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Two statistical methods, fractal geometry and geometric morphometrics, are tested for their applicability to ostracod sys-
tematics. For this comparison, two morphologically similar ostracod species (Krithe compressa and Krithe iniqua) whose
genus-level systematics is still incompletely resolved, are selected. Twenty-nine right valves of each species were col-
lected from the upper Pliocene samples at the Monte San Nicola section in southern Italy. Statistical analyses (MANOV A
on morphometric shape variables, and D values) were utilized to test if geometric morphometrics and fractal analysis are
appropriate into discriminating between the two species. Both methods succeeded in distinguishing the species statisti-
cally. The fractal analysis of the two ostracod species shows D values centered on 1.31+0.02 for Krithe iniqua and on
1.40+0.02 for Krithe compressa. Geometric morphometric analysis indicates significant differences between the two spe-
cies and allows studying intra-populational variability as well as. The most variable traits indicated by geometric morpho-
metrics are vestibular area and posterior outline of the shell, indicating that these traits are the most relevant for the sys-
tematics of the species analyzed. Both fractal geometry and geometric morphometrics provide a measure of population
variability. Fractal analysis has the advantage of being free from any subjectivity in the selection of characters and could
be most appropriate to use for analysis of complex ornamentation for systematic purposes. However, a possible advantage
of geometric morphometrics over fractal analysis is its ability to indicate where statistically significant variations in shape
occur on the shell.
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Introduction

Analysis of morphological variability is one of the funda-
mental steps for the resolution of taxonomic problems. As-
sessment of the amount and nature of morphological vari-
ability among organisms, both living and fossil, is currently
benefiting from mathematical studies that allow statistical
analysis of morphological disparity in a given group for a
given time-interval.

Several techniques are currently being used to describe
and measure morphological variability. However there is no
general agreement among researchers on the appropriateness
of one method over the others.

The aim of this paper is to compare the relative power and
appropriateness of fractal geometry and geometric morpho-
metrics for taxonomy. By attributing a numerical value to a
curved line, fractal geometry provides a method of standardi-
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sation when trying to distinguish between different species.
On the other hand, geometric morphometrics has the advan-
tage of topologically investigating shape variation through
thin plate spline visualization, thereby providing a potential
connection with the naked-eye approaches of classical sys-
tematics.

In requiring a certain number of specimens for statistical
analysis, both methods are technically well-suited to the study
of fossil species taxonomy, especially of invertebrates and
microfossils for which large populations are often available.

This study does not address questions concerning species
concepts: natural scientists have discussed the “species prob-
lem” extensively, introducing numerous species definitions
but without reaching full agreement (Mayden 1997). The use
of the morphological (or typological) species concept has
been severely criticized by the upholders of the biological
species concept (e.g., Mayr 1996) who tend to treat it as an
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obsolete notion. Despite this criticism, most paleontologists
and many neontologists accept “morphospecies” as a matter
of fact in their daily research. For the purpose of this study,
some of the modern definitions of morphological species are
equally satisfactory. For example, Claridge et al. (1997) de-
fined species as “a community, or a number of related com-
munities, whose distinctive morphological characters are, in
the opinion of a competent systematist, sufficiently definite
to entitle it, or them, to a specific name”. Cronquist (1988)
considered species as “the smallest groups that are consis-
tently and persistently distinct and distinguishable by ordi-
nary means.”

In the last two decades, the increased use of fractals in the
life sciences has led to many applications in different areas of
research in biology, palacontology and related disciplines.
Fractal geometry may contribute to the description and better
understanding of a large number of phenomena, ranging
from the architecture of chromosomes to the structure of
bronchial tubes, and from insects movement to population
growth rate, that is, virtually everywhere life expresses its
complexity (references in Stanley 1992; Nonnenmacher et
al. 1994; Kenkel and Walker 1996). The study of the mor-
phology of living and fossil organisms by fractals is still not
greatly developed, although some authors have laid the
groundwork with the publication of papers on the fractal di-
mension of, for instance, leaf outlines (Vlcek and Cheung
1986), root systems (Tatsumi et al. 1989), perimeters of algal
species (Corbit and Garbary 1995; Davenport et al. 1996)
and ammonoid suture lines (Boyajian and Lutz 1992). Vicek
and Cheung (1986) were possibly the first, measuring the
fractal dimension of the leaf margins in some tree species and
showing the potential of fractal geometry in taxonomy.

Geometric morphometrics can be traced back to D’ Arcy
Thompson seminal book On Growth and Form (1917). Be-
cause of the implicit difficulties in the mathematics involved,
full-fledged application to systematics is relatively recent
(e.g., Reyment 1993, 1995; Reyment and Abe 1995; Elewa
2003, 2004). Since Bookstein’s (1989, 1991) thin plate spline
method and Rohlf and Slice’s (1990) paper on generalised
least squares, countless published studies have been added to
the bibliography on geometric morphometrics (Adams et al.
2004). Geometric morphometrics has been traditionally used
in taxonomic studies (for ostracods, see Reyment 1993, 1995;
Reyment and Abe 1995; Elewa 2003). Yet, the recent litera-
ture also provides examples of morphofunctional studies (e.g.,
Bruner and Manzi 2004; Raia 2004; to name just a few of the
latest in the field of paleontology).

To achieve the aims of the current paper, two ostracod
species belonging to Krithe Brady, Crosskey, and Robertson,
1874 have been chosen due to the nature of the shell features
of this genus. Species of Krithe are characterized by having
smooth valves; consequently, the taxonomic features used to
differentiate species are essentially internal, mainly located
on the inner lamella. Krithe compressa (Seguenza, 1880) and
Krithe iniqua Abate, Barra, Aiello, and Bonaduce, 1993 are
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similar but distinct species, previously discussed by Abate et
al. (1993).

The shape, width and size of the anterior vestibulum, and
the pattern of marginal pore canals are generally considered
as the most important specific characters. All of these fea-
tures are best observed in transmitted light. In contrast to the
carapace ornament of many ostracod taxa, these features are
not well expressed in Krithe.

There is general agreement on the degree of variability of
these characters; however, different evaluations have been
given of their range of variation within a single species. Van
den Bold (1968) and Zhou and Ikeya (1992) showed two ex-
amples of extremely different approaches: the former figured
specimens with rather dissimilar vestibula as Krithe dolicho-
deira Bold, 1946; the latter split two species, K. antisawa-
nensis Ishizaki, 1966 and K. surugensis Zhou and Ikeya,
1992, on the basis of very minute morphological details.

Despite disagreement about the importance of some fea-
tures, recent studies attempting to clarify the systematics of
various species of Krithe (e.g., Abate et al. 1993; Coles et
al. 1994; Ayress et al. 1999) have produced encouraging re-
sults. The diagnostic criteria accepted in the present paper
are the ones used by Abate et al. (1993). It is worth noting
that Krithe species are usually very diffult to demarkate.
This is mostly due to ecophenotypic variation of the diag-
nostic characters due to environmental factors such as dis-
solved oxygen, food supply and water depth (Peypouquet
1975, 1977, 1979; Van Harten 1995), although the very na-
ture of these effects is still controversial (McKenzie et al.
1989; Zhou and Ikeya 1992; Whatley and Zhao 1993; Van
Harten 1996; Corbari 2004).

In this first attempt, three-dimensional morphological ana-
lysis has been found unsuitable due to the complexity of data
acquisition. Instead, we have used two-dimensional projec-
tions, which are common in studies of the morphology and
systematics of Krithe. This type of graphical representation—
commonly utilized in modern studies in the natural sciences—
provides detailed, clear and relatively simple images which
prove to be adequate for the aims of the current study.

Institutional abbreviation.—B.0.C., Bonaduce Ostracods
Collections, Museo di Paleontologia dell’Universita “Fede-
rico II” Napoli.

Other abbreviations.—D, fractal dimension; H, maximum
height of the shell; K-S, Kolmogorov-Smirnov statistic; L,
maximum length of the shell; p, pobability of significance of
test statistics; RW, relative warp; SV, single value of relative
warp vectors; U, Mann-Whitney statistics.

Fractal areal clustering

The topological (D) and Euclidean (Dg) dimensions of geo-
metrical sets assume only the integer values zero, one, two,
three (for some sets they can be equal), differently from the
fractal dimension D which can assume all the decimal values
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between zero and three (Mandelbrot 1983; Fig. 1). The clus-
tering index of a coordinate set can be obtained in a very ef-
fective way using the fractal dimension that may be com-
puted through the correlation integral C(R) (Grassberger and
Procaccia 1983; Luongo and Mazzarella 1997), which
counts the number of pairs with distance IX;-X;l smaller than
R. This is done by taking each point in turn as a centre and
analysing the distribution of the remaining points relative to
it. The correlation integral is defined as:

2 N N
CR)=——— OR-X, —X.),i#j
(R N(N_D;; (R=X,=X)).i#]
where O is the Heaviside function, N is the number of avail-
able points and X; is the co-ordinate set of the ith point. The
normalisation factor 2/(N(N-1)) represents the reciprocal of
the number of pairs so that C(R) tends to one for R tending to
infinite. If the distribution of N points has a fractal structure
then:

C(R)~RP
or, equivalently, on a log-log scaled plane
log(C) ~ Dlog(R) (1)

C(R) can be considered as the cumulative frequency dis-
tribution of all inter-point distances. D indicates the correla-
tion dimension that is a lower bound for the true fractal di-
mension, although it is generally assumed that the two di-
mensions are similar (Korvin et al. 1990). Theoretically,
fractal sets display a straight line in the log-log plot for virtu-
ally any interval of R. However, for experimental data there
is a limited scaling region with lower and upper limits, due
respectively to the minimum and maximum distance among
pairs of co-ordinates: for the minimum distance, values must
not be lower than the precision of the data, while for the max-
imum distance the most important constraint is the size and
shape of the region investigated. These considerations lead to
an estimation of D from the regression coefficient of the rela-
tionship (1), within a specific range of distances, only when
the correlation coefficient r among the available n pairs of
log(C) and log(R) has a confidence level not lower than 99%.
The confidence level is here based on the null hypothesis of
zero correlation that is rejected at 99% confidence level
when the following relationship

()

gives a value larger than that provided by the Student t distri-
bution with the number of degrees of freedom equal to 2° and
the confidence level 99% (Mazzarella 1998).

To understand fully the problem of a fractal characterisa-
tion of a data set, let us compute the correlation integral of an
ideal distribution of 225 points uniformly distributed, for ex-
ample, at a distance of 2 um over an area of 30 x 30 pum?
(Fig. 1). For the computation of C(R), the smallest distance
has been chosen to be 2 um gradually increased by a factor of
two. The fractal relationship is found to hold for R between
4 and 16 um with a D =2.0. For R greater than 16 um, that is
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Fig. 1. A. Ideal uniform network of 225 points spaced 2 mm apart over an
area of 30 x 30 mm?2. B. The log of number of pairs C of the stations, with
mutual distance smaller than R, as a function of log(R) (mm); the vertical
dashed lines represent the lower (4 mm) and upper (16 mm) limits of R, in-
side which the linear slope provides the best fitting to the investigated
co-ordinates.

equal to about one third of the largest distance, the log-log
plot of C(R) is curved. Therefore, a correct interpretation of
D requires that values of C(R) for R larger than one third of
the entire image size have to be discarded (Dongsheng et al.
1994), in concordance with the rules of spectral analysis ap-
plied to time series (Bath 1974). Moreover, the lower limit of
the scaling region, here equal to 4 um, represents the mini-
mum detectable wavelength whose identification requires
only three points; it corresponds to two times the gridding
area of the investigated data set.
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Fig. 2. Krithe iniqua Abate, Barra, Aiello, and Bonaduce, 1993, right valves; transparence drawings from external view; sample 59; upper Pliocene.
A.KI-01,B.0.C. 2490. B. KI-02, B.O.C. 2491. C. KI-03, B.O.C. 2492. D. K1-04, B.O.C. 2493. E. KI-05, B.O.C. 2494. F. KI-06, B.O.C. 2495. G. KI-07,
B.0.C. 2496. H. KI-08, B.0O.C. 2497. 1. KI-09, B.O.C. 2498. J. KI-10, B.O.C. 2499. K. KI-11, B.0.C. 2500. I. KI-12, B.0.C. 2501. L. KI-13, B.O.C. 2502.
M. KI-14, B.0O.C. 2503. N. KI-15, B.O.C. 2504. O. KI-16, B.O.C. 2505. P. KI-17, B.O.C. 2506. Q. KI-18, B.O.C. 2507. R. KI-19, B.O.C. 2508. S. KI-20,
B.O.C. 2509. T. KI-21, B.O.C. 2510. U. KI-22, B.O.C. 2511. V. KI-23, B.O.C. 2512. W. KI-24, B.O.C. 2513. Y. KI-25, B.O.C. 2514. Z. KI-26, B.O.C.

Y 0.5 mm YA

BB

2515. AA. KI-27, B.O.C. 2516. BB. KI-28, B.O.C. 2517.

Materials and data collection

Adult specimens of the ostracod species Krithe compressa
(Seguenza, 1880) and Krithe iniqua Abate, Barra, Aiello,
and Bonaduce, 1993, were collected from the upper Pliocene
samples of the Monte San Nicola section (Abate et al. 1993;
Aiello et al. 2000). The material consists of 29 right valves of
K. iniqua from sample 59 (KI-01 to KI-29), and 29 right
valves of K. compressa from samples 50 (7 valves: KC-01 to
KC-07), 51 (11 valves: KC-08 to KC-18) and 58 (11 valves:
KC-19 to KC-29).

All specimens were observed under transmitted light and
drawn by means of a visopan Reichert at a magnification of
x201(successively reduced in Figs. 2, 3). Basically, these
drawings depict the lateral outline of the valves and the ante-
rior third of the inner lamella (Fig. 4). The pictures were drawn
with a technical pen (line thickness 0.30 mm) on tracing paper.

For each specimen we also measured length (L) and
height (H) in mm.

Each drawing was imported using a flatbed scanner and
then visualized on a PC monitor in bitmap format. Since the
resulting raster image is made of pixels, it was necessary to
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Fig. 3. Krithe compressa (Seguenza, 1880), right valves; transparence drawings from external view; sample 50 (A-G), sample 51 (H-R), sample 58
(S-BB); upper Pliocene. A. KC-01, B.O.C. 2519. B. KC-02, B.O.C. 2520. C. KC-03, B.O.C. 2521. D. KC-04, B.O.C. 2522 E. KC-05, B.O.C. 2523.
F. KC-06, B.O.C. 2524. G. KC-07, B.O.C. 2525. H. KC-08, B.0.C. 2526. I. KC-09, B.O.C. 2527. J. KC-10, B.O.C. 2528. K. KC-11, B.O.C. 2529.
L. KC-12, B.O.C. 2530. M. KC-13, B.O.C. 2531. N. KC-14, B.O.C. 2532. O. KC-15, B.O.C. 2533. P. KC-16, B.O.C. 2534. Q. KC-17, B.O.C. 2535.
R. KC-18, B.O.C. 2536. S. KC-19, B.O.C. 2537. T. KC-20, B.O.C. 2538. U. KC-21, B.O.C. 2539. V. KC-22, B.O.C. 2540. W. KC-23, B.O.C. 2541.

X. KC-24,B.0.C. 2542. Y. KC-25, B.0.C. 2543. Z. KC-26, B.0.C. 2544. AA. KC-27, B.0.C. 2545. BB. KC-28, B.O.C. 2546.

utilise a vector form with a larger amount of details, which is
in turn dependent on the size and resolution of the image.

In fact, a vector image is stored as geometric objects, such
as lines and arcs drawn between specific coordinates. Vector
drawings are largely used in CAD (Computer Aided Design)
and GIS (Geographical Informations Systems) and in other
applications that require a high standard of accuracy. After
many trials, we concluded that a resolution of 300 dpi was suf-
ficiently high to reduce the noise inherent in the digitization
process and was appropriate for the spatial resolution of the
digitized drawings of the ostracods. A resolution lower than

300 dpi does not provide a sufficient number of data points to
obtain reliable fractal dimensions. Moreover, the values of
fractal dimensions have been found to be independent of reso-
lution at values higher than 300 dpi.

The vectorization process takes into account the magnifi-
cation (201x) and the digitization resolution (300 dpi) and
transforms the bidimensional projections of ostracod shells
into x,y co-ordinates measured in microns.

To quantify the degree of areal clustering of morphological
variability of the two ostracod species and to identify the spe-
cific range of distances inside which the co-ordinates follow
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Fig. 4. Main morphological features of studied ostracods species. A. Krithe
iniqua Abate, Barra, Aiello, and Bonaduce, 1993, right valve, transparence
drawing from external view, sample 59, B.O.C. 2518, upper Pliocene,
KI-29, sample 59. B. Krithe compressa (Seguenza, 1880), right valve,
transparence drawing from external view, KC-29, sample 58, B.O.C. 2547,
upper Pliocene.

the power law (1), the number C of pairs of points with dis-
tances smaller than R was plotted on a log-log scale as a func-
tion of R. The smallest distance has been chosen to be 1 pm,
gradually increased by a factor of two. For all the available ar-
eal co-ordinates, the best fit of the least-squares regression line
of log(C) on log(R), at confidence level higher than 99%, was
obtained only within the scaling region of 4-2048 um with a
fractal dimension varying of 1.20-1.55. Half the lower limit
value of the scaling region, equal to 2 um, is related to the reso-
lution of the vectorization process. The curvature of the
log-log plot for R lower than 4 pm and for R greater than 2048
um does not allow a direct interpretation of D. As R ap-
proaches the size of the investigated area there are fewer and
fewer pairs of points with sufficient separation; for values of R
greater than the size of the investigated area, no pairs are found
and the number of pairs with distances less than R remains the
same as R increases and D = 0 (due to the edge effect) (Fig. 5).
For geometric morphometrics analysis, we selected 12
landmarks (Fig. 6) on each drawing using Tps Dig 1.31 (Rohlf
2001a). Landmarks were chosen so as to capture overall valve
shape and details of characters relevant to Krithe systematics
(see Reyment 1993 for a similar procedure). Landmarked im-
ages were translated, rotated and scaled to the unit centroid
size according to the generalized procrustes analysis (GPA).
Relative warp (RW) scores of shape variables were then used
to perform a relative warp analysis with Tps Relw 1.23 (Rohlf
2001b). MANOVA was applied to test for significant differ-
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ences in shape data. RW scores were further analysed to inves-
tigate population-level differences as for one of the species un-
der concern, K. compressa, we had three different samples un-
der analysis. Sheffe multiple comparison tests were employed
as for this analysis.

In addition to the methods presented above, we deter-
mined whether the samples belonged (statistically) to the
same population, by comparing morphometric liner mea-
surements (L, H, and D) by multivariate analysis of variance
(MANOVA).

Finally, to test for potential differences in fractal mea-
surements, a two-sample Kolmogorov-Smirnov (K-S) test
was utilized. The K-S statistic is sensitive to any kind of dif-
ference in the distribution from which the two samples are
drawn, thus we performed both K-S and Mann-Whitney
tests. A five percent probability was considered as the level
of rejection of the null hypothesis. All analyses were per-
formed using the statistical package SPSS 13. We predicted
that the variability of different samples of the same species
would be smaller than that observed in samples of different

species.
RS

0.0 —

log (C)

-5.0-_* QO Krithe iniqua KI-18 (D = 1.20)
] : X Krithe compressa KC-16 (D = 1.55)
_6-0 T T 'l T | T T T T | T T T T I T - T T T |
1.0 2.0 3.0 4.0
log (R) um

Fig. 5. The logarithm of number of pairs C of points with mutual distance
smaller than R (um), as a function of log(R). Vertical dashed lines are the
limits inside which the linear slope of log(C) on log(R) provides the best fit-
ting to the data.

Fig. 6. Location of landmarks chose on Krithe valve for shape analysis.
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Table 1. Fractal dimensions (D), length (L), and height (H) of the studied specimens of Krithe iniqua and Krithe compressa.

Krithe iniqua D fractal L H Krithe compressa D fractal L H
KI-01 1.30 0.557 0.253 KC-01 1.41 0.587 0.268
KI-02 1.32 0.532 0.263 KC-02 1.39 0.577 0.273
KI-03 1.34 0.552 0.248 KC-03 1.41 0.587 0.278
KI-04 1.32 0.547 0.253 KC-04 1.37 0.567 0.263
KI-05 1.31 0.542 0.258 KC-05 1.40 0.562 0.263
KI-06 1.30 0.537 0.258 KC-06 141 0.557 0.263
KI-07 1.34 0.527 0.243 KC-07 1.38 0.557 0.263
KI-08 1.33 0.532 0.263 KC-08 1.33 0.567 0.268
KI-09 1.30 0.542 0.273 KC-09 1.29 0.562 0.263
KI-10 1.35 0.562 0.253 KC-10 1.37 0.557 0.263
KI-11 1.32 0.537 0.243 KC-11 141 0.542 0.253
KI-12 1.32 0.552 0.273 KC-12 1.42 0.557 0.263
KI 13 1.34 0.562 0.253 KC-13 1.42 0.542 0.253
KI-14 1.34 0.552 0.248 KC-14 1.38 0.547 0.285
KI-15 1.31 0.552 0.273 KC-15 1.39 0.552 0.258
KI-16 1.31 0.542 0.238 KC-16 1.55 0.572 0.268
KI-17 1.31 0.537 0.263 KC-17 1.40 0.552 0.248
KI-18 1.20 0.537 0.268 KC-18 1.40 0.557 0.268
KI-19 1.31 0.552 0.243 KC-19 1.38 0.557 0.258
KI-20 1.31 0.532 0.268 KC-20 1.36 0.547 0.253
KI-21 1.31 0.537 0.248 KC-21 1.38 0.552 0.268
KI-22 1.30 0.562 0.243 KC-22 1.40 0.562 0.263
KI-23 1.32 0.522 0.268 KC-23 1.40 0.557 0.253
KI-24 1.29 0.522 0.263 KC-24 1.40 0.552 0.258
KI-25 1.30 0.527 0.263 KC-25 1.43 0.552 0.258
KI-26 1.29 0.547 0.273 KC-26 1.40 0.522 0.248
KI-27 1.28 0.537 0.268 KC-27 1.40 0.547 0.263
KI-28 1.28 0.527 0.263 KC-28 1.40 0.532 0.253
KI-29 1.31 0.547 0.268 KC-29 1.39 0.542 0.248
n 29 29 29 n 29 29 29
min 1.2 0.522 0.238 min 1.29 0.522 0.248
max 1.35 0.562 0.273 max 1.55 0.587 0.285
average 1.31 0.54 0.26 average 1.39 0.56 0.26
standard deviation 0.0276 0.0118 0.0107 standard deviation 0.04067 0.0142 0.0088

Table 2. Two-sample Kolmogorov-Smirnov test and Mann-Whitney test statistic for pairwise comparisons of D fractal values of different samples

of Krithe compressa and those of Krithe iniqua.

. Kolmogorov-Smirnov test Mann-Whitney test
Comparisons
samples K-S p U p
Krithe compressa sample 50 versus K. compressa sample 51 7,11 0.564 0.908 38.0 0.964
Krithe compressa sample 50 versus K. compressa sample 58 7,11 0.698 0.714 335 0.639
Krithe compressa sample 51 versus K. compressa sample 58 11,11 0.853 0.461 59.5 0.946
Krithe iniqua versus Krithe compressa sample 50 29,7 2.375 0.001 0.00 <0.001
Krithe iniqua versus Krithe compressa sample 51 29,11 2.567 0.001 30.5 <0.001
Krithe iniqua versus Krithe compressa sample 58 29, 11 2.824 0.001 0.00 <0.001

Results and discussion

Results of the fractal analysis are summarized in Table 1. In
order to evaluate morphological variations in Krithe com-
pressa and K. iniqua we measured their lengths (L), heights

(H) and fractal dimensions (D). We compared L and H of dif-
ferent samples of K. compressa (samples 50, 51, 58) between
themselves and with K. iniqua. These comparisons indicate
that when the four samples of the two species are considered,
MANOVA shows highly significant differences (Wilk’s
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Fig. 7. RW1/RW2 plot showing the neat separation of Krithe compressa
from Krithe iniqua specimens. Deformation grids along RW1 (set at values
of —0.2 and 0.2) are reported. A. Plot of RW1 against RW2 scores. B, C.
Shell deformation at extreme values along RW1.
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Fig. 8. This plot is the same as in Fig. 7, except for marks have been ap-
pended according to sample of provenance instead of species.

Table 3. Results of relative warp analysis.

RW SV %o Cum %
1 0.66305 78.95 78.95
2 0.16382 4.82 83.77
3 0.14757 391 87.68
4 0.13124 3.09 90.78
5 0.10675 2.05 92.82
6 0.09597 1.65 94.48
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Lambda 0.249, F=10.857,df =9, P=2.15x10-'2) among the
samples. A test of between samples effects shows that only
length and D are, however, significantly different among the
four samples [L: F(3,54) = 8.558, p = 0.001; H: F(3,54) =
2.827,p=0.068, NS; D: F(3,54) = 8.942, p <0.001]. Results
of post-hoc pair-wise comparisons for L of different samples
(and species) indicate that individuals of K. compressa in
sample 58 are not distinguishable from those of K. inigua and
that individuals in sample 51 are not different from those of
sample 58 of K. compressa.

On the other hand, fractal analysis of the two ostracod
species shows values of D centered on 1.31+0.02 for Krithe
iniqua and on 1.40%0.04 for K. compressa (Table 1). Also in
this case we compared D values of K. compressa from differ-
ent samples among themselves. No significant differences
were found (Table 2). However, D values are significantly
different when individuals of K. iniqua are compared with
those of K. compressa (Table 2).

Geometric morphometrics indicates significant differ-
ences at the species level. Relative warp analysis indicates
that clear morphological differences are present within spe-
cies (Table 3, Fig. 7). Species are clearly separated along
RWI1, where the shape goes from the narrow (antero-poste-
riorly) vestibulum and highly slanted posterior margin of
the valve typical of K. compressa to the mushroom-shaped
vestibulum and less slanted posterior margin of K. iniqua.
This finding agrees with traditional systematics in which
this character is used for separating K. compressa and K.
iniqua.

[ ye8- .
[T
e =

Fig. 9. Continuous shape variation in Krithe compressa valves drawn along
RW 2. Deformation grids relate to specimen of the three different samples
belonging to Krithe compressa from the highest (A) to the lowest (C) RW 2
scores (see Fig. 7). Deformation grid in B refers to undeformed shape. From
the above, a valve from sample 58 (specimen KC 25), a specimen from
sample 51 (KC 16), and a specimen from sample 50 (KC 1).
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Table 4. Results of Scheffe multiple comparison test. Significant differences are marked with an asterisk.

Dependent @D J) Mean difference 95% confidence interval
variable sample sample 1-7) Standard error p lower bound upper bound
RW 1 50 51 0.0040 0.01021 0.985 —0.0255 0.0335
58 -0.0113 0.01021 0.748 —0.0408 0.0182
59 -0.1718* 0.00889 0.000 -0.1975 -0.1461
51 50 —-0.0040 0.01021 0.985 —-0.0335 0.0255
58 -0.0153 0.00901 0.418 -0.0413 0.0107
59 —0.1758%* 0.00748 0.000 -0.1974 —0.1542
58 50 0.0113 0.01021 0.748 -0.0182 0.0408
51 0.0153 0.00901 0.418 -0.0107 0.0413
59 —0.1605* 0.00748 0.000 —-0.1821 —-0.1389
59 50 0.1718* 0.00889 0.000 0.1461 0.1975
51 0.1758* 0.00748 0.000 0.1542 0.1974
58 0.1605* 0.00748 0.000 0.1389 0.1821
RW 2 50 51 —0.0229 0.00820 0.061 —0.0466 0.0007
58 —0.0503* 0.00820 0.000 -0.0740 —-0.0266
59 —0.0264* 0.00715 0.006 -0.0470 -0.0058
51 50 0.0229 0.00820 0.061 —0.0007 0.0466
58 —0.0274* 0.00724 0.005 —-0.0483 —-0.0065
59 —0.0035 0.00601 0.953 —0.0208 0.0139
58 50 0.0503* 0.00820 0.000 0.0266 0.0740
51 0.0274* 0.00724 0.005 0.0065 0.0483
59 0.0239* 0.00601 0.003 0.0066 0.0412
59 50 0.0264* 0.00715 0.006 0.0058 0.0470
51 0.0035 0.00601 0.953 —-0.0139 0.0208
58 —0.0239* 0.00601 0.003 -0.0412 —-0.0066

MANOVA indicates the differences to be statistically
significant (Wilk’s Lambda 0.18, df = 20, P = 1.63x107029),
Sheffe multiple contrasts run on samples indicate differences
to be significant at the species level on RW1 (Table 4). Inter-
estingly, samples of K. compressa are statistically different
along RW2 when contrasted with one another (Figs. 8, 9).
Most variation along RW2 is dependent on vestibular area
variability.

In summary: (1) The observed variability within popula-
tions, which is probably connected with environmental fac-
tors such as dissolved oxygen and food supply (Peypouquet
1975, 1977, 1979; Van Harten 1995, 1996; Corbari 2004),
does not allow a distinction to be made between different
taxa when simple measures such as L. and H are considered
as variability indicators; (2) Fractal analysis, however, is an
important measure of individual variability and allows the
distinction between different taxa since it is a representation
of morphological complexity even when expressed in two-
dimensions; (3) Geometric morphometrics performs as well
as fractal geometry and allows some interplay with the tradi-
tional “naked-eye” approach.

Conclusion

The fractal dimension is an index that ranges continuously
from zero (when all the data are distributed in a single point

or in isolated points) through one (with all the data distrib-
uted along a line) up to two (when all the data are distributed
homogeneously or randomly in a plane).

The two ostracod species analysed here can be distin-
guished from one another on the basis of qualitative charac-
ters even though they are similar in shell size (L and H).
Fractal analysis provides a way to quantify these differences
(Table 2). The reduction of the representation of the shape
(from three to two dimensions, reduction of descriptive ele-
ments) does not limit the possibility of discriminating (mor-
phologically) different taxa at the species level.

The two values, which are very different, suggest the pos-
sibility of an effective utilization of fractal geometry in the
taxonomy of Ostracoda.

As illustrated in the present paper, a comparison between
D values may be utilized to assess and quantify morphologi-
cal differences between two species.

Similarly, geometric morphometrics works quite well in
assessing within-species morphological differences. The ana-
lysis of K. compressa samples also allows the recognition of
within-species differences.

Geometric morphometrics appears to be more powerful in
detecting intraspecific shape differences. Conversely, fractal
analysis seems most appropriate in cases of subtle difference
between species belonging to the same genus (e.g., complex-
ity of ornamentation). A potential caveat of fractal analysis is
that very different structures can have very similar D values.
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This supports the idea that fractal analysis is most appropriate
in analyses of congeneric species. Special attention should be
paid to homology. Geometric morphometrics operationally
includes the use of both homologous (true landmarks) and
operationally analogous (pseudolandmarks) shape indicators
(i.a., Reyment 1993). Fractal analysis is free from the use of
homologous structures. Although potentially misleading if
comparing distantly-related organisms, this latter characteris-
tic is welcome in cases of uncertain homology in closely-re-
lated species.

Our results encourage future developments and the inte-
gration of mathematically based approaches such as fractal
geometry and geometric morphometrics to studies of taxa of
higher hierarchical level.
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