
Morpheus (Slice 2000). All programs a freeware and can be currently found at
http://life.bio.sunysb.edu/morph/, to download and for any further information.

12.4 Results

Fig. 2. a) Superimposed specimens over consensus after GPA (average configuration drawn
by lines between landmarks). Scatters are not homogeneous. The tip of the rostrum seems
to be the most variable region. b) Intra-landmark PCAs; (left) after GPA, (right) after Resis-
tant Fit superimposition. Note difference in magnitude of variation around rostrum, in com-
parison to braincase region

When all specimens were plotted after GPA superimposition, clusters of homolo-
gous landmarks did not display the same degree of dispersion. Although all clus-
ters were heterogeneously scattered, dispersion of landmark 1 seemed much more
scattered than the remainder caudal to it (Fig. 2). To aid visualization, Figure 2
depicts intra-landmark PCAs (PTPCA command on GRFnd), variation also ap-
pears to be on landmark 1, variation associated therefore to the tip of the rostrum
(premaxillary symphysis). However, more or less variation cannot be confidently
described from the degree of scatter within each cluster, as it could be an effect of
the superimposition technique used. Resistant Fit showed that variation was
strongly localized at the anterior region of the rostrum (landmarks 1, 2 and 3),
closely resembling a Pinocchio Effect (see, Bookstein 1991; Fig. 2), and thus also
displaying that remainder regions of the skull (namely, the braincase) are morpho-
logically more conservative.
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Fig. 3. a) (Above, in black) Typical straight form, Phalacrocorax (see text), compared to
mean shape, (Below, in light gray) typical kinked form, Scolopax, compared to mean shape.
Vectors show direction of variation in comparison to mean. b) PC1 with PC2 plot. Note
distribution of rostral types along PC1, with main deformation is at anterior region of ros-
trum. PC2 shows deformation around the antorbital cavity ¢) PC2 with PC3 plot, and d)
PC2 with PC4. Dashed arrows connect PC2 between all graphs, dotted arrows approximate
natural morphological boundaries. (1) Micropsitta, (2) Scolopax, (3) Penguins, (4) Pele-
canus, (5) Parrots and Phoenicopterus, (6) Recurvirostra (7) Strigiformes. Only modern
birds included in this analysis

PCA on the residuals after superimposition of modern birds shows that much of
the of the total variance is captured by the first four dimensions, with over 80% of
variance is explained. However, there is a dominant trend, PC1, which explains
59.24% of the total variance. We considered useful to proceed describing more
dimensions because all PCs, from 1 to 4, correlate with size (although at different
p levels; Table 2), and PC1 scores are neither homogeneous in magnitude or in
sign (not shown).

Shape variation along PC1 axis involves a very localized variation at the ante-
rior region of the rostrum, characterized by its stretching and compression (region
between landmarks 1, 2 and 4; Fig 3). Within this trend, stretching of the rostrum
implies also its whole straightening, while compressing implies its downward cur-
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vature. A dorso-ventral variation associates with the described trend is affecting
the whole skull. When strong stretching occurs at the anterior region of the pre-
maxilla, the spline shrinks dorso-ventrally, and the opposite occurs when the ros-
trum is compressed at opposite signs on the axis. Yet, it is not clear to us whether
this effect can be attributed to the behavior of the spline or a real morphological
episode.

The second dimension, PC2, explains a 14.10% of variance (PCI1+PC2
accumulate a 73.34% of total variance). It describes an interesting trend that
involves a flexion of the skull localized mainly at the antorbital region (antorbital
cavity, landmarks 3, 4, 6, 7 and 17) (Fig. 3). The reduction or extension of the
Jjugal bar covaries within this trend, in conjunction with variation at the region of
the base of the brain, demarked by landmarks 8, 9. PC1 with PC2 depicts a
distinctive graph over morphospace (Fig. 3), with a curved distribution within
which we find four morphological extremes; Micropsitta (Psittaciformes) and
Pelecanus (Pelecaniformes) for PC1, and Scolopax (Charadriformes) and
Penguins (Sphenisciformes) for PC2. The former extremes differ on PC1 for their
rostral proportion, and the latter, on PC2, represent extreme conditions for
craniofacial flexion. Micropsitta and Scolopax are further aside from the overall
sample within morphospace (Fig. 3).

PC3 explains a 7.04% of total variance (total explained variance reaches
80.37%; Fig. 3). This dimension corresponds to a trend of more homogeneous
variation across landmarks within the skull than the former PC1 and PC2 dimen-
sions. Deformation is at the rostrum, with a dorso-ventral compression of the ros-
trum morphologically covarying with its bending or straightening at its mid por-
tion. The antorbital cavity also varies accordingly, although expanding or
contracting. There is also a conspicuous deformation located at the orbital region,
here implying that the base of the brain (e. g. landmark 8) appears to be “invad-
ing” the orbital cavity. On the score values opposite in sign within PC3, there is
not such invasion, but rather, the brain remains behind the eye.

Within the graph between PC2 and PC3 (Fig. 3), Phoenicopterus (Phoenicop-
teriformes), two parrots (Psittaciformes) and Rhyticeros (Coraciiformes) are out-
liers from the main distribution from their values on PC3, and Recurvirostra (Cha-
radriformes) is an extreme (not and outlier) in opposite location. Scolopax remains
an outlier because of its extreme values for PC2.

PC4 (3.72% of explained variance; total explained variance 84.09%) describes
variation at the antorbital cavity (its shrinkage or overall expansion), accompanied
morphologically by variation at the jugal region and by invasion of the ectethmoid
region within an area located beneath the orbit (landmarks 7 and 17). Outliers for
the scatter between PC2 and PC4 are merely Strigiformes (i.e. Owls; Fig. 3).

PCA including extinct theropods embraces a first dimension explaining a
51.84% of total variation, and a second, PC2, explaining a 24.19% of the variation
(76.03% of total variance). We restrain description of variation to the first two di-
mensions because the impossibility to place landmarks across morphologically
relevant regions, such as the orbit and the antorbital fenestra (Fig. 4), to prevent
conclusions biased by the lack of morphological information. PC1 remains associ-
ated to the same morphological variation as when only modern forms were ana-
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lyzed (see paragraphs above). PC2 regards variation across all landmarks, and is
more conspicuous at the braincase, although it also affects the rostrum, and im-
plies a craniofacial structural bending.

Table 2. Correlations of PCs to Centroid Size are tested for the avian sample to explore as-
sociation of size to shape variation. Matrix of correlation coefficients (r); (¥**) p<0.01; (*)
p<0.05

Graphically, a similar scatter can be found when plotting PC1 with PC2 com-
pared to that obtained with modern forms analyzed alone. Extinct theropod forms
are located at previously empty regions of the avian morphospace, and this is due
to extreme values acquainted by them for PC2. This location in morphospace im-
plies an extreme skull morphological configuration in comparison to modern
forms; a deeper rostrum (extinct theropods at this region of morphospace), and a
more stretched quadrate bone whose position covaries within the trend of variation
towards the avian condition (opposite values of the PC). This situation confers ex-
tinct forms a deeper appearance of the skull, and within the trend towards opposite
regions of morphospace is also accompanied by amplification of the braincase and
its “rotation”, reflecting an apparent overall flexion of the skull in modern forms.
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Fig. 4. a) Skull from an extinct theropod (7. rex), with landmarks (see also Table 1). Note
lack of landmarks at areas within the orbit (e.g. nerves) b) PCA (PC1 and PC2) with extinct
forms included. PC1 variation close to that without extinct forms. PC2 shows a trend of
craniofacial flexion, but also note variation at quadrate bone (landmarks 7, 8). Scheme of
Herrerasaurus at region of morphospace only occupied by extinct forms (pointed ellipse).
Dark triangle is Citipati. Theropods analyzed are: Herrerasaurus ischigualastensis (from,
Sereno and Novas 1993), Tyrannosaurus rex (cast from AMNH 5027), Coelophysis bauri
(from, Colbert 1989), Dromaeosaurus albertensis (from, Currie 1995), Velociraptor mon-
goliensis (from, Currie 1997), Acrocanthosaurus atokensis (from Currie and Carpenter
2000), Allosaurus fragilis (from, Madsen 1976), Citipati osmolskae (IGM 100/978, housed
at AMNH), Albertosaurus libratus (Cast from ROM 1247)
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12. 5. Discussion and conclusions

We have found that most of the morphological diversity of the skull of modern
avian forms can be found in a small number of dimensions; the first four dimen-
sions on the avian PCA explain over 80% of total skull variance of a representa-
tive sample that comprises all known Orders within Neornithes. From the results,
more than 70% of the variation after GPA relies on two main trends: (1) a con-
tinuous range of variation in the anterior region of the rostrum (its lengthening or
shortening), and (2) angulations or flexions of the craniofacial complex, confer-
ring different architectural appearances to the skull.

A remarkable morphological plasticity is characteristic of the shape of the ros-
trum and it is a dominant morphological trend in modern birds (Zusi 1993), and
this is clearer if we compare their rostral variation with that of other theropod di-
nosaurs. We have been able to locate it morphometrically, showing that it mostly
concerns the premaxilla and part of the maxilla (its anterior area), and that it con-
centrates in one dimension, strikingly explaining more than half of all the varia-
tion between all Orders. This large natural variation can be grouped into the fol-
lowing types: brevirostrals, mesorostrals and longirostrals (Marugan-Lobdén and
Buscalioni 2003). Micropsitta would be a special case of extreme brevirostrality,
most likely to be exploring a morphological boundary, whereas Pelecanus, an ex-
treme longirostral, falls within an area of morphospace explored by other ar-
chosaurian forms (Pterosaurs, €.g. Pteranodon; see, Marugan-Lobon and Buscali-
oni 2003).

Resistant Fit superimposition results (Fig.2) suggest that despite the fact that
variation is extremely localized at the anterior region of the rostrum (and therefore
the braincase being much more conservative), it cannot be regarded as totally in-
dependent. This is because the remainder regions caudal to the rostrum are much
more conservative but still vary in some degree. This should not occur if we speak
strictly of the Pinocchio Effect. We might thereby suggest that morphological
plasticity of the rostrum should be interpreted as affected by different constraints
governing its variation, rather than thinking of it as a structure that varies autono-
mously from the remaining skull (i.e. the braincase), in accordance to adaptive or
functional demands.

We have also seen that the skull of modern birds can structurally differ in ap-
pearance by an angular relationship that varies between the rostrum and the brain-
case (Duijm 1951), a craniofacial variation otherwise undistinguishable if meas-
urements were not performed over the whole skull. We have been able to detect
and locate this morphological variation with landmark based superimposition
techniques. The second dimension of overall variation is associated to shape varia-
tion regarding a flexed configuration conferring a rotated appearance to the brain-
case in regard to the rostrum, in contrast to an opposite condition of unbent mor-
phology. The explained variance of this dimension is 14%, quite significant if we
face that the first dimension did account for more than a 50% by itself.

Marinelli (1928) quoted the aforementioned morphological trend as a real mor-
phocline, and differentiated between two extremes that he typified as straight skull
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types in contrast to those that were bent. Duijm (1951) studies followed those of
Marinelli, and although he typified extremes as straight and kinked (bent) ones,
his major remark opposed the idea of a morphocline, reasoning that variation
should rather be independent between structural units (the rostrum and the brain-
case). Hofer (1952) found that the straight type could be called orthocranial be-
cause, among other features, the ventral edge of the rostrum could be found paral-
lel to the cranial floor, but for him, the opposite morphological extreme is a type
he named klinorhynch, in which only the rostrum would be the structure that bent
obliquely downwards in respect to the braincase. Other morphological types
(Hofer 1952) were described; aerorhynch types, very rare, and only to be found
through sagittal slicing of the skull (Order Gaviiformes would be the example for
this condition). Airencephalic would be a special condition mainly displayed by
Strigiformes (i.e. owls) in which the brain is elevated in regard to the rostrum, and
klinocranial, in which both the rostrum and the braincase are both flexed. Besides
Duijm (1951) all authors found and cited variation qualitatively. The former au-
thor identified skull types by measuring angles, although he established a baseline
for comparisons relying on the idea that a common “natural” posture should be
found across taxa, and perhaps misrepresenting observations due to the possible
arbitrariness of this premise.

Given that our results (Fig. 3) show a second dimension from which we can dif-
ferentiate between two very distinct extreme types, straight and kinked (following
terminology by Duijm, 1951), we can argue that both types belong to the natural
extremes of a real morphocline, as was first noted qualitatively by Marinelli
(1928). Namely, penguins (e.g. Spheniscus) or the Woodcock (Scolopax) are the
natural occurrences of such extreme conditions respectively (authors first noted
that the extreme straight type should be found on the Cormorant, Phalacrocorax,
which on our data is certainly a straight type, but not extreme, whereas the Wood-
cock is always found as the extreme example of its type). This trend of craniofa-
cial covariation, thus, highlights the importance of taking the antorbital cavity
(and associated structures and tissues within, see, Witmer 1997) into account, and
putting it into play as an important structure bridging morphological covariation
between the braincase and the rostrum.

Likewise, other architectural types can be found from the PCA, but interest-
ingly, they all need to be found in association to PC2 (Fig. 3). For instance, in or-
der to construct an airencephalic skull (e.g. Strigiformes), a slight morphological
deviation along the axis towards a kinked type must occur, and the same happens
with klinorhynch types. In other words, the appearance of other distinctive or spe-
cial cases of skull variation (any other morphological trend associated to a subse-
quent dimension, e.g. PC4 for airencephaly, see Fig. 3) is likely to be morphologi-
cally integrated with the craniofacial covariation of the braincase and the rostrum.

The straight type (or orthocranial), on the other hand, was thought to be the
primitive typology from which all the other types should derive (Duijm 1951;
Hofer 1952). Even though developmental and phylogenetic processes were in-
volved in the explanation of this argument, the most favoured idea relied on that
this configuration resembles that found in other “reptiles” (Hofer 1952; Starck
1955). On the one hand, this assertion should not be surprising since, as stated



170  Jestis Marugén-Lobén and Angela D. Buscalioni

above, flexion of the skull appears to represent an architectural property of the
skull (see also, Duijm 1951), underlying therefore almost any skull type. Within a
macroevolutionary framework, on the other hand, extinct theropods are found at
an extreme of this morphocline, at a previously unexplored region of morphospace
(following our analytical steps, although it should probably be ordered conversely;
this region of morphospace would have been previously explored in the Upper
Triassic by, e.g. Herrerasaurus), resembling a severe straightening. Explained
variance by this PC2 is higher than that without extinct forms. Additional to their
straight condition, variation associates the quadrate bone to change considerably,
which covaries with the strong flexion of the braincase, which, at the same time,
expands towards an avian configuration. Thus, the observation suggests that major
macroevolutionary transformation can be operatively mapped, as results match the
expected trend of transformation towards changes probably related through time to
a higher degree of cerebralisation (understood as the acquisition of larger brain-
case volume in modern avian forms), but with the need to be preceded by a more
flexible relationship of covariation among structural modules of the skull. Cranio-
facial morphological diversity depends on rearrangements through covariation of
the modules of the structural design of the skull.

As Keller (2002) puts it, however, the usual assumption is that the primary task
of scientific explanation is to provide a causal account of a phenomenon. First, we
have seen that size is allometrically correlated to all described shape dimensions at
different levels of significance (Table 2). Even though herein not explored thor-
oughly, the assumption that size plays an important role within the novel appear-
ance of modern forms (Padian 2003) becomes evident, especially if we take into
account the striking large size some extinct forms could achieve (not shown in our
data). Second, former studies have always pointed to the influence the develop-
ment of large eyes has had over the skull architecture in modern birds (Duijm
1951; Hofer 1952), and even about its role in the evolution of skull kinetics in
birds (Bout and Zweers 2001). In addition, other authors have also pointed out that
a morphological tradeoff should be associated to the acquisition of larger eyes to a
higher degree of cerebralization (Gaup 1906; Marugan-Lobon and Buscalioni
2003) to be affecting the configuration of the skull of modern birds. However, lit-
tle agreement has been established, almost certainly because the multifactor nature
of the events involved muddle its comprehension. In paleobiology, size variation
is directly considered to be associated to morphological variation, but the diffi-
culty springs from the fact that size affects form at very different but integrated
scales; to each structure or module, and to the whole once structures become inte-
grated through ontogeny. This complex size-shape interaction broadens the riddle
once it becomes reflected on patterns of organismic macroevolution.
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13.1 Abstract

In this study, I relate plantar skin morphology (size and shape of pads, papillac
and furrows) to locomotor behaviour and use of microhabitat in 37 passerine bird
species in 4 distantly related genera (Carduelis, Dendroica, Regulus and Parus). If
parallel evolution is present plantar skin morphology in the four passerine genera,
I expect to find significant predictors among plantar skin traits for habitat use and
locomotor behaviour. Plantar skin morphology was obtained by macro-photo-
graphs of the feet of wild caught birds. The number of plantar traits was reduced
by elliptic Fourier analysis and principal component analysis to 13 morphological
traits which were related to ecological factors by logistic regression models.

As expected, I found strong relationships between plantar skin morphology and
microhabitat and non-volant locomotor behaviour, whereas the correlation
between plantar morphology and aerial behaviour is poor.

I found patterns of parallel evolution in plantar integumentary traits within four
distantly related genera. Furthermore, 1 found significant relationships between
substrate use, locomotion behaviour and plantar morphology implying an adaptive
function of the plantar integument to locomotion and substrate.

Keywords: Plantar integumentary morphology, elliptic Fourier analysis,
ecomorphology, birds.

13.2 Introduction

Efficient foraging is crucial for successful performance of animals. Thus body
systems related to foraging are expected to be subject to strong selection. Many
studies have shown significant correlation between feeding ecology and
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morphological characters (Karr and James 1975; Leisler 1980; Carrascal et al.
1990; Losos 1990; Barbosa and Moreno 1995). In particular, the locomotor
system plays an important role in foraging behaviour (Moreno 1991; Moreno and
Carrascal 1993; Miles et al. 2000). Most ecomorphological studies of birds have
focused on flight and the feeding apparatus (Norberg 1986; Price 1991; Winkler
and Leisler 1992; Barbosa and Moreno 1995; Keast 1996). Some studies relate
tarsus, toe and claw lengths to locomotion or habitat use (e.g. Blechschmidt 1929;
Palmgren 1936; Riiggeberg 1960; Norberg 1979; Raikow 1985; Barbosa and
Moreno 1999). Most of these focused on skeletal and muscle morphology,
although the toe pads are very pronounced in passerines, and it seems reasonable
to assume a function during locomotion (Lennersted 1975a). Whether this
assumption is true, or whether the pads have other functions such as insulation
(Lennersted 1985), or both, has never been tested. Some authors propose that
differences in pad morphology are related to ecological differences between
closely related species (Goldcrest Regulus regulus vs. Firecrest R. ignicapillus,
Leisler and Thaler 1982; Golden-crowned kinglet R. satrapa vs. Ruby-crowned
kinglet R. calendula, Keast and Saunders 1991). Up to now, a comprehensive
study relating locomotor behaviour and plantar integumentary morphology has
never been done.

In this study, I relate external plantar integumentary morphology (size and
shape of pads, papillae and furrows) to substrate use and locomotor behaviour in
37 passerine bird species belonging to 4 distantly related genera belonging to three
different families: Parus (Paridae), Regulus (Regulidae), Carduelis and Dendroica
(Fringillidae) (Sibley and Ahlquist 1990). Within the Fringillidae, Carduelis
belongs to the subfamily Fringillinae, whereas Dendroica is phylogenetically
related to the Emberizinae (Yuri and Mindell 2002). Within a genus, the selected
species cover, where possible, a broad ecological spectrum. This selection of
species allows for testing for parallel evolution. Futuyma (1998, p 110) defines
parallel evolution as similar developmental modifications that evolve indepen-
dently. If parallel evolution is present in plantar integumentary morphology in the
four passerine genera studied here, I expect to find significant predictors among
the traits of the plantar surface for habitat use and locomotor behaviour using
regression models. Predicting ecology from morphology is the general approach
of an ecomorphological study (Winkler and Leisler 1985; Leisler and Winkler
1991; Bock 1994; Wainwright and Reilly 1994).

13.3. Species and data

13.3.1 Species and sample size

Species were selected so that the sample showed a broad variation in habitat use.
Particularly, I first selected species inhabiting an extreme arboreal habitat. The
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outermost twigs of conifers provide an extreme microhabitat due to the thin
structures (needles) birds have to cling to during locomotion. Therefore, I selected
four genera that contain at least one species that forages in the outermost twigs of
conifers. Then, I selected congeneric species so that within each genus a broad
ecological spectrum was present. However, the species selection was mainly
dictated by the range of species caught at the following bird ringing stations
during the indicated time: August/September 2000 at Rybachy (RU), October
2000 at Col de Bretolet (CH), August to October 2001 at Powdermill
(Pennsylvania, USA) and March 2002 at Bolle di Magadino (CH). For two
species, Parus inornatus and P. rufonuchalis, ] used museum specimens preserved
in ethanol housed at the British Museum, Natural History Museum Tring, GB.
The sample size ranged from 1 to 13 (median=3) individuals per species.

13.3.2 Morphological data

I took pictures of the plantar foot surface of wild caught live birds using a Nikon
camera with a macro lens (Medical-Nikkor 120mm, 1:4) equipped with a ring
flash. For standardisation of foot position, I softly pressed the birds’ right foot
against a sheet of glass (Fig. 1). The pictures, one from the plantar side and one
from the lateral, were taken through the glass (Fig. 2). I used the program tpsDig
Version 1.30 (Rohlf, 2001) to measure length, width and height of each digital pad
and the width of the furrows between the pads. Additionally, I digitised the outline
of the proximal pad (the largest pad) on digit I in plantar view, measured its area
electronically and counted the number of papillae. The length of the claw on digit
I and its curvature were measured and calculated as described by Feduccia (1993).

From each of these measurements, species means were calculated. The species
mean shape of the outline of the proximal pad of digit I was obtained by
abstracting the outlines by elliptic Fourier decomposition (Ferson et al. 1985).
Using this method, the outline is decomposed in a sum of sine- and cosine-
functions. The more terms (“harmonics” with four coefficients each) that are
added to the function, the closer the outline is described by the function. I used 8
harmonics. The shapes were rotated and stretched to match standard size and
direction. From the individual coefficients, species means were calculated and
from them, the species mean pad shape was reconstructed (Fig. 3). The elliptic
Fourier analyses were carried out on the computer program Morpheus et al. (Slice,
1998).
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Fig. 1. Photographic set up for taking pictures of the foot. The bird’s right foot was softly
pressed against the glass while taking the pictures

Fig. 2. a) Ventral and b) lateral view of the right foot of a Dendroica magnolia

Fig. 3. Reconstruction of the mean right plantar surface of Dendroica magnolia in ventral
view (left) and lateral view (right). The reconstruction of the pads is based on length, width
and height and approximated by ellipses, except for the proximal pad on digit I. This pad
was reconstructed via the mean elliptic Fourier coefficients as described in the text. The
density of the hatching is proportional to the number of papillae on this pad. The angles
between the toes are arbitrarily set to 25° between toe II and III, and 24° between toe III
and IV, respectively. In lateral view, the claw of digit I is reconstructed by its length, its
height at the base and its inner and outer curvature. The curvatures are approximated by
circle segments. The units of the axis are in mm

13.2.3 Behavioural data

Substrates were divided into 7 categories and bird behaviours into 9 categories
(Table 1), based on the definitions given in Remsen and Robinson (1990). For
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each species, I asked experts (see acknowledgements and Appendix) to specify
how often the species uses each substrate and how often the species performs each
behaviour. The species experts could choose between three frequencies: never,
seldom, often. For 29 species, I received an answer from one to three experts. For
8 species, I extracted the information about substrate use and foraging behaviour
from the following literature: Knox and Lowther (2000): Carduelis cabaret,
Dawson (1997): C. pinus, Hunt and Flas-pohler (1998): Dendroica coronata,
Curson (1994): D. discolor, Harrap and Quinn (1996): Parus carolinensis, P.
inornatus. P. rufonuchalis, and Ingold and Wallace (1994): Regulus calendula.



180  Frinzi Korner-Nievergelt

a b [

Fig. 4. lllustration of the behavioural categories a) sideways, b) belly up, and ¢) upside
down

13.2.4 Statistics

All statistical analyses were performed using R 1.5.1 software (R Development
Core Team, 2002).

Data transformation and correction for size

The curvature of the claw of digit T was arc-sin and square-root transformed and
not corrected for size. All other morphological variables of the plantar
morphology were log-transformed and then corrected for size by dividing them by
the log-transformed foot span (between digit I and II, Fig. 5). The area of the
proximal pad on digit I was divided by the square of the digital span. The number
of papillae of the pad was divided by the papillar area of this pad. The digital span
itself was divided by the cube root of the birds’ weight (Leisler and Winkler
1991). Bird’s weights were taken from Dunning (1992).

Reduction of variables

Since the chance of finding significant but biologically irrelevant relationships
between dependent and independent variables increases with the number of va-
riables, it is recommended that the number of variables be kept low compared to
the number of observations (e.g. Sachs 1978). Furthermore, autocorrelated
dependent variables might impair the results of regressions. Therefore, I reduced
the original number of morphological variables (57) to 13, which were as little as
possible correlated to each other, showed a high variability within the data, and
which covered most of the functional aspects of the bird’s foot. In order to achieve
such a reduction, I performed 6 principal component analyses (PCA) on subsets of
functionally related variables. These subsets were: 1) pad lengths, 2) pad widths
(12 variables each), 3) pad heights (6 variables), 4) furrow widths (8 variables),
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and 5) diverse traits, which did not belong to one of the groups above (number of
papillae, pad area, claw length, curvature of claw, foot span, distance from the foot
centre to the first pad on each toe (distance 5)) and 6) shape coefficients of the pad
outline. Of the PCAs 1) to 4), principal components that explained more than 30%
of the variance were selected (Table 2). Of PCA 5), principal components that
explained more than 4% of the variance were selected, since the miscellaneous
variables cover a number of different morphological functions. These threshold
values were arbitrary set. Within each principal component, the variable with the
highest loading was retained for further analysis, whereas the others were
discarded (Table 2). The 10 selected variables cover a broad range of functional
aspects of plantar morphology (Fig.5). The first components of the PCAs 1) to 4)
measure size of the corresponding variable set, since all loadings have the same
signs. Therefore, the variables selected from these components are interpreted as
follows: The length of pad 2 measures general pad lengths, width of pad 11
measures general pad widths, and height of pad 1 represents general pad heights.
An alternative method for variable reduction would be factor analysis instead of
PCA.

Table 2. The first few components of the five principal component analyses on each group
of variables and the selected variables according to their loading values

The last subset of morphological variables 6) consists of the Fourier shape
coefficients of the pad outline. Only the coefficients from the first three harmonics
were used. Since the first three coefficients of the first harmonic for all species are
1, 0, and 0 due to standardisation in relation to size, rotation and starting point,
they were omitted, and only 12-3=9 coefficients were entered into the principal
components analysis. The first two principal components accounted for 77.05%
and 13.07% of the variance, respectively.

These components were used as pad shape variables. The meaning of PC1 is
seen in the ratio length/width and in the position of the maximal width (Fig. 6). A
high value of PC1 means a large ratio and a proximal maximal width. PC2
describes the asymmetry of the pad. The higher the score on PC2, the more
convex is the lateral edge of the pad, whereas the medial edge tends to be flatter.
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Fig. 5. The variables of plantar morphology that remained after the redundant variables
were discarded

Fig. 6. The first two principal components of the pad shape coefficients; Left=distal,
right=proximal, upper=lateral/outer/right, lower=medial/inner/left; along the x-axis (PC1)
the pads became narrower and their maximal width changes from distal to proximal; along
the y-axis (PC2) they become more asymmetric

Therefore, 13 variables of plantar morphology were selected: lengths of pad 1
and 2, height of pad 1, width of pad 11, width of furrow 9, distance 5, length of
the hind claw, the area of pad 2, the curvature of the claw of digit I, the number of
papillae on pad 2 (Fig. 5), and two shape coefficients of the outline of pad 2 (Fig.
6). Finally, foot span was used as size variable.

Relationships between ecology and morphology

Significant relationships between microhabitat use or locomotor behaviour and the
13 morphological variables were obtained by applying the following procedure to
each of the 16 variables of substrate and behaviour:

(1) A linear regression model was obtained by backward selection from the full
linear model with the 13 morphological variables and the factor genus” (4 levels)
as independent variables, and the ecological variable as dependent variable. The
influence of single species on the result was obtained by the Cook's distance (Hair
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et al. 1995). In one case (twigs) one species had to be omitted due to a Cook's
distance higher than 0.5.

(2) The variables remaining in the linear model after the backward selection
were used for a proportional odds regression model (Hosmer and Lemeshow
2000; Stahel and Pritscher 2002). Since the ecological variables in this study take
ordered discrete values (never, seldom, often), a proportional odds regression,
which is a type of ordinal logistic regression, is the appropriate method to
determine the significances of single morphological variables in predicting
substrate use or behaviour.

Before the odds regression was performed, the means of the ecological scores
were rounded to one of the three levels “never”, ’seldom” and “often”. The final
model was selected by a stepwise backward method minimising the AIC-criteria.

(3) The final proportional odds regression models were tested by comparing
their deviances with the deviances of the null models using a Chi-square test
(Stahel and Pritscher 2002).

(4) The goodness of fit of the proportional odds model was tested by a modified
Hosmer-Lemeshow test (Hosmer and Lemeshow 2000). This test was originally
devised for testing a binary logistic regression: The observations are ordered
according to their fitted values.

Then, the observations were summarised in 10 groups. Finally, a Chi-square
test on the 10x2 table of observed and fitted values was performed, using 20-10-
(2-1)-1=8 degtrees of freedom. Applying this test to an ordinal logistic regression
with three levels in the dependent variable, the 10x2 table has to be modified to a
10x3 table, and the degrees of freedom for the Chi-square test to 30-10-(3-1)-
1=17. A significant Chi-square-test means that the model does not fully explain
the variability in the dependent variable.

Two ecological variables, namely “twigs” and “trunk”, contain only two levels.
Here, instead of the proportional odds regression a binary logistic regression was
performed. The models were tested for significance by comparing their residual
deviances with the residual deviance of the null model, containing only the
intercept (Stahel and Pritscher 2002).

The Hosmer-Lemeshow test was used as a goodness of fit test, as described by
Hosmer and Lemeshow (2000).

13.3 Results

The substrate variables, “needles”, “trunk” and “vertical” can be accurately
predicted by morphological variables of plantar morphology (Table 3). From the
variables of locomotor behaviour, only the behaviours related to bipedal
locomotion, except “upside down” and “below”, can be fully predicted by plantar
morphological variables (Table 4). The locomotor variables describing aerial
behaviour have a poor fit with plantar morphology (significant goodness of fit test,
Table 4). Since I corrected for genus in the regressions, the relationships
discovered are parallel within each genus.
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Table 3. The proportional odds (or binary logistic) regression models for substrate use. If
not otherwise indicated, the results stem from a proportional odds model fit. *: a significant
goodness of fit test means that the model does not explain the entire variation of the
ecological variable. In bold are significant variables in models with a good fit
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Table 4. The proportional odds regression models for the locomotor behaviour. Legend as

in Table 3
locomotion variables in the model estimated se of b p
behaviour b
sideways pad length -1.89 0.59 <0.0001
length of pad 1 2.06 0.74 0.001
foot span 0.76 0.48 0.09
number of papillae 1.83 0.78 0.008
total model 0.001
goodness of fit 0.286
bellyup pad length -2.55 0.71 <0.0001
furrow width -0.75 0.43 0.067
total model <0.0001
goodness of fit 0.090
upside down  pad shape component 2 33.76 15.44 0.010
pad length -2.05 0.62 <0.0001
pad height 0.80 0.42 0.049
total model <0.0001
goodness of fit <0.0001*
flutter-hop genus . . 0.038
length of pad 1 1.95 0.87 0.012
furrow width 0.92 0.58 0.098
area of pad 2 -1.03 0.54 0.048
number of papillae 3.07 1.18 0.002
total model 0.046
goodness of fit 0.023*
hover furrow width -0.96 0.44 0.019
pad shape component 1 11.21 6.86 0.067
pad shape component 2 20.22 14.26 0.107
length of hind claw -2.29 0.71 <0.001
number of papillae -1.87 0.84 0.006
total model <0.001
goodness of fit <0.001*
flycatch genus . . 0.010
pad length 1.34 0.91 0.126
pad width 1.57 0.74 0.020
area of pad 2 -1.74 0.81 0.019
distance 5 -2.51 0.91 <0.001
total model <0.001
goodness of fit <0.001*
aerial hawk pad shape component 1 -11.46 6.41 0.061
pad height 1.27 0.70 0.057
length of hind claw -1.76 0.69 0.005
total model 0.008
goodness of fit <0.001*
beside pad shape component 1 -27.61 9.09 0<0.001
pad shape component 2 -29.64 15.10 0.037
length of pad 1 0.93 0.64 0.139
number of papillae 2.49 1.06 0.008
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In particular, I found the following relationships between substrate use and foot
morphology within 37 species of 4 genera (Table 3):

1) The higher the proportion of coniferous foliage utilisation in the substrate of
a bird, the shorter are their pads and the fewer is the number of papillae on the
proximal pad on the first toe (Fig. 7).

2) Birds often foraging on trunks, have a short length of the distal pad of the
first toe, and a weakly curved hind claw.

3) Round and symmetric proximal pads with a distal maximal width and a flat
distal first toe pad are correlated with a high proportion of vertical structures in the
substrate of a bird (Fig. 8).

Most of the non-volant behaviour types can well be predicted by plantar
morphology, whereas none of the aerial behaviours can fully be predicted by
plantar morphology (Table 4). The significant relationships between plantar
morphology and behaviour types are the following:

1) The more a bird hangs sideways, the shorter are its pads except the distal pad
on the first toe, which becomes longer (Fig. 9a). Furthermore, the proximal pad of
digit I exhibits a high number of papillae.

2) Birds that often hang under the substrate with their belly upwards, have short
pads (Fig. 9b). '

3) A body position beside the substrate is correlated with symmetric, round
proximal pads of digit I exhibiting a large number of papillae.

Carduelis Dendroica Parus Regulus

Fig. 7. Mean right plantar morphologies (ventral view) by genus (dotted lines) and the
plantar morphology of a typical needle specialist of each genus (solid lines). Within each
genus, the needle specialist has a shorter proximal toe pad on the first toe compared to the
genus’ mean, and fewer papillae (represented by the density of the hatching). For digit
numbers see Fig.2
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Carduelis . Dendroica Parus Regulus

Fig. 8. Mean outline of the proximal pad of digit I by genus (dotted lines) and that of a
specialist on vertical structures (solid lines) overlaid. The size of the pads has been
standardised. Distal=left, lateral=upper (same orientation as in Fig.2). Within each genus
the distal (left) part of the toe pad of the specialist on vertical structures is broader than that
of the mean pad of the genus

Fig. 9. Relationship of the length of the proximal toe pad of digit I to a) the frequencies of
sideways orientation, b) proportion of belly up positions. O: Carduelis, A: Dendroica, A:
Regulus, m: Parus

13.4 Discussion

13.4.1 Reconstruction of mean foot sole shapes

It was difficult to fully standardise foot pictures of living birds. The position of the
toes varies especially in the distal regions in ventral view (Fig. 2a), due to lateral
deflection of the distal phalanges. In such cases, I did not measure the width of the
pads. Consequently, the species means of most of the distal pad widths are based
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on a lower number of individuals than are the proximal ones. The proximal pads
are not affected by toe deflection, and the within species variability (due to
methodology or biology) in the shape of the outline of the proximal pad on the
hind toe is small, as e.g. in Dendroica virens (Fig. 10). However, individual pad
shapes might differ considerably from the mean shape. For the following species,
only one individual was available for study: Carduelis barbata, Dendroica
cerulea, D. discolor, D. pinus, Parus inornatus, P. montanus and P. rufonuchalis.

A higher standardisation of the pictures could have been obtained by using
study skins instead of living birds. However, for study skins, the pads are dried
and often hollow, and do not show their natural shapes; therefore canceling any
possible advantage of using them.

Fig. 10. Within-species variability of the shape of the proximal pad of digit I in Dendroica
virens. Distal=left, lateral=upper (same orientation as Fig. 2), n=11.

13.4.2 Parallelism

I expected to find correlations of plantar morphology with substrate use and
locomotor behaviour only if parallel evolution is present, i.e. each genus shows
the same trend of morphological adaptation to substrate or behaviour. For a
narrower definition of parallelism see Russell (1979). The fact that I found
significant predictors among the foot sole traits for substrate use and behaviour
indicates that parallel evolution exists in the majority of the four genera. Few
relationships that I found do not show the same trend in each genus. For example,
the negative relationship between the length of the proximal pad on digit I and two
behavioural categories (sideways and belly up) is not or only weakly pronounced
in Dendroica, whereas the other three genera show a clear negative relationship
(Fig. 10). This observation indicates that for some ecological or behavioural
problems, alternative morphological or behavioural solutions might exist, as for
example in trunk climbing birds (Richardson 1942).
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13.4.3 Functional aspects of plantar morphological traits

Curvature of the hind claw

I found that the curvature of the hind claw is negatively correlated with climbing
on trunks. This result contrasts to earlier findings. According to Riiggeberg
(1960), clinging and climbing specialists, such as Certhia, Sitta, Parus
atricapillus, Regulus, Acrocephalus, Carduelis spinus and Loxia, have stronger
curved, higher claws compared to the ground living birds Alauda, Locustella and
Carduelis cannabina. Also Fedducia (1993) found that tree dwellers and trunk
climbers have stronger curved claws than ground living birds. Both authors
compared arboreal birds including trunk climbers with ground living ones.
Contrastingly, I compared trunk climbers with mostly arboreal birds. Therefore,
my results indicate that birds clinging to small twigs might have stronger curved
claws than trunk climbers. For trunk climbers, strong (high) claws might be
advantageous in order to grip into the rough bark of trunks. Accordingly, Zani
(2000) found that the higher the claws of lizards are, the better these animals cling
to rough substrate. To fully elucidate the function of well curved claws,
experimental studies are needed.

Toe pads: size and shape

Several authors have assumed that toe pads of passerine birds are adapted to their
locomotor behaviour and substrate (Riiggeberg 1960; Lennersted 1974; Leisler
and Thaler 1982; Winkler and Leisler 1985; Keast and Saunders 1991; Korner-
Nievergelt and Leisler in press). However, extensive tests or even descriptions of
the relationship between pad morphology and locomotor behaviour and substrate
use are lacking. This study describes for the first time statistically significant
relationships between pad morphology and locomotor behaviour and substrate use.
However, because statistical correlation do not elucidate function, the functional
hypothesis I propose here need to be tested experimentally.

Pad length is negatively correlated with needles, and positively associated with
foraging on the ground or grass. Furthermore, all body stances deviating from an
upright position (sideways, belly up, upside down) are correlated with short pad
length. Short pads might enhance the flexibility of the toes. Such flexible toes
might be advantageous for clinging with force to a twig or needle. On the other
hand, long toe pads might stiffen the toes and provide stability while walking on
the ground. Blechschmidt (1929) and Riiggeberg (1960) found that basal
(proximal) phalanges are shorter relative to the distal phalanges in arboreal birds
than they are in ground foragers. Normally, each pad lies ventral to a phalanx
(Lennersted, 1975b). Therefore, the lengths of phalanges and pads might
correspond to each other.

The length of the distal pad of digit I is short in trunk climbers. Riiggeberg
(1960) already noted that trunk climbers typically have small distal pads, however
it is not clear what this “small” refers to: height, length or width. For trunk
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climbers it is important to have a large foot span (Riiggeberg 1960; Winkler and
Bock 1976; Norberg 1979), whereas tall pads might hinder the claws’ ability to
hook into the bark.

The height of the distal pad of digit I is small in birds often using vertical
structures, but large in birds often found hanging upside down. In order to firmly
grip the substrate while hanging upside down, it might be important to have tall
distal pads. Such tall pads help closing the grip around a twig, whereas the claws
might be less important than in trunk climbers. Similarly, for clinging to vertical
structures, it might be important to have a large contact area between the plantar
surface and the substrate, which is better provided by flat and long pads. The
positive correlation of the length of this pad with hanging sideways supports this
hypothesis.

Beside the lengths and heights of pads, their shapes are also important, namely
for clinging to vertical structures and holding the body beside the substrate. For
clinging to vertical structures (which is highly correlated with holding the body
beside the substrate) it is plausible that a symmetric, broad pad with a distal
maximal width provides a large contact area between the substrate and the plantar
surface and therefore enhances the friction. Such a relationship has, as far as I
know, never been described, before.

Papillae

In a descriptive study of pads and papillae of passerines Lennersted (1975b)
supposed that the structure of papillac and pads are adapted to the substrate.
However, he did not correlate the number of papillae per pad with substrate use.
Such studies exist only for geckos (Autumn et al. 2000), lizards (Zani 2000),
possums (Rosenberg and Rose 1999) and mice (Krittli 2001). Autumn et al.
(2000) described small adhesive structures in the toe pads of geckos which enable
them to adhere to smooth surfaces. Similar adhesive lamellae have been found in
geckos and lizards (Zani, pers. comm.). However, these hair-like structures are
much smaller (diameter ~5 pm) than the papillae of a bird’s toe pad (diameter
200-850 pm). Furthermore, the papillac of a bird do not resemble hair-like
structures but look more like round cushions. I did not find any hair-like structure
on REM-pictures of birds pads (Fig. 11). I looked at four species Parus ater, P.
caeruleus, Regulus regulus, and Phylloscopus trochilus under four different
magnifications (25x, 100x, 500x, and 2000x). It is unlikely that bird’s papillae
produce an adhesive force due to their microscopic structure. They are simply too
large. Bird’s pad papillae are with regard to histology and size more similar to the
ridges of mammal’s toe pads. In mice, the density of these ridges is highly
correlated with clinging ability (Kréttli 2001). The smaller and more numerous the
ridges are, the better is the clinging ability to a thin substrate such as small twigs.
We might, therefore, expect, also in birds, a negative correlation between size of
papillae and the diameter of the substrate. Respectively, since size of papillae is
inversely proportional to the number of papillae per unit area, I would expect a
positive correlation between number of papillae and the diameter of the substrate.
However, I found a negative correlation between the number of papillae and
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foraging in needles, whereas hanging sideways and holding the body beside the
substrate were positively correlated with the number of papillae per unit area.
Similar observations were made by Lennersted (1975b). He found a reduced
number of papillae in birds living on the ground, on tree trunks and on very thin
twigs. However, he did not provide a functional interpretation. Furthermore,
Lennersted (1975b; 1985) described that Palearctic sedentary passerines have
generally few and large papillae, whereas passerines of similar size wintering in
tropical Africa have many and small papillae. He supposed an insulating function
of the few but large papillae. However, an insulating function of the foot sole
might not be important in birds since they can regulate the temperature of their
feet by a rete mirabile. I have not found any plausible interpretation for the
function of the papillae of a bird’s toe pad.

Fig. 11. REM-picture of the pad surface of a typical needle-dweller Regulus regulus. No
special structures can be seen. White bar: 9 pm
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Appendix

Mean ecological scores

The means of the ecological scores are calculated from the answers of the species experts.
O=never, 1=seldom, 2=often. A “li” stands for those species, for which the information
stems from the literature (see text). The names of the species experts are given in the

acknowledgements. na: missing values.
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! The genus Parula is genetically not separable from the genus Dendroica and therefore
treated as Dendroica in this study (Lovette and Bermingham 2001).
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14.1 Abstract

We applied a Maximum-Likelihood (ML) criterion to the problem of identifying un-
known specimens using a database of specimens whose identity was known. Our ap-
proach was based on shape, quantified using two-dimensional Cartesian landmarks.
We applied the technique to two specific problems: (1) identifying Quaternary marmot
skulls (Marmota, Sciuridae, Rodentia) to species, and (2) identifying the position of
individual elements within the vertebral column of the Red-tailed pipesnake, Cylin-
drophis ruffus (Serpentes, Alethinophidia). The ML criterion finds the best identity by
choosing the sample that best fits the unknown. Cross-validation tests indicated that
identifications of unknown marmots were correct about 80%-90% of the time. Fossil
marmots from two sites (Meyer Cave, Illinois and Little Box Elder Cave, Wyoming)
could be assigned to species (M. monax and M. flaviventris respectively), but marmots
from several other localities could not be assigned to a species-level taxon. Snake ver-
tebrae could be allocated to their proper columnar interval more than 80% of the time,
with incorrect assignments rarely being more than 10% out of place. Our technique is
widely applicable in palaeontology, where the problem of identifying isolated morpho-
logical elements can be acute but is often ignored. Our approach allows palaeontolo-
gists to base their identifications securely on their morphological data, and to recog-
nize conditions under which a confident identification can or cannot be made.
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Keywords: Maximum-likelihood, Marmota, Cylindrophis, classification, vertebrae,
skull.

14.2 Introduction

The identification of palaeontological specimens can often be problematic, especially
in the face of morphological variation. Whether the problem is assigning a specimen to
a taxon or determining which anatomical element a specimen represents, identifica-
tions can be compromised by subjectivity and “small sample” typology. Consequently,
assignments are often influenced by external, a priori considerations such as geo-
graphic and stratigraphic provenance. Many automatic identification methods are
available, including neural networks, nearest neighbor classification, and linear dis-
criminant analysis (Ripley 1994; Yang 2002; Behnke 2003). In this paper, we applied
a maximum-likelihood (ML) criterion and landmark representations of shape to the
problem of identifying unknown specimens using a database of specimens whose
identity was known (Hastie and Tibshirani 1996). Our goal was to explore an objective
method for identifying fossil materials, and to assess the extent to which the method
was able to make accurate identifications.

We applied this approach to two problems. The first was species-level identification
of fossil marmots based on their skulls. Marmots (woodchucks, Alpine marmots) have
a geographic distribution that covers much of Holarctica (Hoffmann et al. 1997, Ba-
rash 1989; Steppan et al. 1999). Most living marmot species are adapted to either mon-
tane or steppe habitats and their ranges have been more restricted in interglacial warm
periods (including today) than in cooler glacial periods. Consequently, fossil marmots
are commonly recovered outside extant distributions, and the group has provided an
important example of the effects of climatic change on the geographic ranges of
mammals (Stearns 1942; Anteva 1954; de Villalta 1974; Frase and Hoffmann 1980;
Graham et al. 1996; Kalthoff 1999). The well-documented geographic reorganization
of marmot ranges makes the accurate identification of fossil remains imperative be-
cause incorrect assignments obscure patterns of environmentally driven geographic
reorganization (Graham and Semken 1987; Polly 2003a). We built a database of skull
shapes from the majority of species, including most North American subspecies. We
characterized skull shape using landmarks on the ventral cranial surface, and applied
an automated ML algorithm that identified unknown individuals against this database.

The second problem was the assignment of isolated snake vertebrae to a particular
position in the vertebral column. We explored the possibility of using vertebral shape
and ML matching to the problem of assigning isolated vertebrae to subregions of the
precloacal vertebral column. The fossil record of snakes consists predominantly of iso-
lated precloacal vertebrae. Because of this, the majority of taxonomic assignments for
fossil snakes are based on (often subtle) variations in vertebral shape (e.g. Rage 1984;
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Holman 2000). Progressive, quantified intracolumnar variation is well-documented for
the vertebral column in snakes (e.g. Hoffstetter and Garyard 1965; Hoffstetter and
Gasc 1969; Thireau 1967; LaDuke 1991; Polly et. al. 2001), however this variation is
not accounted for in taxonomic assignments, with a few notable exceptions (Szyndlar
1984). In order to reconstruct alpha taxonomy in fossil snakes, taxonomic differences
in vertebral shape must be distinguishable from intracolumnar variation. As a first step
in separating taxonomy from regional position, we explored the possibility of using
vertebral shape and ML matching to assign isolated vertebrae to subregions of the pre-
cloacal vertebral column for two snakes within a single species. To do this, we used
landmarks to characterize the shape of all the precloacal vertebrae from a single indi-
vidual. We divided the vertebral column into equal sections, using each section as a
statistical sample representing that region, and applied the same ML algorithm to
match vertebrae whose position was unknown to one of the regions.

Our approach used the variation in each known sample to estimate a multivariate
probability distribution against which each unknown was compared, and is a simpli-
fied version of mixture discriminant analysis, or Gaussian ML classification (Hastie
and Tibshirani 1996). Identifications were made by finding the sample into whose
probability function the unknown best fit, or, put another way, by finding the known
sample distribution that maximized the likelihood of the unknown shape. Because we
used landmark representations of shape, the unknown was iteratively fit to each sam-
ple using Procrustes Generalized Least-Squares (GLS) superimposition, which mini-
mizes the differences among the shapes via translation, scaling, and rotation (Rohlf
1990; Rohlf and Slice 1990). Probability distributions for each sample were estimated
from the means and variances of each dimension of each superimposed landmark, and
their joint distribution was used to compare the unknown specimen. In the interest of
applying this procedure to small samples, we ignored issues of colinearity and covari-
ance, and we discuss the ramifications of that decision. For simplicity, we have con-
fined this study to examples where the unknown individuals are almost certain to have
come from a group represented by the samples against which they are being compared.
In many palaeontological studies, however, specimens may belong to a new taxon or
may be an early member of an evolving lineage whose morphology is not perfectly co-
incident with living or previously studied fossil species (Polly 2002). We do not deal
with this evolutionary problem here, but those attempting to apply our method should
consider it carefully. A tree-based ML approach (e.g. Polly 2003a, b) may be prefer-
able in cases where the unknown is not likely to literally be a member of sampled
groups.

The application of Procrustes superimposition to problems of identification or clas-
sification is not new. Wang et al. (2003) applied Procrustes distance to identify human
individuals based on their gait as measured from superimposed frames from films
taken while walking. Numerous applications have also been made in the food industry,
albeit with a considerably different use of Procrustes alignment (e.g. Muir et al. 1995;
Sinesio et al. 2001; Le Fur et al. 2003). Statistical distributions of Procrustes residuals
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(the many finer points of which we have sidestepped) have been elegantly described
by Dryden and Mardia (1998) and references therein.

Abbreviations: FAMNH, Frick Collection, American Museum of Natural History;
k, number of Cartesian dimensions; IMNH, Idaho Museum of Natural History; ISM,
Illinois State Museum; ML, maximum-likelihood; n, number of landmarks (except
where N is explicitly used in the text for numbers of individuals in a sample); UCM,
University of Colorado-Boulder Natural History Museum; UCMP, University of Cali-
fornia Museum of Paleontology; USNM, United States National Museum of Natural
History.

14.3 Materials and methods

14.3.1 Marmots

Nineteen samples of living marmots were assembled to serve as points of comparison
and to test the accuracy of identifications (Table 1). The samples represented nine of
the fourteen living species, including all but one North American species. For the three
major North American species (M. caligata, M. flaviventris, and M. monax) represen-
tative subspecies were included.

Living individuals or museum skin specimens can easily be assigned to their proper
species. Skeletal or dental remains, such as those found in the fossil record, are much
more difficult to classify, however. Diagnostic differences in the skull, including the
breadth of the interorbital region, the shape of the postorbital processes, and the rela-
tive size of the upper fourth premolar, have been suggested (Howell 1915; Frase and
Hoffman 1980), but these qualitative characteristics break down when large, geo-
graphically and subspecifically diverse samples are considered.

We applied the ML identification method to six Quaternary palaeontological sam-
ples (Table 2). These samples were selected because they included skulls that were
sufficiently complete for quantitative comparison with extant material. Palacontologi-
cal material included specimens from Moonshiner Cave, Bingham Co., Idaho (White
et al. 1984) housed in the Idaho Museum of Natural History; Bear Park Cave, Blaine
Co., Idaho (Jefferson et al. 2002) housed in the Idaho Museum of Natural History;
Little Box Elder Cave, Converse Co., Wyoming (Anderson 1968) housed in the Uni-
versity of Colorado-Boulder Museum of Natural History; Papago Springs, Santa Cruz
Co., Arizona (Skinner 1942; Czaplewski et al. 1999a, b) housed in the American Mu-
seum of Natural History; Schlieper’s Pit, Pike Co., Illinois housed in the Illinois State
Museum; and Meyer Cave, Monroe Co., Illinois (Parmalee 1967) housed in the Illi-
nois State Museum. All of these localities except Papago Springs fall within the cur-
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rent geographic range of either Marmota monax (the Woodchuck) or M. flaviventris
(the Yellow-bellied marmot).

Thirty four two-dimensional landmarks were chosen to represent the shape of the ven-
tral side of the cranium (Fig. 1). Only one half of the skull was used so that fossil (or
extant) specimens that were broken on one side could still be included. The landmarks
were placed as follows: 1. Contact point between incisors; 2. Lateralmost point of the
incisor alveolus; 3. Anteriormost point of the anterior palatine foramen; 4. Intersection
of the maxillary-premaxillary suture and the palatine foramen; 5. Anteriormost point
of the process below the infraorbital fissure; 6. Junction between the anterior zygoma
with the lateral wall of the skull; 7. Palatalmost point on the root of the third premolar;
8. Palatalmost point on the root of the fourth premolar; 9. Palatalmost point on the root
of the first molar; 10. Palatalmost point on the root of the second molar; 11. Palatal-
most point on the root of the third molar; 12. Junction of the maxillary-palatine sutures
and the midline; 13. Anteriormost point of the lesser palatine foramen; 14. Anterior-
most point of the greater palatine foramen; 15. Posteriormost point of the palatine
bones at the midline; 16. Anteriormost point of attachment of posterior superficial
masseter on the the zygoma; 17. Posteriormost point of attachment of posterior super-
ficial masseter on the zygoma; 19. Anteriormost point of attachment of the posterior
deep masseter on the zygoma; 20. Posteriormost point of attachment of the posterior
deep masseter on the zygoma; 21. Junction between posterior of the zygoma and the
skull wall; 22. Anterior lacerate foramen; 23. Anterior point of interpterygoid fora-
men; 24. Boundary of the basisphenoidal-occipital suture and the medial wall of the
auditory bulla; 25. Carotid canal; 26. Midpoint of opening to external auditory meatus;
27. Mastoid process; 28. Anteriormost point of the posterior lacerate foramen; 29. Pa-
roccipital process; 30. Hypoglossal foramen; 31. Posteriormost point of the occipital
condyle; 32; Anteriormost point of the foramen magnum; 33. Midline of the basisphe-
noidal-occipital suture; and 34. Midline of the presphenoidal-basisphenoidal suture. It
is worth noting that several geometric morphometric studies of marmots have been
published (Cardini 2003; Cardini and Tongiorgi 2003; Cardini et al. 2003; Polly
2003).
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Table 1. Samples of living marmots whose identity was known. The individual subspecific
samples belonging to the three North American species Marmota caligata, M. flaviventris, and
M. monax were combined repectively into three larger species samples for final determinations.
ID is the identifying number of each sample and N is the number of individuals
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Table 2. Fossil samples considered for identification. All localities except Papago Springs fall
within the geographic range of an extant species of Marmota

Figure 1. Ventral view of the skull of Marmota flaviventris engelhardti from the Colub Moun-
tains, Utah (AMNH 140038) showing the position of the 34 landmarks used to represent skull
shape

14.3.2 Snakes

Precloacal vertebrae from two individuals of the Red-tailed pipesnake, Cylindrophis
ruffus were studied. Cylindrophis is an alethinophidian snake traditionally considered
basal with respect to Macrostomata (e.g. Kluge 1991; Tchernov et al. 2000) although
more recent analyses have reduced clarity of interrelationships (e.g. Slowinski and
Lawson 2002). Cylindrophis ruffus is a fossorial and littoral taxon about 70 cm long
from southeast Asia. We chose Cylindrophis because it is an “anilioid” (sensu Cundall
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et al. 1993), a group with a long, widely dispersed fossil record (Rage 1984; Gardner
and Cifelli 1998; Holman 2000). We considered two individual snakes. The order po-
sition of each bone was known in one specimen (USNM 523566), and vertebrae from
that snake were used as identification samples. The order position was not known in
the second specimen (UCMP 136995). Only precloacal vertebrae were considered be-
cause they are the most problematic in terms of positional identification, and constitute
the majority of both the snake vertebral column and the fossil record. The first snake
had 184 precloacal vertebrae, and the second had 187.

Vertebrae were photographed in anterior view and their shape represented by a se-
ries of 14 two-dimensional landmarks (Figure 2). As with the marmot dataset, only
one side of each element was digitized because vertebrae are approximately bilaterally
symmetrical. Landmarks were placed as follows: 1. midline base of the cotyle; 2. mid-
line dorsal margin of coytle; 3. medialmost contact between vertebral centrum and
neural arch; 4. midline dorsalmost point of neural canal; 5. midline dorsal margin of
zygosphene; 6. dorsal margin of neural spine; 7. dorsolateralmost point of zygosphenal
articular facet; 8. ventromedialmost point of zygosphenal articular facet; 9. medial-
most point of prezygapophyseal articular facet; 10 lateralmost point prezygapophyseal
articular facet; 11. lateralmost point of prezygapophyseal accessory process; 12. dorsal
margin of synapophyseal articular surface; 13. ventral point of synapophyseal articular
surface; 14, contact between synapophysis and vertebral centrum.

The vertebrae of the specimen where the order was known were partitioned into
equal sized sections. Each section served as an identification sample, allowing un-
known specimens to be allocated to a specific region of the precloacal column. No at-
tempt was made to determine a more exact placement of unknowns. Two partitions
were tried: one with 18 partitions containing ten vertebrae each, and the second with
10 partitions of eight vertebrae each.
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Figure 2. Anterior view of precloacal vertebra 120 from Cylindrophis ruffus (USNM 523566)
showing the positions of the 14 landmarks used in this study

14.3.3 ML identification procedure

Each unknown specimen was iteratively superimposed with individual known samples
and the likelihood calculated. Superimposition was achieved through Procrustes (GLS)
analysis, consisting of translation, scaling to unit centroid size, and rotation. The mean
(or consensus shape) was subtracted to yield Procrustes residuals. Normal distributions
were fit using the mean (zero) and standard deviation of the residuals of the specimens
of known identity, where the number of distributions equaled » landmarks * £ dimen-
sions.

Identification was treated as a maximum-likelihood (ML) problem. Normally ML is
used to estimate distribution parameters from a set of observed data. In this case, the
parameters were the mean and variance of the parent distribution (taxon, vertebral po-
sition) from which the unknown specimen was drawn, but instead of estimating these
using a multi-individual sample and drawing from any possible mean and variance, the
algorithm selected the mean and variance of the known sample that best explained the
unknown individual. The identity of the best-fit sample was then assigned to the un-
known.

The log likelihood of the unknown given a particular sample was calculated as
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n*k

I(u) = loglf(u|s)] (13.1)

where n*k was the number of landmarks times the number of dimensions and f{u|s)
was the probability of the unknown residual given the distribution of the known re-
siduals. The latter was calculated from the density function of a normal curve fit to the
mean and variance of each of the n*k sets of residuals. Even though sample sizes dif-
fered (and were occasionally quite small) the normal distribution rather than the t-
distribution is appropriate for ML fitting. The property of the t-distribution of in-
creased spread with decreased sample size makes it inappropriate because the density
curves for small samples would be disproportionately large, resulting in a biased refer-
ral of unknowns to them.

Our likelihood function disregards two important properties of Procrustes superim-
posed data, colinearity and covariance, both of which reduce the accuracy of identifi-
cation. Our decision to disregard was made because these properties were nearly im-
possible to incorporate when the number of specimens in a sample is smaller than #*,
as is often the case for palaeontological studies. Because this study was aimed at prac-
tical use, we sacrifice power for wider applicability.

14.3.4 Cross-validation assessment

A “leave-one-out” cross-validation procedure (Hills 1966; Mosteller and Tukey 1968;
Stone 1974) was used to assess the effectiveness of the algorithm. Each specimen was
iteratively removed from its sample and treated as though its identity were unknown.
Its identity was then estimated using the original samples (including its own »-1 parent
sample). Cross-validation statistics were then calculated from the known and esti-
mated identities.

For marmots, samples 1, 2, 7, 10, 11, 13, 14, 16, 18, and 19 (Table 1) were used in
the cross-validation procedure. A second set of samples (3, 4, 5, 6, 8, 9, 12, 15, and
17), whose identities were known but whose subspecific identity differed from the
identification samples, was also tested. Later, some of these were combined into three
large samples representing three North American species (see below). For snakes, the
18 sections of ten vertebrae and 10 sections of 18 vertebrae were cross-validated.

Two cross-validation statistics were calculated: (1) the percentage of specimens that
were classified correctly, and (2) the percentage of classifications that were correct.
The complements of these statistics (the percentages of incorrect classifications) corre-
spond to Type I and Type II error. The second of these is the most important for as-
sessing the probability that an identification made by the algorithm is correct.
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14.3.5 Identification of unknowns

The identities of true unknowns were then estimated using the ML procedure. Fossil
marmot specimens (Table 2) were matched against the three large samples represent-
ing the most geographically widespread North American species. As will be shown
below, the accuracy of identification was better with large samples. Individuals from
the same parent species were combined to yield three large species samples: Marmota
faviventris (N = 57), M. monax (N = 48), and M. caligata (N = 39). These species cur-
rently have wide distributions and are the most likely to be represented in the fossil
faunas considered here. For snakes, vertebrae from a disarticulated specimen of Cylin-
drophis ruffus (UCMP 136995) whose positions were not known were matched
against the articulated specimen (USNM 523566) whose vertebral order was known.
The known specimen was divided both into 18 sections of 10 vertebrae and 10 sec-
tions of 18 vertebrae.

14.4 Results

14.4.1 Marmots

The frequency with which marmot specimens were correctly identified was high at
76.0% (Table 3). The best results were obtained for Marmota monax, where 100%
were correctly identified, while the worst results were for M. marmota, with 0%. The
taxon to which a misidentified specimen was assigned was not usually the closest phy-
logenetic relation. Misidentification was related to sample size, however. When the
size of the parent sample dropped below ten, the percentage of specimens that were
correctly assigned to it dropped dramatically (Figure 3).

The frequency with which identifications were correct was better, with an average
of 87.5% of assignments being correct (Table 3). All assignments to M. broweri, M.
caligata, M. flaviventris luteola, and M. vancouverensis were correct. Conversely, M.
sibirica assignments were frequently incorrect (42.4%) because specimens belonging
to other groups were frequently assigned to M. sibirica, even though nearly all M. si-
birica specimens were themselves correctly identified (90.5%). We presume that the
high frequency of assignments to M. sibirica and M. monax (especially incorrect ones)
was due to greater variation in these species, which would make the probability distri-
butions at each landmark broader, thus encompassing variation in other species.
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Figure 3. Graph showing relationship between the percentage of specimens correctly identified
as a function of the size of the identification sample for that taxon

Results were similar when other subspecies were cross-validated against the origi-
nal samples. Twenty individuals from subspecies of M. monax (M. m. rufescens and
M. m. canadensis) and 32 from subspecies of M. flaviventris (M. f. nosophora, M. f.
engelhardti, and M. f. flaviventris) were submitted to the identification procedure us-
ing the same identification samples as before. Results were similar in that 100% of the
M. monax specimens were identified correctly, but only 57.1% of the M. flaviventris
specimens were correctly assigned (Table 4). Of the 21 M. flaviventris that were mis-
identified, one was assigned to M. caudata, 10 to M. sibirica, and the remaining 11 to
M. monax. Of the 10 identifications made as M. flaviventris, 100% were correct, while
only 64.5% of the identifications as M. monax were right. We can thus be much more
confident of an identification as M. flaviventris than as M. monax.
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Table 3. Cross-validation statistics for the first set of extant marmots. The true identity columns
report how often a specimen belonging to the group at the left was identified correctly. The
estimated identy columns report how often a particular identification was correct

Because large samples make better identifiers, samples representing the three wide-
spread North American samples were pooled for use with the fossil unknowns. These
samples were also cross-validated to provide statistics for assessing fossil identifica-
tions. The numbers differed slightly, but the pattern of success was the same as the
previous tests (Table 5). M. flaviventris assignments were correct 100% of the time,
while M. caligata was correct 79.6%, and M. monax 88.2% of the time.

Fossil specimens could be confidently identified in a few, but not all cases. All five
Meyer Cave specimens were identified as M. monax, the species that currently lives in
the area. (Table 6) The cross-validation statistics (Table 5) suggest that the chance that
all five specimens could be incorrectly assigned was improbable (P = 2.3x107%). Re-
sults from the remaining localities were more problematic. The Schlieper‘s Pit are also
like to be M. monax, although one of specimens was identified as M. caligata (Table
6). Like Meyer Cave, Schlieper’s Pit lies within the current range of M. marmota, and
the probability that the M. caligata identification is wrong is high (P = 0.204). The
probability that the M. monax classification is wrong is lower (P = 0.118), making it
the best identification. The Little Box Elder Cave was assigned to M. flaviventris,
which is the species that currently inhabits that area. The frequency with which M.
Sflaviventris attributions were correct was 100% (Table 5).
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Table 4. Cross-validation statistics for other subspecies samples. The true identity columns re-
port how often a specimen belonging to the species at the left was identified correctly. The esti-
mated identy columns report how often a particular identification was correct

Table 5. Cross-validation statistics for combined North American species samples. The percen-
tage correct for the estimated identities (column 3) was used a measure of confidence for the
fossil identifications

Marmots from the remaining localities could not be confidently identified. The two
Bear Park Cave marmots were assigned to M. caligata and M. monax, neither of which
currently lives in the area, which is currently inhabited by M. flaviventris. M. caligata
lives about 100 to 150 km north and M. monax has a range that extends into northern
Idaho, with the nearest populations about 500 km away. The locality is Holocene in
age, but geographic range shifts on the order of 100s of kilometers could easily have
occurred within that time. In fact, the presence of two different species at the site is
plausible. Cross-validation was not high enough to be conclusive, with 20.4% of M.
caligata assignments and 11.8% of M. monax assignments likely to be incorrect.
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Table 6. Identifications of individual fossil specimens. The log likelihood statistic for each
match is also reported

The Moonshiner Cave and Papago Springs marmots were also ambiguous. The one
available specimen from Moonshiner was referred to M. caligata , although the site
now lies within the range of M. flaviventris. As with Bear Park, Moonshiner Cave lies
within a few hundred kilometers from populations of M. monax and M. caligata so the
presence of any of the three species during the Early Holocene is plausible. The Pa-
pago Springs specimen was also referred to M. caligata, with the same caveat that
there is more than 1 in 5 chance that the identification is wrong. If the true identity
were nearby M. flaviventris, as has been suggested in previous literature, there would
be a 22.8% chance that the identification was incorrect, and then a 46% chance that
the misidentification was M. caligata.

14.4.2 Snakes

Cross-validation statistics for assigning individual vertebrae to one of 18 sections were
good, with 66.1% of vertebrac were assigned to their correct region (Table 7). Of
those that were incorrectly assigned, 88.5% were assigned to the section immediately
adjacent the true one, and an additional 11.5% were only two sections away. The
probability of correct identification was not randomly distributed however. Both the
first and last sections had 100% of their vertebrae correctly identified. In both sections,
misidentifications are limited to middle sections, whereas in mid-regions misidentifi-
cation can be made both anteriorly and posteriorly, increasing the chance of a wrong
assignment. Consequently, the percentage correct was lower for middle sections. The
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greatest percentage of incorrect assignments was also in the middle region (73% for
section 7 and 69% for section 9). The ends of the region had low percentages of incor-
rect assignments, although the lowest was section 5 (10%).

Results were better when the number of sections was decreased to 10 and the bin
size increased to 18 (Table 8). With this arrangement 81.7% of vertebrae were cor-
rectly assigned. Of those incorrectly assigned, 94% were assigned to a section imme-
diately adjacent and the remaining 6% were only two sections away.

Table 7. Cross-validation statistics for the placment of individual precloacal vertabrae
of Cylindrophis ruffus (USNM 523566) to one of 18 sections of the precloacal column
with bin size of 10. Overall success rate was 61% of vertebrae correctly assigned to
position

Vertebrae from a second individual were identified using the sections from the first,
first dividing the trunk into eighteen sections with bin size of 10 and then into ten sec-
tions with bin size of 18. When the more numerous but smaller bins were used, the re-
sults were disappointing (Figure 4a). The majority of assignments were made to the 5t
section (69.5%), with the second most to the fourth (15.0%). The remaining 15% of
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assignments were scattered fairly evenly across sections 6 to 18. The expectation was
that 5.5% of vertebrae should have been assigned to each section. The preponderance
of assignments to sections 4 and 5 was most likely the result of greater shape variance
in this region, which attracted the ML function. Results using ten sections with bin
size of eighteen were much better (Figure 4b). Some assignments were made to each
section, with the most to section 7 (21.9%) and the least to section 1 (3.7%). The ex-
pectation was 10% of the vertebrae assigned to each section, and these results agree
well with that. These results and those presented in Table 8 suggest that the position of
precloacal vertebrae can be assigned to the nearest 10% of the vertebral column with a
high degree of confidence. Thus, intracolumnar variation in snake vertebral morphol-
ogy can be recognized and accounted for prior to taxonomic assignments.

Table 8. Cross-validation statistics for placement of individual vertebrae to one of 10 sections
with bin size of 18. Overall succes rate was 82% of vertebrae correctly assigned

14.5 Discussion

The identification procedure used in this study took two important mathematical
shortcuts in the interests of applicability to palaeontological samples. The pros and
cons of adopting our procedure are worth discussing. In both cases, our decision to cut
corners was to accommodate small sample sizes of the sort that palaeontologists nor-
mally have.

Our first shortcut was to ignore colinearity in the Procrustes residuals. Procrustes,
or generalized least-squares (GLS) superimposition, removes variation due to scale,
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translation, and rotation, and, consequently, introduces colinearity, or redundancy, into
the resulting shape variables (Gower 1975; Dryden and Mardia 1998; Rohlf 1999). In
practical terms, that means that there were fewer informative variables than there were
Procrustes residuals; however, our likelihood function was summed over all n*k re-
siduals. Despite its inelegance, this decision did not affect the results because the re-
dundancy was the same for each of the identification samples and no bias was intro-
duced.

The second shortcut was to ignore covariance among the Procrustes residuals, a de-
cision with potentially detrimental effects. The covariance of two variables affects
their joint probability distribution, but our ML did not take this into account. Figure 5
illustrates the effect of covariance on a joint probability distribution using a simple bi-
variate example. The ellipses represent 95% confidence intervals (CI) associated with
the data. The solid ellipse is the true bivariate CI based on the variances and covari-
ances of the data. In theory it encompasses 95% of the population and represents the
probability boundary that would be used to statistically assess sample membership
(i.e., Z-test with a=0.05). The dashed ellipse represents the 95% CI of a probability
distribution that has x and y variances equal to those of the data, but with no covari-
ance. While the areas encompassed by the two are equal, their shape and orientation in
the variable space are different. Two “unknowns™ are represented by stars. The first
would fall outside the statistical definition of the sample, but the second falls within it.
When covariances are not used in estimating the CI, then the first unknown falls
within the boundary, but the second is excluded. Consequently, both Type I and Type
II errors increase when covariances are ignored.

Our ML algorithm did not take into account covariances, so suffers from the conse-
quent loss of power. The probability density curves we used were estimated from the
mean and variance of each set of Procrustes residuals as though each varied independ-
ently. Despite that, the cross-validation statistics were surprisingly high, even though
they were not always high enough to make confident identifications of individual fos-
sil samples in the case of the marmot skulls.
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Figure 4. Results of identification of unknown vertebrae of a single individual of Cylindrophis
ruffus (UCMP 136995) using sections from another single individual of the same species
(USNM 523566). The assignments are graphically represented as bins in the precloacal region
of a snake. A. Eighteen sections with bin size of 10. Most of the unknown vertebrae were placed
in the fifth section (69.5%). None were placed in the first three sections, and only a few in the
last sections. B. Ten sections with bin size of 18. Identifications were much more plausibly dis-
tributed across the length of the precloacal region
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Figure 5. The effect of ignoring covariances on ML identifications. These bivariate data (black
points) have a strong covariance and their 95% confidence ellipse (solid line) is aligned along
their major axis. If a probability distribution were estimated individually from the x and y traits
without consideration of their covariance, the 95% ellipse would have a different shape and ori-
entation (dashed line). Conclusions about the identity of two unknowns (stars) would depend on
whether covariances were incorporated. When they are, 1 falls outside the 95% confidence in-
terval, but 2 within it. The reverse is true when covariances are ignored. The effect of ignoring
covariances is reduced identifying power

Both colinearity and covariance could have been removed from our data by rotating
them to their principal component axes using Singular Value Decomposition (SVD).
SVD identifies a reduced number of orthogonal, or uncorrelated, axes for colinear
data. However, the number of axes is limited by the number of individuals in a sample
when the latter is smaller than the number of non-redundant variables. That was the
case in this study. When complicated morphology, such as vertebrae or skulls, is stud-
ied from palacontological or recent museum samples the number of landmarks times
the number of dimensions will often exceed the number of individuals in a sample. In
this study 28 landmarks (56 variables) were used to represent marmot skull shape, and
14 landmarks (28 variables) for snake vertebrae. Only one marmot sample (the com-
bined M. flaviventris sample) and no snake samples were large enough to overcome
this issue. Had the data been projected onto their principal components, then the num-
ber of variables would have been different for each sample, equal to the number of in-
dividuals in it. The ML statistic, which is summed over all variables in the sample,
would not have been comparable among samples.
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14.6 Conclusions

Quantitative methods for assessing fossil samples should be a high priority for palae-
ontologists. We often accept weak evidence for assigning newly collected specimens
to species-level taxa or for identifying the type of element represented by a specimen
in cases where many similar elements make up the fossilizable parts of an organism
(e.g. vertebrae, leaves, teeth, echinoid plates, etc.). The non-morphological logic that
we adopt in reaching decisions about identity can often compromise the interpretations
that we draw from the faunal data. For example, the marmots from Papago Springs
have been presumed to be Marmota flaviventris (Skinner 1942; Frase and Hoffmann
1980; Czaplewski et al. 1999a, b) because of the close proximity of the site to the cur-
rent geographic range of that species. However, important conclusions about shifting
geographic ranges of mammal species in relation to climate have been drawn from the
occurrence of marmots at Papago Springs (Stearns 1942; Anteva 1954; de Villalta
1974; Frase and Hoffmann 1980). Given that range shifts are known to have occurred,
some of them quite dramatic, why might the marmots from Papago Springs not belong
to a more geographically distant species, such as M. caligata, as weakly suggested by
our results? Similarly, the majority of identifications of fossil snakes have incorpora-
ted geographic provenance in generic- and species-level assignments of vertebral re-
mains. The subsequent uses of geographically-derived assignments as evidence in pa-
leoclimatic and biogeographic reconstructions (e.g. Holman 1995) is fundamentally
circular and ultimately untestable (Bell et al. in press). Our understanding of the extent
to which geographic reoganization, migration, and environmental response hinges on
the ability to make morphology-based taxonomic assignments. A quantitative, statisti-
cal, morphological approach will give the most scientifically reliable results.

When only single specimens are available, the possibility of reliable identifications
may remain remote, even when quantitative procedures are adopted. We found that in-
dividual skull specimens could be accurately classified 80%-100% of the time when a
large identification sample was available. But even that level of accuracy was not al-
ways enough to confidently identify an individual fossil specimen. Even a 10% error
rate is enough to undermine confidence when several different species could have
plausibly been present at a locality. For example, if ten or more skull specimens been
available from Papago Springs, we would have been able to confidently assess their
collective species identity, but with only a single individual, the only viable conclusion
was that the species identity was uncertain. Similarly, analysis of a larger sample of
Cylindrophis, accounting for ontogenetic variation and sexual dimorphism will provi-
de greater explanatory power for the abilities and limitiations for these methods in re-
cognizing regional variation in the vertebral column of snakes.
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15.1 Abstract

Under brief consideration is geometric morphometric analysis of the shape of an-
terior part of the upper toothrow including incisive, antemolars and 1st molariform
in several species of the shrew genus Sorex (Mammalia: Soricidae). 12 landmarks
were used to describe configuration of the toothrow, and thin-plate spline and Pro-
crustes analyses were applied to reveal species differences. It is shown a possibil-
ity for variation of the antemolar row configuration among (and possibly within)
shrew species to be studied strictly numerically by means of the geometric mor-
phometrics. It is recommended that tooth base be included in the descriptions of
the shape of anterior part of the upper toothrow if differences by overall
configuration are to be revealed.

Key words: Sorex, brown-toothed shrews, antemolar variation, geometric mor-
phometrics.

15.2 Introduction

Relative height of antemolars, or unicuspids, is of taxonomic importance in the
brown-toothed shrews of the genus Sorex (Mammalia). This feature allows to dis-
criminate species inhabitating the same geographic area, and it is important in rec-
ognizing subspecies in some instances (e.g. Dolgov 1968).

The upper antemolars are 5 small unicuspid teeth situated in the maxillar
toothrow between enlarged incisive anteriorly and 1st molariform posteriorly (Fig.
1, a). Individual antemolars are usually identified by enumeration from the most
anterior to the most posterior one. They differ in their height, the first two or three
of them being the largest and the 5th one being the smallest. These differences are
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traditionally described in various ways, a common pattern of these description be-
ing the estimation of the antemolar heights relative to each other, provided that a
baseline is being fixed parallel to horizontal axis of the skull.

Fig. 1. Antemolars of the brown-toothed shrews and their descriptions: a— position of the
antemolar row on the shrew skull (shown by quadrate), 5— the anterior portion of the
toothrow from incisive to molariform, antemolars shown by dark; descriptions of the ante-
molars by: ¢— a “palisade”, d— an “antemolar formula”, e- indices, and £~ landmarks

The most simple way is direct observation of antemolar row drawing (Fig. 1, b;
Dolgov 1968). Its specific, more formalized representation is a kind of “palisade”
in which each tooth is indicated by a “picket” with its relative height equivalent to
the one of corresponding tooth (Dolgov in lit.; Fig. 1, ¢). Such a drawing or a pic-
togram with specific combination of tooth heights is interpreted as a morphotype,
and samples can be compared numerically by calculated morphotype frequencies
in population studies.

In taxonomic diagnoses and identification keys, so called “antemolar formula”
is applied in which algebraic symbols are used to show relative height of adjoining
teeth denoted by respective numbers (Pavlinov et al. 2002). For instance, the for-
mula “1<2>>3=4>>5" (Fig. 1, d) indicates that the 1st tooth is lower than the 2d,
the 2d is significantly higher than the 3d, the 2d is as high as the 4th, and the 4th is
much higher than the 5th.

A more laborious and hence less popular approach is based on measuring
height of each tooth in the antemolar row and calculating of respective indices us-
ing antemolar row length as a common denominator (Viktorov and Kuzyakin
1974; Fig. 1, e). Such indices can be used as quantitative traits in statistical com-
parisons of populations and species.

It is evident that the first two methods of expression of antemolar proportions
are based on semi-qualitative evaluation of the tooth heights and so they are not
especially precise. Only the last method is strictly numerical; however, it provides
estimation of relative height of each tooth separately and of configuration of the
entire toothrow. Thus, none of the above approaches to analysis of antemolar pro-
portions in the shrews is both strictly numerical and exhaustive.
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There is a strictly numerical approach to analysis of shape transformations of
morphological objects known as geometric morphometrics (GM) (Bookstein
1991; Rohlf 1993). It is based on the description of morphological objects by a set
of landmarks placed at certain points. In our particular case, these landmarks could
be placed rather precisely at tips of antemolars, and their configuration free of ref-
erence to any baseline makes the total antemolar row the shape in the GM sense. It
makes GM a promising approach to study variation of the antemolar proportions
among brown-toothed shrews.

Very preliminary results of a pilot project of exploration of variation of upper
antemolar proportions in the genus Sorex by means of GM methods are presented
here. The main task of the present publication is to show basical possibilities of
GM in such kind of investigations.

Dental nomenclature for the shrews is adopted mainly after Dannelid (1998),
his “1st molariform” being named here just “molariform” for sake of convenience.

15.3 Materials and methods

The following 8 species of the brown-toothed shrews of the genus Sorex are in-
cluded in the study sample (with number of specimens indicated parenthetically):
S. araneus (9), S. buchariensis (5), S. caecutiens (10), S. camtschaticus (5), S.
isodon (8), S. minutus (7), S. roboratus (9), S. vagrans (6). The sample includes
species some of which are known to be much similar to each other while others
being most dissimilar (Dolgov 1985). Only right toothrows of non-adult speci-
mens with minimally worn dentitions were studied. The specimens belong to the
collection of Moscow Zoological Museum.

The specimen images were outlined using Stemi S6 Binocular and then
scanned. Each skull was aligned under the binocular in such way that the sagittal
plane of the former became parallel to the focal plane of the latter. This is
achieved when tips of both right and left antemolars taking the same position in
the toothrow (i.e., denoted by the same number) coincide with each other.

Landmarks are placed at the following focal points (Fig. 1, f). Landmarks 3 to 7
correspond to tips of the antemolars: they allow to describe and to study the shape
of the antemolar tips row alone. Landmarks 1, 2 designate tips of the incisive,
while landmarks 8, 9 designate tips of parastyle and paracone of the molariform,
respectively. At last, landmarks 10 to 12 designate the base of antemolar toothrow:
they are placed at the points at which respective tooth crown bases crossed on the
horizontal skull projection. Two sets of landmarks were studied independently,
one including all 1-12 landmarks and another with landmarks 3—7 only. The entire
set allowed to study overall configuration of the anteriors part of the toothrow,
while the reduced set was used to study antemolar tips only.
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The landmarks were fixed and their x,y coordinates were digitized by TPSDig
(Rohlf 2001a). Consensus configurations for each shrew species were calculated
based on each of 1-12 and 3—7 landmark sets using TPSSplin (Rohlf 1997), and
all subsequent comparisons were based on the consensuses only. The same pro-
gram was used for pairwise comparison of species consensus configurations with
overall consensus calculated for the entire sample.

The shape differences in the entire sample were studied using TPSRelw (Rohlf
2001b). The following options were adopted for both datasets. The parameter al-
pha was set to 0, and the uniform components were included in the analysis. Pro-
crustes distances between consensuses were calculated for each of 3—7 and 1-12
landmark sets using TPSSplin, and their respective matrices were compared using
Mantel test in the NTSY Spc (Rohlf 1998).

15.4 Results

Analysis of the complete set of landmarks by the TPS method indicates that per-
centage of total variance explained by a particular RW decreases rather monoto-
nously from the st to the 7th one. 45.6 per cent of total variance is explained by
RW1 and about 31 per cent of total variance is explained by RW2. Highest contri-
bution to the total variance belongs to landmarks 5-7 corresponding to the tips of
3d to 5th antemolars, respectively. The sum of squares attributed to each of these
landmarks is equal to about 0.23 while variation at other landmarks is character-
ized by sums of squares not exceeding 0.08. These three landmarks provide the
greatest input into both 1st and 2d RWs total variances.

Visualization of transformation along RW axes using vector mode (Fig. 2, a)
indicates the following pattern. As far as RW1 is concerned, there is a predominat-
ing change of height of 3rd and 5th antemolars which go in opposite direction. A
more slight change of height of the molariform is positively correlated with that of
3rd antemolar, while transformation of 4th antemolar is positively correlated with
that of 5th one. The gGradient of the toothrow shape changes along RW2 is more
complex and involves nearly all teeth. Changes in height of 3rd and 5th antemo-
lars are negatively correlated with those of 2nd and 4th antemolars and the molari-
form. Besides, change of distance between tips of the incisive is positively corre-
lated with displacements of tips of 1st and 2nd antemolars and the molariform; it
is negatively correlated with displacements of tips of 3rd and 5th antemolars.

When the reduced set of landmarks is analyzed, most of the overall dispersion
is attributed to the RW1 (69.1 per cent) and much less to RW2 (27.7 per cent).
Unlike the analysis of the entire data set, landmarks 4-5 corresponding to the tips
of 2d and 3d antemolars contribute most to the total variance. The sums of squares
attributed to each of these landmarks is equal to 0.47 and 0.32, respectively, while
those of other landmarks does not exceed 0.07. This means that transformation of
shape of antemolars row becomes more localized if their bases and other teeth of
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anterior portion of upper dentition are excluded from the analysis. Landmark 4
provides greatest input into RW1 while landmark 5 occurs with high input both in
RW1 and RW2.

Graphic representation of transformations of the antemolar tips row indicates
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Fig. 2. Transformations of the toothrow shape along 1st and 2d relative warps (RW1 and
RW?2, respectively) described by: a— all landmarks, b— landmarks 3-7

the following (Fig. 2, b). Position of landmark 4 changes most prominently along
RW1 being negatively correlated with displacements of other landmarks. Along
RW?2, landmarks 46 slide in opposite direction to that of landmarks 2 and 7.

To sum up, the above results allows to fix the following basical transformations
of shape of anterior portion of upper dentition in the brown-toothed shrews.
Height of the 3d antemolar is most variable among the teeth studied here. Taking
its variation as a “focal point”, two different trends in shape transformations can
be identified.

One of them defined by RW1 involves negative correlation of height of 3d
antemolar with heights of both other antemolars and the molariform. Specific to
this trend is minimal changes of general proportions of antemolars, that is it in-
volves mainly transformation of shape of the antemolar tips row. Contrary to this,
a prominent change of overall height of molariform is included in this trend, while
variation of incisive cusps is minimal.
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Fig. 3. Distribution of the toothrow consensus configurations of the shrew species in the
shape spaces of 1st and 2d relative warps (horizontal and vertical axes, respectively) calcu-
lated for: a— all landmarks, — landmarks 3-7. The species are: ar- araneus, bu- bucharien-
sis, ca- caecutiens, cm- camtschaticus, is- isodon, mi- minutus, ro- roboratus, va- vagrans

Another trend defined mainly by RW2 is characterized by the following fea-
tures. When only the shape of the antemolar tips row is considered (landmarks 3—
7), 2d and 4th antemolars become positively correlated with the 3d one. When
general proportions of antemolars are included (the entire set of landmarks), corre-
lation of most of antemolars with the 3d one remains nearly the same as in the
previous trend. Peculiar to the trend under consideration is that nearly the entire
dentition studied here is involved in the transformations. Change of overall height
of the molariform is still evident but now it is negatively correlated with that of 3d
antemolar. Besides, incisive length is now involved in the toothrow transforma-
tions: it increases while height of the 3d antemolar decreases, and vice versa.

Similarity among Sorex species studied here is roughly the same for both com-
plete and reduced landmark data sets (Fig. 3). This is approved by numerical com-
parison of Procrustes distance matrices: Mantel statistics Zy = 2.71, p<0.99. S.
buchariensis appeared to be most specific; S. minutus also takes a quite remote
position. Other species, when compared by all landmarks, cluster in the following
way: S. camtschaticus + S. vagrans, S. roboratus + S. araneus, S. caecutiens + S.
isodon. When compared by landmarks 3-7, S. roboratus becomes closer to S.
caecutiens, and S. araneus is closer to S. isodon.

Peculiarities of particular species by shape of anterior part of the upper
toothrow can be best illustrated by the transformation grid. Here, overall consen-
sus configuration is used as a common reference, on which four species are
superimposed that take opposite positions on the RW1 and RW2 axes calculated
for the entire dataset (Fig. 4).

It is easy to see that S. araneus differs from the other species by rather enlarged
anteriormost part of dentition relative to its posteriormost part. Antemolars of this
species decrease rather evenly from Ist to Sth. In S. buchariensis, ratio of these
two parts of dentition is opposite: the molariform is very high relative to incisive
and Ist antemolar. Besides, enlarged 3d antemolar which is as high as 2d one is
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peculiar for this species. Dentition of S. minutus is least transformed, it just
slightly differs from the reference by antemolar ratio only: the 3d one is just little
smaller then the 2d one, similar to S. buchariensis. S. vagrans differs both from
the reference and other species by very high 4th antemolar and by elongated tip of
the incisive.

Il
|

b d

Fig. 4. Grids showing transformation of shapes of consensus configurations of anterior part
of the upper toothrow in the shrew species: a— araneus, b— buchariensis, c— minutus, d—
vagrans

15.5 Conclusions

Similarity pattern among Sorex species by shape of anterior part of the upper
toothrow agrees largely with subgeneric classification of that genus established
previously by traditional methods on the basis of dental morphology (see Pavlinov
and Rossolimo 1987, for references and discussion). Thus, S. buchariensis is allo-
cated to subgenus Eurosorex; S. camtschaticus and S. vagrans are members of
subgenus Ofisorex; S. minutus belongs to subgenus Dolgovia in some of the most
“splitting™ classifications. S. roboratus, S. caecutiens, and S. isodon are usually
placed together as members of a separate (yet unnamed) species group; S. araneus
is similar to them by its dentition though it has a quite different karyotype.

From this, one may conclude that GM reveals some “evident” features of the
shapes analyzed here. On the one hand, this is not surprising, as it was the primary
background of selection of the species for this pilot project that their mutual dif-
ferences be quite clear-cut. On the other hand, the fact that the results of the pre-
sent analysis well agree with anticipations seems to certify GM applicability to in-
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vestigations of variation of shape of the anterior part of upper toothrow both
among and eventually within shrew species of the genus Sorex.

When studying the shape under consideration, it is advisable to landmark not
only antemolar tips row but the tips of adjacent teeth as well as the base of ante-
molar toothrow. This allows to explore both the variation in the configuration of
antemolar tips row and in the relative height of elements of the anterior portion of
the upper toothrow.
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16.1 Abstract

Twenty 3D landmarks were digitized on adult mandibles from Atapuerca, Sima de
los Huesos (AT-SH) (N=8), Neanderthals (N=17) and modern humans (N=82).
The 3D data was converted into 2D data for Thin-Plate splines analyses. Multi-
variate regression of partial warps and uniform component scores on size and
bootstrap analyses were used to test three hypotheses of allometry. The mandible
was divided into a supra- and infra-alveolar part, which are developmentally dis-
tinct components. Separate analyses for each component revealed that all species
displayed greater allometric variation at the supra-alveolar unit than at the infra-
alveolar unit. The infra-alveolar unit showed allometric variation patterns associ-
ated to spatial position of the mandible within the craniofacial system. In the su-
pra-alveolar unit the formation of a retromolar space was identified as positive al-
lometric effect in all three species. However, this effect was morphologically
different and stronger in Neanderthals and AT-SH hominids than in humans.
These findings are discussed in the framework of possible evolutionary modifica-
tions of the overall skull design.

Keywords: Atapuerca, Neanderthals, infra-alveolar canal, complex morphologi-
cal systems, Procrustes techniques.

16.2 Introduction

In paleoanthropology, the morphological variation of the skull has been of classi-
cal importance. Currently two major models exist regarding the evolution of mod-
ern humans (Henke and Rothe 1994). One model, that of a Lower Pleistocene
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“Multiregional Origin” of modern humans proposes a continuity of morphological
patterns (Wolpoff et al. 2001) whereas the “Out of Africa”-Model suggests a more
recent (later Middle Pleistocene) origin in Africa and predicts a discontinuous pat-
tern of morphological variation (Stringer 2003). These models are particularly in-
teresting regarding the evolution of Neanderthals. While in model of multiregional
origin, Neanderthals and modern humans comprise one phylogenetic line, in the
Out of Africa model they belong to different species (Rosas and Bermudez de
Castro 1998). However, recent discoveries favor the Out of Africa model
(Bermudez de Castro et al. 1997; White et al. 2003).

From a morphological point of view, these phylogenetic models are built on
different ways to interpret and comprehend morphological variation (Aiello and
Dean 1990; Henke and Rothe 1994). The possibility of such disjunctive interpreta-
tion of both models demonstrates the need of knowledge about the organization of
possible biological factors underlying morphological variation (Bastir in prep).

In the light of craniofacial biology, morphological variation is the result of in-
terrelated and complex structural, historical and functional factors, which become
modified during ontogeny and phylogeny (Moss and Young 1960; Atchley and
Hall 1991; Enlow and Hans 1996; Moss 1997; Rosas 2001; Lieberman et al. 2002;
Bastir et al. 2003). All these factors play together in order to produce one compos-
ite morphological result. In this developmentally, and thus dynamically oriented
line of reasoning, one important factor of morphological variation is allometry, i.e.
the covariation of size and shape. Although allometry represents one of the oldest
known biological principles, it is in many respects still an unresolved issue (Klin-
genberg 1998). One current problem relates to the question, whether or how
allometry is a useful tool for phylogenetic analysis (Ackermann and Krovitz 2002;
O’Higgins et al. 2001; Bastir and Rosas in revision). Some recent studies found
parallel allometric trajectories which are either interpreted as evidence for ontoge-
netically early pattern determination in humans and Neanderthals (Ponce de Ledn
and Zollikofer 2001) and even phylogenetic proximity among chimpanzees and
hominins (Ackermann and Krovitz 2002). Other studies did not find clear system-
atic relations between allometric trajectories and phylogenetic relations
(O’Higgins et al. 2001, Bastir and Rosas in revision). Surprisingly, even within
humans parallel and divergent allometric trajectories were identified questioning
their taxonomic usefulness (Vidasdottir et al. 2002). This evidence suggests that
further study in that direction is needed.

One methodological problem in most of these studies is that usually one princi-
pal component of shape variation -that one, which is most correlated with size- is
taken as the representative variable of growth allometry. However, it is known that
often more than one principal component can show allometric variation
(O’Higgins et al. 2001; Vidasdottir et al. 2002; Bastir et al. 2003). As this fact
may influence the analysis and recognition of shape changes produced by pure al-
lometry, one straightforward way to avoid these problems is the use of regression
models of shape on size (Bookstein, 1996; Loy et al., 1996; Zelditch et al. 2001).
Procrustes based geometric morphometry of landmark data (Rohlf and Slice 1990)
is an ideal tool for this kind of allometric analysis because it is based on the opera-
tional separation of size and shape, which provides a high analytical resolution
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(Bookstein 1991, 1996; Rosas and Bastir 2002). This analytical resolution is af-
fected, however, by the numeric relations of sample size, groups and landmarks
like in any other multivariate statistic procedure and resampling techniques can
sometimes provide solutions. In this sense, the question of allometric parallelism
or divergence is also a question of methods. But there is also a morphological in-
terest, that addresses the morphological nature of allometric shape changes.

The present study analyzes static allometric variation of mandibles from mod-
ern humans, Neanderthals and from their putative ancestors, Homo heidelbergen-
sis by regression approaches. It tests the null hypothesis that no difference exists
in the allometric variation among the mandibles of these hominins (H1) and ana-
lyzes the allometric variation in morphology by pairwise comparisons and super-
position of allometric trajectories (Zelditch et al. 2001). The morphological analy-
sis of the mandible provides various advantages. It is a paradigmatic key-object
for the study of complex morphology, a notion, which characterizes any morpho-
logical structure that is “comprised by a number of developmental parts and proc-
esses” (Atchley and Hall 1991:105). The mandible is further one of the best-
represented bones in the human paleontological record (Rosas 1992). In addition,
the study of mandibular allometry is specifically interesting regarding the evolu-
tion of classic Neanderthals. In a series of previous investigations with conven-
tional morphometric techniques, it was convincingly demonstrated that the man-
dibular morphology of the hominids from Atapuerca, Sima de los Huesos (AT-
SH) (H. heidelbergensis) display a principally allometric pattern of shape varia-
tion (Rosas 1997, 2000). The evolutionary relevance of this AT-SH mandibular al-
lometry consists of the fact that smaller individuals display a series of primitive
characters, while larger AT-SH individuals present clearly derived (Neanderthal-
like) morphologies as a retromolar space, a mental foramen close to M1 and a
symphyseal curvature. This allometric pattern formation in the AT-SH mandibles
is the second hypothesis (H2) to be tested.

In the present study, we divided the mandible into two parts (functional matrix
components) (Moss and Young 1960; Enlow and Hans 1996). We performed
separate analyses of the part superior to the alveolar nerve canal and the part infe-
rior to it. These parts differ developmentally, because bone remodeling (i.c. bone
resorption and bone deposition) is regionally different (Enlow and Hans 1996).
The infra-alveolar part contains structural information about the spatial position of
the mandible within the complete craniofacial systems and properties of the
growth process and the associated modifications (e.g. total mandibular, matrix and
intramatrix rotations, sensu (Bjork 1969; Skieller et al. 1984; Bjork 1991). The
part superior to the alveolar nerve canal in humans is characterized ontogeneti-
cally by external resorption and internal deposition (Enlow and Hans 1996). The
supra-alveolar component has a strong functional component that relates to occlu-
sion and the masticatory system. In the mandible this system consists of the mus-
cle insertion sites, the dentition and the alveolar process.

Mastication is a main function of the viscerocranium, which is known to scale
positively with body size (Biegert 1957; Emerson and Bramble 1993). Thus, the
third hypothesis (H3) tests if the supra-alveolar, functional part of the mandible
shows stronger allometric variation than the infra-alveolar, structural part.
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16.2 Material and methods

We collected 20 3D-landmarks with a MicroScribe 3DX® digitize. These land-
marks are [(1) M3; (2) M1; (3) Canine, (4) Mental foramen, (5) Inferior basal bor-
der, (6) Preangular notch, (7) Gonion; (8) Ramus Flexure, (9) Condylion, (10)
Mandibular notch, (11) Coronoid, (12) Anterior ramus, (13) Retromolar space,
(14) Mandibular foramen, (15) Infradentale, (16) B-point, (17) Menton, (18)
Gnathion, (19) Foramen genioglossum, (20) Internal Infradentale] (Fig. 1).

Details of measurements, error evaluation and data processing are described
elsewhere (Rosas, Bastir 2002). The human mandibles (N=82) were digitized at
the Institute of Anthropology (European sample; N=45) of the University of Co-
imbra in Portugal and at the Natural History Museum (African sample N=37) in
London, with female and male individuals in roughly similar contributions.

The Atapuerca SH sample is a unique collection of mandibles, which belong
most probably to one biological population (Bermuidez de Castro et al. 2001). Al-
though the total sample consists of at least twenty-nine different specimens (Rosas
1995), eight of these mandibles are almost complete, and were used in the present
study [five females: AT-607, AT-950, AT-952, AT-2193, AT-3888; and three
males AT-300, AT-605, AT-888; (Rosas et al., 2002a)]. The original mandibles
are housed the MNCN, Madrid. The Neanderthals (Krapina J, La Chapelle, Aube-
sier 11, MonteCirceo 2 and 3, La Ferassie 1, La Quina 5 and 9, St. Cesaire, Re-
gourdou 1, Amud 1, Tabun 1 and 2, Bafiolas, Zafarrayah, Spy 1, and Kebara) were
digitized at the Natural History Museum, London, and mostly on casts (except
Tabun 2) and at the MNCN, Madrid.

Fig. 1. Landmark scheme on the mean shape of a human mandible

16.3 Geometric morphometry

Geometric morphometry of landmark coordinates provides an ideal tool kit for
testing hypotheses of allometry. This is, because at the core of these methods is
the separation between two components of biological form, i.e., size and shape
(Bookstein 1991). Procrustes superimposition techniques (translation, rotation and
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scaling) aim to minimize the offset between homologue landmarks, and size is ob-
tained as a scaling factor termed ““centroid size” (Kendall 1977; Rohlf and Slice
1990; Bookstein 1991), which is defined as the square root of the sum of the
squared distances between the centroid and each of the landmarks (Bookstein
1991). Shape is the residual geometric information remaining, once superimposi-
tion techniques ruled out location, scale and rotational effects (Kendall 1977).

16.3.1 Thin-plate splines

A specific category of shape variables derives from thin-plate splines, i.e., the par-
tial warps and uniform component scores (Bookstein 1991). Thin-plate splines
(TPS) quantify the shape differences between two objects by deforming the first
specimen into the second one. First, both configurations are Procrustes superim-
posed. Second, a hypothetical infinitely thin metal plate (grid) is fitted over the
reference configuration, which is then deformed vertically until it matches exactly
the target shape (Bookstein 1991). The warping of the grid reflects the mismatch
of homologue landmarks. This deformation is characterized by certain amounts of
bending energy, which can be used for the derivation of shape descriptors, the par-
tial warps and uniform component scores (a=0) (Rohlf et al. 1996). In the present
study, the Procrustes mean shape of all specimens of a given species is trans-
formed by TPS into each of the individuals. The TPS transformation yields a data
matrix in which each specimen is defined exactly in the shape space by the ob-
tained partial warps scores and its centroid size. This was performed separately for
humans, AT-SH hominids and Neanderthals. Detailed technical description of
these methods can be found in Bookstein (1991).

16.3.2 Missing data

The present geometric morphometric study is based on landmark coordinates.
Whereas in Procrustes analysis missing landmarks are not so much a problem,
since the superimposition can be performed on a set of the largest number of
common preserved points (Slice 1998), the TPS method does not permit missing
data. TPS analysis is currently also most effectively performed on two-
dimensional data, thus the 3D coordinates of partially fragmentary fossils needed a
specific preparation. First, a Generalized Procrustes Superimposition (Rohlf and
Slice 1990) was performed in 3D altogether on all specimens. The group specific
mean shapes were calculated and centroid size was extracted as the common scal-
ing factor. All the specimens were rotated into lateral view. Then the missing val-
ues of the corresponding group mean shapes were replaced in the aligned data. For
the AT-SH sample the sex-specific mean values were used (Rosas and Bastir
2002; Rosas et al. 2002a), whereas for the Neanderthal sample the unsexed group
specific mean was used. The medio-lateral coordinate dimension was removed
and the specimens were rescaled by the previously extracted centroid size. Finally,
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the bilateral landmarks were averaged, so that the data could be exported into the
TPS-software data format by Morpheus (Slice 1998).

16.3.3 Geometric morphometric software and data analyses

The allometric patterns of shape variation were calculated by multivariate regres-
sions of shape on log-transformed centroid size (Bookstein 1996) by VecCom-
pare, VecLand (IMP-software) (Sheets 2001), and tpsRegr (TPS-software) (Rohlf
1998). The fit of the regression models was evaluated by the explained variance of
the model and by Goodall’s F-test (1991) (Rohlf 1998). The differences in signifi-
cantly allometric models were evaluated by bootstrapping procedures (N=300),
described in detail in (Zelditch et al. 2001, 2003). This conservative test compares
the angles of allometric vectors between two samples (VecCompare). By boot-
strapping procedures a within-group angle range is evaluated for each sample and
compared with the between-group angle. If the between-group angle is larger than
the 95% range of the bootstrapped within-group angles, the between-group angle
is judged significantly different and the allometries are different (Zelditch et al.
2001, 2003). The allometries are compared by VecLand and depicted as displace-
ment vector for each species on each landmark.

16.4 Results

The allometric shape changes as expressed by regressions on log centroid size are
shown in Figure 2. The overall allometric patterns show little shape variation in
humans and higher variation among the fossils. (Table 1). This table gives the de-
scriptives of the fit of the regression models of the supra-and infra-alveolar units
evaluated by tpsREGR (Rohlf 1998). The supra-alveolar components were all
highly significantly allometric. Infra-alveolar components showed less clear rela-
tions. In all cases, AT-SH hominids revealed the best fit of the data. The bootstrap
comparisons for the significant models of the total mandible and the supra-
alveolar unit are given in Table 2. The angle ranges were generally high and did
not contribute to distinguish between the species and lend support to Hypothesis 1
of similar slopes. Hypothesis 2 is corroborated because Figures 2a, ¢ indicate the
presence of a retromolar space and a posterior position of the mental foramen in
AT-SH hominids (by an anterior migration of M1).

Table 1. Fit of Regressions (tpsREGR)

System Humans Neanderthals Atapuerca

% expl. var. sig. % expl. var. sig. % expl. var. sig.
supra-alveolar 8,1 0,000 21,1 0,000 57,74 0,000
infra-alveolar 3 0,005 9 ns 27 ns

ns (not significant)
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Table 2. Supra-alveolar models. Bootstrapping angles in decimal degrees (VecCompare6).
Between: indicates between group angle, G1, G2 give the 95% C.I. of ranges within the
group listed in G1 / G2

Gl1/G2 between Gl G2  Difference
Humans / Atapuerca-SH 108 103,5 34 ns
Humans / Neanderthals 112,6 9] 498 ns
Atapuerca-SH / Neanderthals 92,5 359 933 ns

ns (not significant)

Fig. 2. Pairwise comparison of superposed allometric variation patterns. a) humans, AT-
SH; b) humans, Neanderthals, c)AT-SH, Neanderthals. Left column: functional unit. Right
colum: structural unit
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The superposed allometric tendencies of the developmental components con-
tribute further to understand the allometric patterns (Fig. 2). As listed in Table 1,
the supra-alveolar unit displays much more allometric variation than the infra-
alveolar unit., which supports Hypothesis 3. The supra-alveolar components show
also a very similar overall morphological pattern (Fig. 2, left column). All species
produce an anterior shift at the molar dentition as a positive allometric effect, but
with different vertical and horizontal components. These changes are accompanied
by other more individualized modifications of the ramus shape. The infra-nerve
units show only minor allometric changes.

19.5. Discussion

In the present study we analyzed the allometric variation in mandibles of modermn
humans and Middle Pleistocene hominins. Geometric morphometrics were used to
test hypotheses about allometric shape variation. Hypothesis 1 predicted parallel
allometric trajectories among all species. Hypothesis 2 predicted that larger indi-
viduals from Atapuerca-SH should display derived morphological traits, typical
for Neanderthals and Hypothesis 3 predicted higher allometric variation at the
functional mandibular part. All hypotheses received support from the analytical
design of the present study

Hypothesis 1. The findings indicate that no significant difference exists in static
allometric variation patterns between the analyzed hominin species. Although this
is similar to the study of Ponce de Ledn and Zolikofer (2001) who reported paral-
lel trajectories in postnatal ontogenetic allometries, our results are not directly
comparable. This is, because in the present study static allometric variation pat-
terns were analyzed and three different kinds of allometry can be distinguished,
ontogenetic, static and evolutionary allometry (Cheverud 1982; Klingenberg
1998).

While ontogenetic allometry contains information about the dynamics of
growth and development of a given species, static allometry describes size-shape
relations that are obtained in later ontogeny (Godfrey and Sutherland 1996; Rosas
and Bastir 2002) or because of specific functional or developmental relationships.
Adult allometry is thus not a direct substitute for ontogeny. The relationship be-
tween all three kinds of allometry is that growth allometries have their effect on
adult variation, which is subjected to natural selection and other evolutionary phe-
nomena (Klingenberg 1998). A possible interpretation of the interspecific com-
parison may be that the analyzed species share static allometric slopes with differ-
ent morphological consequences that are obtained earlier in ontogeny. Insofar the
present results fit to the findings of Ponce de Leon. and Zolikofer (2001).

The present results support Hypothesis 2 in that large individuals in AT-SH
showed derived morphological traits such as the presence of a retromolar space
(Rosas 1992, 1997). 1t is particularly interesting that the formation of the retromo-
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lar space, the mental foramen position and the symphyseal curvature are present in
all three species as a positive allometric, but therefore also continuous effect,
which is therefore in line with other findings (Franciscus and Trinkaus 1995; Ro-
sas 1997).

A particular problem of static allometry in this respect is that it does not contain
information about the developmental dynamics that lead to the evolution of a par-
ticular morphology. Thus, to investigate the question, which kind of allometric
changes may have contributed to these particular morphological modifications in
the AT-SH-Neanderthal lineage requires a comparative analysis of the traits
among all three kinds of allometry. Changes in rate or time can only be distin-
guished in the comparative analysis of ontogenetic data that contain a reference
for time (Klingenberg 1998). In the present study, nevertheless, the morphological
nature of allometric variation patterns was of interest and not their heterochronic
nature. This question deserves further analysis.

Another reason for cautiousness in comparisons of the present results with
other studies of allometric variation is of methodological nature. This study ap-
plied a thin-plate spline regression approach to the study of allometry (Bookstein
1996; Loy et al. 1996; Zelditch et al. 2001) instead of using relative warps (Ponce
de Leon and Zolikofer 2001). The present approach captures thus, by definition,
all variation associated to modifications of size, while in relative warps analysis,
the fractions of pure allometry can be morphologically distributed across various
relative warps (O’Higgins et al. 2001; Vidasdottir et al. 2002; Bastir et al. 2003).

Of particular interest seems the test of Hypothesis 3. The results indicate that
the separation of the mandible in specific developmental units contributes to lo-
cate the allometric effect of shape variation. Table 1 and Figure 2 show that spe-
cifically the unit associated with strong functional aspects displays high allometric
variation, with different vertical and horizontal modifications at the ramus and the
posterior limit of the corpus. This is not only coherent with the fact that precisely
functional associations can be detected in static allometries (Klingenberg, 1998)
but also supports the view that the viscerocranium, i.e. the masticatory apparatus
(Biegert, 1957, Emerson and Bramble 1993), and the facial part of the respiratory
system (Enlow and Hans 1996) show strong positively allometric associations
with body size or body mass.

The difference of allometric and non-allometric variation patterns and their
relative independence within the mandible lends support to a major aspect of the
functional matrix hypothesis (Moss and Young 1960), which predicts that differ-
ent and partially independent functional (micro-skeletal) units can be integrated
within the same individual bone. In this respect the findings support the division
of these units in functional and structural terms, although it should be noted that
other mandibular divisions at other phenomenological scales are possible (Klin-
genberg et al. 2003).

The structural component has shown considerably decreased allometric varia-
tion (Table 1). However, its structural nature may not only be indicated by the lack
of allometric variation, but also by the fact that this part contains information
about the spatial position of the mandible within the whole craniofacial system
(Skieller et al. 1984; Bjork 1991). Figure 2a indicates that large modern human
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individuals show a more vertical morphological pattern, in which larger individu-
als tend to increased vertical ramus proportions and decreased horizontal corpus
proportions, with a backwards reorientation, retraction of the symphysis. This re-
traction is produced by spatially induced bone resorption (Enlow and Hans 1996).

These modifications may be interpreted in terms of allometric changes in later
ontogeny (Godfrey and Sutherland 1996; Rosas and Bastir 2002) which produce
different spatial positions in the mandible in larger individuals with respect to the
cranium. In a recent analysis of static allometric variation of the whole skull, it
was shown that in larger individuals, independent from sexual dimorphism, the
whole viscerocranium was inferiorly expanded (Rosas and Bastir 2002). Such a
displacement is likely a consequence of general postnatal facial growth effects
within a principally vertical skull design in humans and has been associated to
specific mandibular rotations and remodeling patterns (Enlow and Hans 1996).

This situation should be theoretically different in the hominin fossils because
their increased facial projection and prognathism (Aiello and Dean 1991; Bastir
1998) would require less spatial adaptation in mandibles of larger individuals. It is
interesting nevertheless, that also in the more prognathic fossils morphologies -
associated to spatial adjustments- can be observed at the orientation and morphol-
ogy of the symphysis, which are morphologically similar to those of modern hu-
mans and causally related to a vertical skull design (Enlow and Hans 1996). It is
difficult to understand this, but this problem offers one indication for future inves-
tigation that should address the analysis of remodeling patterns at the symphysis
of those hominins (Martinez-Maza and Rosas 2002). A comparative paleohis-
tological analysis could indicate whether the observed similarity in morphology
relates to similar biological processes between modern humans and fossil
hominins.

19.7 Conclusions

The present study has shown that geometric morphometric analysis of allometric
variation and the superposition of allometric trajectories on individual landmarks
offers a series of interesting question that are important for the understanding of
the evolution of the modern human skull. While the interpretation of static allome-
try in terms of phylogenetic relations is difficult, the study has shown that allomet-
ric shape variation of the hominin mandible is localized at the functional part, re-
lated to mastication. In this area in all species a tendency to form a retromolar
space was observed. Another mandibular unit that has been associated to structural
factors reveals less allometric variation. It permits however inferences to the spa-
tial position of the mandible within the entire skull. Similar morphological modifi-
cations at the symphysis among all three species are discussed with respect to spa-
tial directions of growth displacement but conclusions about comparability of
symphyseal similarity must await further study of the paleo-histology of the in-
volved structures.
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17.1 Abstract

The temporal bone is often described as one of the most diagnostic areas for Ne-
anderthals. It is the location of several traits thought to differentiate Neanderthals
from modern humans, including some proposed Neanderthal derived traits. Most
of these are difficult to capture with traditional measurements and are usually de-
scribed qualitatively. This study built on previous work in applying the techniques
of geometric morphometrics to the complex morphology of the temporal bone,
with the purpose of quantifying the differences observed between Neanderthal and
modern human temporal bone morphology. The sample included 270 modern hu-
mans from 9 populations spanning the extremes of the modern human geographi-
cal range, 14 Neanderthals and 6 Late Paleolithic Europeans. The data were col-
lected as 3-D landmark coordinates and the specimen configurations were
superimposed using Generalized Procrustes Analysis. The fitted coordinates were
analyzed using multivariate statistics. The temporal bone landmark analysis suc-
cessfully separated Neanderthals from modern humans. Most of the previously de-
scribed temporal bone traits contributed to this separation, although a few differ-
ences from previous analyses were found.

Keywords: Neanderthals, Kabwe, modern human origins, temporal bone.

17.2 Introduction

The temporal bone is one of the most diagnostic anatomical areas for Neander-
thals. Neanderthal features include the small mastoid process relative to the jux-
tamastoid eminence (Boule and Vallois 1957; Vallois 1969; Santa Luca 1978; El-
yaqtine 1996; Dean et al. 1998); the origin of the petro-tympanic crest at the most
inferiorly projecting part of the tympanic and the coronal orientation of the tym-
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panic plate (Vallois 1969; Vandermeersch 1985; Elyaqtine 1996; Schwartz and
Tattersall 1996); a wide, shallow and medially closed-off glenoid fossa (Vallois
1969), and the strong supramastoid crest (Boule and Vallois 1957; Vallois 1969).
Most of these traits are difficult to measure directly with caliper measurements.
Previous studies by the author (Harvati 2001a, b, 2002, 2003) pursued their quan-
titative evaluation using 3-D geometric morphometrics of temporal bone land-
marks in Neanderthals and modern human groups. Perhaps the greatest advantage
of this technique is that it provides a means of quantifying shape differences of
variable traits which cannot be directly linearly measured (Dean 1993; Harvati
2001a).

The present paper builds on the author’s earlier work by including a greater
number of fossil specimens. This is of particular importance for the Upper Paleo-
lithic European specimens, of which only four were included in Harvati (2001a, b,
2003). Some of the fossil specimens for which only casts were available earlier are
here represented by the original specimens. This enhances the quality of the data,
as some temporal bone landmarks are more difficult to locate on casts. Finally,
shape differences along principal components were visualized here using Mor-
phologika (O’Higgins and Jones 1999) rather than GRF-ND (Slice 1992). As in
Harvati (2001a, b, 2003) Neanderthals are shown to be very clearly differentiated
from modern humans in their temporal bone traits.

17.3 Materials and methods

A sample of nine modern human populations (Andamanese, Australian, Austrian
Berg, W. African Dogon, Greenland Inusguk, Melanesian Tolai, Western Eura-
sian, Khoisan, Afalou/Taforalt Epipaleolithic), totaling 270 specimens, and several
Middle and Late Pleistocene fossil specimens were analyzed (Table 1). For further
details on the modern human samples see Harvati (2001a, 2003). Thirteen oste-
ological landmarks were digitized (Table 2, Figure 1), following Howells (1973).
Data were collected as three-dimensional coordinates using a portable digitizer
Microscribe 3DX. All data were collected by the author. Measurement error was
calculated for each landmark based on ten replicates of the same specimen. Error
was assessed for each landmark by calculating the deviation around the mean dis-
tance of that landmark from the centroid (mean of all coordinates). Measurement
error ranged from 0.06 to 0.34 mm and was similar across all landmarks. Minimal
reconstruction was allowed during data collection for specimens where very little
damage was observed. The landmark coordinates were superimposed using Gen-
eralized Procrustes Analysis (Rohlf 1990; Rohlf and Marcus 1993; Slice 1996;
O'Higgins and Jones 1998) in Morpheus (Slice 1994-1999) and Morphologika
(O’Higgins and Jones 1999). Using reflection of right and left, specimens preserv-
ing different sides were combined in one dataset. Data were reconstructed by re-
flecting right-left homologous landmarks, so that landmarks preserved on different
sides could be combined to form a more complete composite configuration.
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Fig. 1. A. Landmarks used in the analysis in lateral and ventral view; B. Modern human
(grey) and Neanderthal (black) mean configurations

The fitted coordinates (Slice 2001) were analyzed using a principal components
analysis (PCA); a canonical variates analysis (CVA) on the first 15 PCs (83.4 %
of the total variance); Mahalanobis D? correcting for unequal sample sizes (Mar-
cus 1990); and a discriminant analysis, which treated the Upper Paleolithic speci-
mens as unknown, to be classified into one of the predefined species level by pos-
terior probability. The robustness of this analysis was further tested by conducting
a cross-validation test on the entire dataset. An ANOVA was performed on the
PCA scores to determine the significance of species effects along each component,
and a Bonferroni test (alpha set to 0.05) was performed on all pairwise compari-
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sons of the population and species means of PC scores, in order to detect signifi-
cant differences between groups. Shape differences along the principal compo-
nents separating Neanderthals, or other fossils, from modern humans were ex-
plored in Morphologika.

17.4 Results

PC 1 (12.7 % of the total variance) separated Kabwe from the rest of the sample.
The shape differences between Kabwe and modern humans along PC 1 include a
more inferiorly positioned mastoid portion of the temporal bone, a shorter mastoid
process and more posteriorly placed tip of the juxtamastoid eminence and a wider
glenoid fossa.

Table 1. Sample of fossil specimens used. Asterisks indicate specimens for whic casts were
used

Neanderthals were separated from modern humans along PCs 2, 3 and 5 (0.9,
8.9 and 6.3 % respectively; Figure 2). The clearest separation is shown along PC 5
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Table 2. List of temporal bone landmarks used

although there is some overlap along all these components. All three PCs showed
a statistically significant species effect in the ANOVA (p < 0.0001 for PC 2, p =
0.0019 for PC 3 and p < 0.0001 for PC 5), and Neanderthal mean scores were sig-
nificantly different from those of modern humans. When examined at the level of
the population, Neanderthal mean scores were not significantly different from
those of the San and Inugsuk along PC 2 and those of the Andamanese along PC
3. Neanderthal scores were significantly different from all modern human groups
along PC 5. The Upper Paleolithic specimens and Kabwe fell within the modern
human 95 % confidence ellipse and outside the Neanderthal cluster along these
axes, although some specimens fell within the area of overlap of the confidence el-
lipses of the two groups. Along PCs 2 and 3 five Neanderthal specimens (Amud 1,
Quina 5, Spy 1, Guattari 1 and La Ferrassie 2) overlapped with modern humans.
Only two Neanderthals (Amud 1 and Spy 2) fell within the modern human 95 %
confidence ellipse along PC 5.

The shape differences that separated Neanderthals from modern humans along
these PCs can be summarized as follows: Neanderthals showed a more superiorly
positioned tip of the mastoid process; the tip of the juxtamastoid eminence was
more inferiorly, anteriorly and medially placed; the petro-tympanic crest was more
coronally oriented; porion and auriculare more posteriorly, and the medial end of
the petro-tympanic crest more posteriorly and medially placed (Figure 3).

The possibility that these shape differences were related to allometric scaling
was explored. As previously found, temporal bone centroid size for Neanderthals
was found to fall well within the range of modern human temporal bone centroid
size and mean Neanderthal centroid size was not significantly different from the
mean modern human centroid size (Figure 4). Among modern human populations
there were significant differences in mean centroid size. The Epipaleolithic Afa-
lou/Taforalt population showed the greatest centroid size and was significantly
different from all other modern human populations except the Upper Paleolithic
European sample. Both of these populations have been described as highly robust
(see discussion in Harvati 2001a). Kabwe showed a very high centroid size.
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Fig. 2. PCA components 2 and 3 (top) and 2 and 5 (bottom). Neanderthals: black diamonds;
Recent modern humans: grey triangles; Upper Paleolithic: black triangles; Kabwe: black
square. Dotted lines represent 95 % confidence ellipses
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Fig. 3. Shape differences between the Neanderthals and modern humans along A. PCs 2
and 3; B. PCs 2 and 5. Neanderthal configuration shown in black, modern human in grey

A correlation analysis was performed on the PCs 2, 3 and 5 and centroid size.
These were all found to be significantly correlated with centroid size, although the
correlation coefficients were quite low, indicating weak correlations (PC2:
1’=0.022 p=0.0117; PC3: r’=0.061 p<0.0001; PC 5: r*: 0.222 p<0.0001). When the
PCs were plotted against centroid size, all three showed a similar pattern of rela-
tively strong correlation between PC score and centroid size within modern hu-
mans, but not across modern humans and Neanderthals. The plot of PC5, which
scored the highest correlation, against centroid size is shown in Figure 4. There-
fore, although it appears that the shape differences described along these compo-
nents are to some extent size-related among modern humans, they are do not seem
to be related to temporal bone centroid size in Neanderthals.

The CVA was performed at the population level, so as not to bias the results by
predetermined species. Canonical axis 1 (Figure 5) separated Neanderthals from
all other specimens. No Neanderthal fell within the modern human 95 % confi-
dence ellipse along the first two canonical axes, although Amud 1 is the closest
specimen to modern humans. Kabwe and the Upper Paleolithic Europeans fell
within the modern human 95 % confidence ellipse along canonical axes 1 and 2.
Canonical axis 1 was not correlated with centroid size.

The Mahalanobis squared distances (Table 3) among populations were calcu-
lated. Neanderthals were very distant from modern human groups. The smallest
D’ between Neanderthals and any modern human population was to the Inugsuk.
This distance was larger than the largest distance found between modern human
groups. The Upper Paleolithic European specimens were much closer to modern
humans than to Neanderthals. Kabwe was found to be approximately equally
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Fig. 4. Means and standard deviations of temporal bone centroid size by population (top);
Centroid size plotted by Principal Component 5 (bottom)
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distant from Neanderthals and modern humans, but closer to some modern human
populations. In the discriminant analysis all Upper Paleolithic specimens were
classified as modern human with a posterior probability of 1.00. In the cross-
validation test all modern humans, and all but one Neanderthal specimen (Amud
1), were classified correctly.

17.5 Discussion

17.5.1 Modern humans

As reported previously (Harvati 2001a, b, 2003), the modern human mean con-
figuration is characterized by a medio-laterally narrow tympanic area and glenoid
fossa, a relatively sagittal orientation of the petro-tympanic crest and a large mas-
toid process (Figure 1).

17.5.2 Neanderthals

The Neanderthal mean configuration differed from the modern human one in hav-
ing a more laterally placed auriculare and porion and a somewhat inferiorly placed
entoglenoid pyramid and root of the articular eminence, showing a wider glenoid
fossa and tympanic area; a more coronal orientation of the petro-tympanic crest; a
smaller mastoid process; and a more medially placed juxtamastoid eminence, in-
dicating a wider digastric fossa; (Figure 1). The juxtamastoid eminence appeared
only slightly larger than that of modern humans, although it was at the same
height, or even lower, than the Neanderthal mastoid process. A shorter mastoid
portion of the temporal bone and a stronger supramastoid crest, as indicated by a
more lateral placement of auriculare relative to porion, were traits that were previ-
ously found to characterize Neanderthals relative to modern humans (Harvati
2003). These features were not found to differ between these two groups in the
present analysis. The above differences were found to separate Neanderthals from
modern humans in the PCA. The large Mahalanobis D? between Neanderthals and
modern humans confirms that temporal bone traits are very successful in separat-
ing Neanderthals from modern humans.

As in previous analyses, Amud 1 consistently overlapped with the modern hu-
man range along the axes that separated Neanderthals from modern humans in the
PCA. It was also found to be closest to modern humans along the first canonical
axis in the CVA and was the only Neanderthal to be misclassified as modern hu-
man in the cross-validation test of the discriminant analysis. As reported previ-
ously (Suzuki 1970; Stringer and Trinkaus 1981; Harvati 2003), Amud 1 has a
large mastoid process and is intermediate between Neanderthals and modern hu-
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mans in the orientation of its petro-tympanic crest and the position of its articular
eminence.

Canonical Variates Analysis

Canonical Axis 2

Canonical Axis 1
Fig. 5. CVA axes 1 and 2. Symbols as in Fig. 2

17.5.3 Upper Paleolithic Europeans

As previously found, the mean configuration for these specimens was very similar
to that of modern humans. The Mladec specimens are often cited as showing Ne-
anderthal affinities (e.g. Kidder et al. 1992). Mladec 2 showed some similarities to
the mean Neanderthal configuration in having a large juxtamastoid eminence and
small mastoid process. Despite these limited similarities Mladec 2 never clustered
with Neanderthals in either the PCA or the CVA and was identified as modern
human in the discriminant analysis. Mladec 5, which was not included in the pre-
vious analysis, was very similar to the modern human mean configuration, never
clustered with Neanderthals and was classified as modern human. The Upper Pa-
leolithic group was very distant from Neanderthals in Mahalanobis D?. Their dis-
tances to other modern human groups were equivalent to those found among re-
cent human populations.
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17.5.4 Kabwe

As was reported in Harvati (2001b, 2003), this specimen differed from both the
modern human and the Neanderthal mean configuration. showing relatively small

Table 3. Mahalanobis squared distances among populations. All distances are significant to
the 0.0001 level, exept where indicated: NS non-significant, * significant to the 0.05 level,
** gignificant to the 0.01 level. Nea: Neanderthals, And: Andamanese, Aus: Australian,
Brg: Austrian Berg, Dog: W. African Dogon, Epi: Afalou/Taforalt Epipaleolithic, Igs:
Greenland Inusguk, Eur: W. Eurasian, San: Khoisan, Tol: Melanesian Tolai, UP: Upper Pa-
leolithic Europeans

Kabwe  Nea And  Aus Brg Dog
Kabwe 0.00
Nea **23.18 0.00
And *18.26 47.50 0.00
Aus NS14.48 4225 1570 0.00
Brg *17.97 47.63 1528 842 0.00
Dog *20.48 37.62 1430 10.55 11.96 0.00
Epi *19.40 43.14 1568 17.27 812 9.50
Igs *%28.31 3248 2025 8.4l 12.61 12.05
Eur *20.18 4475 11.20 554 264 549
San NS11.94 4042 27.05 1565 1739 7.50
Tol *18.01 42.88 1504 **1.83 598 9.3
UP NS12.75 3542 1505 1543 9.80 17.43
Epi Igs Eur San Tol UP
Kabwe
Nea
And
Aus
Brg
Dog
Epi 0.00
Igs 21.56 0.00
Eur 6.58 9.14 0.00
San 20.39 22.59 15.67 0.00
Tol 13.02 8.63 3.65 14.66  0.00
UP 12.36 1453 12.60 20.60 1496 0.00

and posteriorly placed mastoid and juxtamastoid processes, a sagittal orientation
of the petro-tympanic crest, a medio-laterally wide glenoid fossa, and a supero-
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inferiorly shorter mastoid portion of the temporal bone. These shape differences
contributed to the separation of Kabwe along the first PC axis. As found previ-
ously Kabwe did not show a strong supramastoid crest, despite such descriptions
in the literature (Dean et al. 1998; see Elyaqtine 1995 for a different assessment).
Kabwe shared with modern humans the more sagittal orientation of the petro-
tympanic crest and the absence of a tympanomastoid fissure, as noted previously
(Elyaqtine 1995; Schwartz and Tattersall 1996; Martinez et al. 1997; Dean et al.
1998) possible derived traits of modern humans. Kabwe was very distant in Maha-
lanobis D from both modern humans and Neanderthals, although it was closer to
the former.

17.6 Conclusions

As reported in Harvati (2003) most previously described Neanderthal temporal
bone features were supported by this analysis, including the small size of the mas-
toid process, the orientation of the petro-tympanic plate and the great width of the
glenoid fossa. Unlike previous findings, a strong supramastoid crest was not found
in Neanderthals relative to modern humans. The large size of the juxtamastoid
eminence in Neanderthals was found to be less important in differentiating this
group from modern humans than the small size of the mastoid process. Kabwe dif-
fered in its temporal bone landmark configuration from both modern humans and
Neanderthals but was found to share possible modern human autapomorphic traits.
The Upper Paleolithic specimens, including the two Mladec specimens, showed
essentially modern human patterns of temporal bone morphology.
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Singular Value Decomposition (SVD)
216

size 115

size and shape 232, 234

skull design 231, 240

snake 198

Sorex 223

Soricidae 223

space 231

Spain 7

spatial position 233, 240

Sphyrnidae 98

sponges 83

Sprattus sprattus 46

spring model 58

static 238

static allometric variation 233

static allometries 239

stock 29, 115

stocks 115

structural 232

structural component 239

structural factors 240

structural part 233

study skins 188

superimposition 199

superimposition techniques 234

superposition 233

supertree 110

surface construction 95

surmuletus 46

symphyseal curvature 233, 239

symphysis 240

temporal bone 245
terrestrial bridges 144
Tetrasauropus 131 137
Theropoda 157

thinning algorithm 85
thin-plate spline 17, 74, 223
thin-plate spline regression 239
thin-plate splines 55, 100, 235
Titanosauria 137 143
Titanosauriformes 143
Titanosaurimanus nana 130



Index 263

TPS 235

TPSRegrw 102

TPSRelw 102
TPS-software 236
traditional morphometrics 8
translation rotation and scaling 235
Triarthrus becki 69
trilobites 3

trunk 183

truss 29, 117

Tukey's HSD test 102

Uca 45

uniform components 100
uniform shape 52

uniform shape components 133
unitary organisms 84

upper paleolithic 254

variation 199, 231

vector field 60

vertebrae 198

vertebrates 3

vertical skull 240

vertical structures 190
vicariance 144
viscerocranium 233, 239 240

weight matrix 133








