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ABSTRACT
EVALUATION OF THE UTILITY OF TWO-DIMENSIONAL
FOURIER SHAPE ANALYSIS FOR THE STUDY OF
OSTRACODE CARAPACES
BY

JEAN KAY YOUNKER

Shapes of organisms and of their constituent
structures are manifestations of innate genetic limits,
modified by environmental conditions. Because fossil
organisms are generally represented by a residuum of
hard parts, studies of the variation of those structures
have been used to construct genetic and environmental
models.

A group of organisms whose morphologic variation
is considered to be an important information carrier are
the ostracodes. Reflection of this variation through
two-dimensional shape has been qualitatively studied but
quantitative determination of the exact nature of shape
variation and correct interpretation of the information
carried by shape has been difficult.

Shape description by means of a Fourier Shape

Program developed by Ehrlich and Weinberg (1970), permits



Jean Kay Younker

evaluation of the relative contribution of shape com-
ponents for taxonomic and environmental studies.

This shape analysis was performed on lateral
outlines of ostracode carapaces of a number of specimens
from the families Trachyleberididae, Hemicytheridae, and
Bairdiidae. Discriminant analysis using the shape infor-
mation indicated that taxonomic information carried by
ornamental structures, hingement, and muscle scars is
also reflected in two-dimensional shape variation. Be-
cause the taxonomic characteristics are considered to be
important manifestations of genetic differences, the re-
lated shape components must represent similar responses.

With this established, it was then possible to
describe the inter-specific shape variation caused by
sexual dimorphism and the nature of shape changes during
growth of the ostracode. These results indicate that shape
variation, measured and expressed as a continuous variable,
should be a good index of the effects of evolutionary or

environmental changes.
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INTRODUCT ION

The shapes of entire organisms and of their con-
stituent structures are a manifestation of innate genetic
limits modified by environmental conditions. Under uniform
growth conditions, shape variations of many varieties of
organisms would reflect primarily genetic variability.
Variation in environmental history from individual to indi-
vidual would impress additional shape variability on the
population. Because fossil organisms are generally repre-
sented by a residuum of hard parts, studies of the variations
of those structures have been used to construct genetic and
environmental models. Whereas appearance and disappearance
of discrete structures can be readily observed, the nature
of a continuous change, such as the shapes of those structures,
is less easily monitored.

A group of organisms whose shape variation is con=-
sidered an important carrier of information are the Ostracoda.
Morphologic variation in ostracodes serves as a medium for
expression of sexual dimorphism and as an important source

of information used in classification.



Shape ratios which characterize variation in
length-height dimensions are a common method for semi-
quantitative description of ostracode shapes. Inappreciable
change in this ratio with increasing carapace size has been
used to demonstrate the nearly allometric nature of ostracode
growth., Three dimensional shape ratios have been devised
using three shape parameters and triangular graphs (Shaver,
1960).

In the absence of a priori information to the
contrary, there is no way to assess the relative amount
of useful information conteined in shape ratios. Evalua~-
tion of complete shape information necessitates a method
which accounts for all aspects of shape and shape variation.

The object of this study is to demonstrate the
application of a new method of shape analysis, previously
applied successfully in non-organic forms. Developed by
Ehrlich and Weinberg (1970), this method yields a mathe=-
matical description of two-dimensional shape as precise
as desired. The potential of this method in taxonomic,

growth, and evolutionary studies are evaluated herein.



NATURE OF SHAPE VARIATION IN OSTRACODES

Both hard and soft-part morphologies provide sources
of taxonomic information in living ostracodes but only the
carapace is available for study of fossil taxa. As a result,
such features as ornamentation on the carapace surface, muscle
scar patterns, hingement, and shape of the carapace provide
diagnostic criteria in fossil ostracodes.

The ontogeny of the individual ostracode is recorded
in distinct growth stages or molts. Graphs showing length-
height ratios have previously been used to express the rela-
tively constant shape-size relationship during growth, and
to define groups of specimens representing specific molt stages.
Kesling (1951), in a detailed study of the morphology of growth

stages in the fresh water cyprid Cypridopsis vidua (Muller, 1785),

concluded that in his specimens, the early molts appeared more
rounded while the seventh and eighth molts were more elongate.
Kesling also concluded that adults appeared to be more rounded
than the eighth molt, probably furnishing space for the sex
organs which reach full development in the adult stage. Results
of shape analysis of the outlines of specimens used in Kesling's

study will be presented later in this paper.



DESCRIPTION OF SPECIMENS USED IN SHAPE STUDIES

Two-dimensional lateral outlines of the following
genera and families were used to test the utility of the
shape description in paleontological studies. Uniform
orientation of specimens is essential, especially in the
study of specimens of similar shape. A very slight change
in orientation may significantly alter the shape description.
Comparison of specimens oriented by a single individual would
partially eliminate this problem, but the possibility for an

additional source of shape variability must be considered.

Family TRACHYLEBERIDIDAE
Sylvester-Bradley, 1948

Subfamily ECHINOCYTHERE IDINAE
Hazel, 1967

Genus RABILIMIS
Hazel, 1967
Species of the genus Rabilimis were used in an
initial evaluation of the usefulness of the new method of
shape description in ostracode study. Species differentiation
in Rabilimis is based on subtle differences in shape of

lateral outline in addition to variation in position of



normal pore canals, surface fossae, and ridges. Rabilimis
is important in recognition of frigid or subfrigid climatic
conditions in Pleistocene deposits and appears to be a bio-
stratigraphically useful taxa in the Plio=-Pleistocene of
Alaska. One species, R, paramirabilis (Swain, 1963) is an
extinct taxon known from Alaska and Russia (Swain, 1963;
Lev, 1964). The other two, R. mirabilis (Brady, 1874) and

R. septentrionalis (Brady, 1866) occur in Pleistocene and

Recent deposits in the Artic and northern parts of the

North Atlantic.

Genus ECHINOCYTHEREIS
Puri, 1953

The genus Echinocythereis is closely related to

Rabilimis, most likely the progenitor of Rabilimis (Hazel,
1967). Table 1 is a complete list of all specimens of
Echinocythereidinae from which tracings of illustrations

were taken for use in this part of the study. If the original
illustration was a right lateral view of a carapace, the
illustration was reversed and treated with left valves and
left lateral views of carapaces., This is permissible in

this group because left valves are larger; therefore right
lateral outlines of carapaces actually represent the left

valves.



Table 1.

Specimens of Rabilimis and Echinocythereis used
in this study.

Genus Rabilimis

1.

Rabilimis mirabilis (Brady, 1868)

a,.

Female carapace. Holocene, East Greenland.
Unpublished photograph.

Female left valve. Pleistocene of Scotland.
From Brady, Crosskey, and Robertson (1874,

pl. 7, fig. 22)

Female carapace. Recent, eastern North Atlantic.
From Elofson (1943, fig. 2)

Male carapace. Recent, eastern North Atlantic.
From Elofson (1943, fig. 6)

Female left valve. Recent, Laptev Sea. From
Akatova (1946, fig. 6a.)

Male left valve. Recent, Laptev Sea. From
Akatova (1946, fig. 6b)

Juvenile? left valve. Recent (very likely
Pleistocene), The Minch. From Brady (1868,

pl. 29, fig. 7)

Rabilimis paramirabilis (Swain, 1963

a.

b.

Male left valve. Pliocene, Beringian stage, Sub-
marine beach at Nome, Alaska. Unpublished photograph.
Female carapace. Upper Pliocene, Beringian stage,
Submarine beach at Nome, Alaska. Unpublished
photograph.

Female left valve. Upper Pliocene. Beringian stage,
Gubik fm., Artic Coastal Plain, Alaska. Simpson

Core Test Well # 1, 72-73 ft., Unpublished photograph
of holotype.

Female left valve. Upper Pliocene. Beringian stage,
Bering Sea, Bureau of Mines Drill Hole 12, 98-100 ft.
Unpublished photograph.

Female left valve. Pliocene, Alaska. Unpublished
drawing by K. G. Mckenzie.

Female left valve. Pliocene, Alaska. From Swain
(1963, text-fig. 12b)

Male left valve. Pliocene, Alaska. From Swain,
(1963, pl. 99, fig. 10c)
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3.

1. (cont'd)

Rabilimis septentrionalis (Brady, 1866)

a. Female left valve. Upper Pleistocene, Kotzebuan
Stage, Baldwin Peninsula, Alaska. Unpublished
photograph.

b. Male left valve. Upper Pleistocene, Kotzebuan
Stage, Baldwin Peninsula, Alaska. Unpublished
photograph,.

c. Male? left valve. Upper Pleistocene, ? Kotzebuan
Stage, Gublk Fm., Artic Coastal Plain, Alaska.
Teshekpuk shothole, Line 1-48. Unpublished photo=~
graph of holotype of Pseudocythereis simpsonensis
Swain, 1963,

d. Male left valve. Upper Pleistocene, Kotzebuan Stage,
Baldwin Peninsula, Alaska. Unpublished photograph.

e. Female left valve. Unpublished drawing by K, G.
Mckenzie.

f. Female? left valve. Recent Hunde Islands, Western
Greenland. From Brady and Norman (1889, pl. 16, fig. 13)

g. Female left valve. Pleistocene, Alaska. From
Swain (1963, text-fig. 12a)

h., Female? left valve. Recent, Hunde Islands, Western
Greenland. From Brady (1866, pl. 60, fig. 4c)

i. Male left valve. Pleistocene, Alaska. From
Swain (1963, pl. 99, fig. 10b)

Echinocythereis

E. planibasalis (Ulrich and Bassler, 1904. Female

left valve. Recent, Gulf of Maine. From Hazel

(1967, pl. 6, fig. 5)

E. margaritifera (Brady, 1870). Female left valve. Recent,
Atlantic shelf east of New Jersey. From Hazel (1967,

pl. 6, fig. 6)

E. margaritifera (Brady, 1870). Male left valve. From
Hazel (1967, pl. 6, fig. 7)

E. echinata (Sars, 1865). ? left valve. From Hazel

(1967, pl. 6, fig. 11)




Family HEMICYTHERIDAE
Puri, 1953

Six genera of the family Hemicytheridae from three
subfamilies were chosen for shape analysis. Original classi-
fication was based on a combination of both hard and soft
part features. 1In general, family level discrimination is
based on structure of appendages; muscle scars and shape were
subfamily characteristics; hingement, type of duplicature,
shape details, muscle scars, and primary ornamentation repre-
sent generic criteria (Hazel, 1967). Table 2 lists the specimens

used in this generic level study.



Table 2. Specimens of Hemicytheridae used in this study.

Note: All specimens are taken from Hazel (1967).

Subfamily Hemicytherinae

1. Genus Hemicythere Sars, 1865

a. H. villosa (Sars, 1865)
Plate 2, # 4

b. H. borealis (Brady, 1868)
Plate 2, # 5

c. H. borealis (Brady, 1868)
Plate 2, # 11

d. H. borealis (Brady, 1868)
Plate 2, # 10

2. Genus Elofsonella Pokorny, 1955 ( = Paracythereis Elofson, 1941)
a., E. concinna (Jones, 1857)
Plate 4, # 10
b. E.concinna (Jones, 1857)
Plate 4, # 11
c. E. concinna (Jones, 1857)
Plate 4, # 13

3. Genus Baffinicythere Hazel, 1967
a. B. emarginata (Sars, 1865)
Plate 2, # 8
b. B. costata (Brady, 1866)
Plate 2, # 13
c. B. costata (Brady, 1866)
Plate 2, # 14

4, Genus Finmarchinella Swain, 1963

a. F. finmarchica (Sars, 1865)
Plate 1, # &4

b. F. finmarchica (Sars, 1865)
Plate 1, # 6

c. F. angulata (Sars, 1865)
Plate 1, # 9

d. F. angulata (Sars, 1865)
Plate 1, # 10
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Table 2. (cont'd)

Subfamily Coquimbinae

1. Genus Muellerina Bassiouni, 1965

a. M. abyssicola (Sars, 1865)
Plate 3, # 1

b. M. lienenklausi (Ulrich and Bassler, 1904)
Plate 3, # 5

c. M. abyssicola (Sars, 1865)
Plate 3, # 8

d. M. canadensis (Brady, 1870)
Plate 3, # 13

e. M. canadensis (Brady, 1870)
Plate 3, # 19

f. M. lienenklausi (Ulrich and Bassler)
Plate 3, # 4

g. M. canadensis (Brady, 1870)
Plate 3, # 12

h. M. canadensis (Brady, 1870)
Plate 3, # 20

Subfamily Campylocytherinae

1. Genus Bensonocythere Hazel, 1967
a. B. americana Hazel, 1967
Plate 5, # 1
b. B. whitei (Swain, 1951)
Plate 5, # 2
c. B. whitei (Swain, 1951)
Plate 5, # 9
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Family, BAIRDIIDAE
Sars, 1887

A second generic study was carried out using genera
of the family Bairdiidae (Sohn, 1960). Bairdia McCoy, 1844
is a smooth genus to which over two-hundred Paleozoic species
have been assigned. Sohn's goal was to demonstrate that
several distinct.generic categories could be distinguished
within the genus Bairdia. This would partially solve the
obvious problems encountered when dealing with an unorna-
mented genus supposedly containing two-hundred species.
Sohn used a punched-card technique calling for sixty-seven
features per individual. Experimentation with various com-
binations of characters determined which variables most
readily divided the specimens into natural groups.

Other problems exist in the classification of
Bairdia. Sex differentiation is extremely difficult and
as a result, shape variations due to sexual dimorphism are
probably hidden in different specific or generic names.

Four genera from Sohn's resultant classification
were chosen for shape examination. Bairdia McCoy, 1844;

Cryptobairdia Sohn, 1960; Bairdiacypris Bradfield, 1935;

and Orthobairdia Sohn, 1960, Choice of the particular
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genera was solely based on availability of sufficient
numbers of photographs from Sohn's plates showing similar
views. Exact listing and source of each specimen studied

can be found in Table 3.
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Table 3. Specimens of Bairdiidae used in this study.

Note: All specimens are taken from Sohn (1960).

Bairdia
1. B. beedei Ulrich and Bassler, 1906

10.

11.

Plate 1, # 5

B. hispida? Harlton, 1928
Plate 1, # 6

B. beedei Ulrich and Bassler, 1906
Plate 1, # 8

B. grahamensis Harlton, 1928
Plate 1, # 9

B. grahamensis Harlton, 1928
Plate 1, # 16

B. pecosensis Delo, 1930
Plate 1, # 22

B. rhomboidalis Hamilton, 1942
Plate 1, # 27

B. hassi Sohn, 1960

Plate 1, # 29

B, whitesidei Bradfield, 1935
Plate 1, # 30

B. whitesidei Bradfield, 1935
Plate 1, # 31

B. girtyi Sohn, 1960

Plate 1, # 33

Orthobairdia

1.

0. oklahomaensis (Harlton, 1927)
Plate 3, # 13
0. oklahomaensis (Harlton, 1927)
Plate 3, # 15
0. oklahomaensis (Harlton, 1927)
Plate 3, # 17
0. oklahomaensis (Harlton, 1927)
Plate 3, # 19
0. oklahomaensis (Harlton, 1927)

Plate 3, # 21
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Table 3. (cont'd)

6.

7.

0. cestriensis (Ulrich, 1891)
Plate 3, # 24
0. cestriengis (Ulrich, 1891)
Plate 3, # 27

Bairdiacypris

1.

B. bedfordensis (Geis, 1923)
Plate 2, # 9

B. curvis (Cooper, 1941)
Plate 2, # 11

B. deloi Bradfield, 1935
Plate 3, # 4

B. transversus (Roth, 1929)
Plate 6, # 28

B. transversus (Roth, 1929)
Plate 6, # 20

tobairdia

C. forakerensis (Kellett, 1934)
Plate 2, # 2

C. recta (Harlton, 1929)

Plate 2, # 7

C. coryelli (Roth & Skinner, 1931)
Plate 2, # 16

C. hoffmanae (Kellett, 1943)

Plate 2, # 28



DESCRIPTION OF METHOD OF SHAPE ANALYSIS

Two-dimensional maximum projection area is enlarged
to approximately two inches long and superimposed on an
X-Y grid. Coordinates of points on the periphery are re-
corded by an automatic digitizer which punches the values
directly on data cards. Fourier shape approximation produces
a mathematical description of the shape defined by this set
of coordinates.,

Center of gravity of the shape is calculated and
the rectangular coordinates are converted to polar coordi-
nates about this origin. A Fourier series is then used to
estimate the shape by an expansion of periphery radius as
a function of angle about the center of gravity. Precision
of shape description is dependent upon spacing of initial
peripheral points in addition to the number of harmonic
orders considered. Harmonic orders in polar coordinates are
analogous to harmonic orders in rectangular coordinates ex-
cept the waves are closed forms. The zeroth harmonic is a
centered circle with an area equal to the total area. The
radius of the zeroth harmonic is set equal to unity in this
analysis in order to allow shape comparisons independent of

size. The first harmonic is an off-set circle, second a

15
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figure eight, third a three-leaf clover, and fourth a four-
leaf clover. Qualitatively speaking, each harmonic represents
a figure with "n bumps" where '"n'" is the number of the har-
monic order. The sum of an adequate number of harmonics will
completely reproduce the given shape.

The mathematical expression obtained gives the ampli-
tude of the contribution from each harmonic order and a phase
angle orienting the figure in relation to the coordinate
system. It is expressed as follows:

R® =R, +“§Rn(cos ne - (’n)
where R(®) is the radius as a function of polar angle, R,
the average radius, n the harmonic order, R, the harmonic
amplitude, and *n the phase angle.

The harmonic amplitudes (Rn) for each harmonic order
are the important variables. Shape changes are reflected by
changes in the relative amplitude contribution of the harmonics.

Each shape can be characterized by a unique harmonic
spectrum, Comparison with spectra of other shapes may allow
location of specific harmonics responsible for major simi-
larities and differences. Of taxonomic interest, the shape
most representative of a given taxon can be selected by locat-
ing the specimen with harmonic amplitude values nearest the
median values for the group. Shapes yielding extreme values
can also be observed, potentially of value in identification

of transitional specimens.
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As an example of the application of individual har-
monic spectra, Figure 1 shows a specimen of R. mirabilis and
its characteristic amplitude spectrum. For comparison, a spe-

cimen of R. septentrionalis is also shown., In dissimilar

shapes, variation in amplitude spectra corresponds to large
scale variations in two-dimensional shape. Amplitude dif-

ferences in similar shapes report only minor variations, as
demonstrated by the higher second harmonic for the specimen

of R. septentrionalis, indicating it is slightly more elon=-

gate than the specimen of R. mirabilis. A general decrease
in amplitude values over the entire spectrum describes a

change toward a more circular shape.
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R. mirabilis R. septentrionalis

Harmonic Amplitude

1.0
.5
p R. mirabilis e —
R. septentrionalis ======--
1 4+
.05 4
\
01 AN
R | )
1 1 1
] T x T T T
1 2 3 4 5 6

Harmonic Number

Figure 1. Comparison of amplitude spectra of Rabilimis
mirabilis and Rabilimis septentrionalis




CONSTRUCTION AND USE OF CHI-SQUARE CONTINGENCY TABLES

Although the entire harmonic spectrum is required
to completely describe a given shape, it is possible the
shape information is not unifermly distributed over the
harmonic orders. Certain harmonics may carry identical
information thus creating redundancy in information content,
whereas other harmonics may reflect unique shape character-
istics. As a preliminary analysis, harmonic amplitude
values, one harmonic at a time were tested for information
content by use of a chi-square contingency table,

This test is designed to reveal a degree of asso-
ciation statistically greater than is likely to occur by
chance. Data is arranged in rows and columns, in this case
taxonomic categories are placed in row positions and four
amplitude intervals make up the column divisions. Contingency
tables were set up for both specific and generic taxa. The
null hypothesis is that no association exists between the
harmonic amplitude values and the taxonomic categories.

Expected values baséh on marginal totals are cal-
culated and deviations of observed values from expected values
are used to calculate a chi-square value for the contingency

table. The calculated value is compared with a theoretical

19
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value which must be exceeded in order for the association
between harmonic amplitude intervals and taxa to be declared
significant, A level of significance ehosen prior to setting
up the table indicates the statistical reliability of the
results. If the selected level is .05, a significant chi-
square result indicates the interaction observed between
harmonic amplitude intervals and taxonomic classes will occur

only once in twenty times if they are not in some way asso-

ciated.



DISCRIMINANT ANALYSIS TECHNIQUES

Multivariate discriminant analysis was used to test
the potential usefulness of the shape description in taxonomic
studies. This is a statistical method for assigning unknown
samples to previously defined groups on the basis of a number
of variables considered simultaneously, The discriminant
analysis used is a maximum likelihood classification which
agssumes normal distributions for the special case of equal
training class covariance matrices. This condition is ob-
tained by pooling the individual matrices (Nilsson, 1965).

Discriminant analysis can also be used to test the
internal consistency of the original categories, thus offering
an external means for reinforcing or discrediting a classifi-
cation scheme. Amplitude values for the first six harmonic
orders were used as the independent variables in this study.

A population defined by the variables may be pictured
as a cluster of sample points in six~-dimensional space. Dimensions
of the cluster are defined by the amount of variance in each
parameter. Representative samples from different populations
should occupy distinct regions in six-dimensional space. Some

variables may overlap causing the clusters to merge in certain

21
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directions but in other directions the clusters should be
distinct if they actually represent different populations.

The "location" of a cluster is described by the six-
dimensional coordinates of its multivariate mean. Discrimi=-
nant analysis is based on computation of the six-dimensional
surfaces most efficient in separating the clusters. It
operates in such a way as to minimize the distance between
the multivariate mean of an unknown and the multivariate
mean of the nearest cluster.

In this study, specimens representing previously
defined taxonomic categories are used to establish clusters,
each with a distinct multivariate mean. Once the clusters
have been established, the original specimens are then clas-
sified by the discriminant analysis, It distributes these
specimens throughout the established clusters on the basis of
the six shape variables. If the multivariate mean of a specimen
belonging to a given taxon falls closer to the multivariate
mean of a different taxon, the discriminant analysis assigns
this individual to the second group.

Correct classification of individuals into the
original classes is expected only if the information carried

by shape duplicates the information carried by the taxonomic
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characteristics used to define the categories. If the dis-
criminant analysis distributes the specimens randomly through
the classes, several interpretations are possible. Two-
dimensional shape may not carry the same information as

those features used in taxonomic discrimination, or shape alone
may not be an important information carrier. On the other hand,
if shape information was used in defining the original cate-
gories, any specimen reclassified by the discriminant analysis

must be carefully examined.



USE OF SHAPE CHARACTERISTICS FOR
SEX DISCRIMINATION IN FOSSIL OSTRACODES

Most species of Ostracoda are sexually dimorphic
with respect to shell characteristics. In the major Mesozoic
and Cenozoic group, the Podocopida, this is usually manifested
in relative differences in the elongation of the carapace, with
males tending to be more elongate than females. Consequently,
sexual dimorphism can be expected to contribute to the range
of shape variation within a species.

The range of amplitude values for the second harmonic
and corresponding sex of individual specimens of the three
species of Rabilimis are shown in Figure 2, Males are char=-
acterized by higher relative amplitude values within each
species., Because of the nature of the second harmonic, a figure
eight, higher relative amplitude values represent more elongate
shapes.

Specimens whose sex was questionable (Hazel, personal
communication) are noted by question marks in Figure 2. The
intermediate nature of the amplitude values for these indi-
viduals verifies their shapes are less elongate than typical
male members of the species, yet more elongate than the typical
female shape. R. paramirabilis displays the most distinct
segregation of males and females, with the second harmonic

values clearly separated into two groups. R. mirabilis shows
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a less definite separation, with two females exhibiting
harmonic amplitude values lying closer to the male end of

the spectrum. R. septentrionalis exhibits a continuum of

shape variation with one extreme representing "maleness'" and
the other extreme representing 'femaleness'". No other har-
monics were found to carry information useful in sexual
discrimination.

The continuum observed in the specimens representing
R. septentrionalis suggests that lateral outline is not a
good discriminator of sex in this species. This suggests
that other orientations such as dorsal or ventral views may
carry information useful in sex discrimination in certain

taxa,



SHAPE ANALYSIS OF MOLT STAGES

As was previously discussed, ostracodes offer an
excellent potential for the study of shape alteration with
growth., Observed shape changes are generally attributed
to addition of appendages in early stages and attainment
of sexual maturity in later stages.

Figure 3 shows the change in contribution of each
harmonic amplitude over the nine molt stages studied by
Kesling (1951). Shapes used for the growth study are shown
in Figure 4, and represent average outlines of over five-

hundred specimens of Cypridopsis vidua (0. F. Muller, 1785).

Continuous increase in the second harmonic through
stage eight verifies Kesling's observation that elongation is
the major shape change during growth. Increase in the second
harmonic relative to the other harmonic orders indicates an
increasing '"oblateness'. The eighth molt reaches maximum
elongation and the ninth molt is a slightly more rounded adult
shape, shown by the decrease in amplitude of the second har-
monic. The strong, monotonous increase in the second harmonic
indicates the fundamental shape change is expressed through
this harmonic. Other harmonics show less distinct trends,

with the fifth harmonic describing a shape component not
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Figure 4. Average outlines of molt stages of over
500 specimens of Cypridopsis vidua
(after Kesling, 1951)



30

changing from instar to instar.

Because outlines used in this study represent only
a single spécies, comparison with shape changes during growth
in other closely related and non-related taxa should be made.
The nature of variation in shape during growth may represent
a unique taxonomic characteristic, or may prove to be similar

in other ostracodes.



INFROMATION CONTENT OF HARMONIC ORDERS

SPECIFIC LEVEL CHI-SQUARE
RABILIMIS

Computation of chi-square contingency tables for
the species of Rabilimis indicated that only the second and
third harmonics were making statistically significant con-
tributions to intra-specific variation. These results were
obtained by means of a four by three contingency table with
columns designated by amplitude intervals and individual
species occupying the row positions. Special chi-square
tables (Craddock and Flood, 1970), designed for small con=-
tingency tables and small sample sizes were used. Confidence
level of .05 was set prior to construction of the tables.

For sample size twenty=-three, the critical chi=-
square value to be exceeded is 12.15. Results of the chi-
square calculations are given in Table 4, page 33. Chi-
square values for harmonic orders two and three are both
large enough to be statistically significant at the .05
level. As shown in the table, no other harmonics yielded

significant chi-square values.

31



32

GENERIC IEVEL CHI-SQUARE
BAIRDIIDAE

A contingency table was prepared for the four
genera of Bairdiidae. A four by four table with twenty-
seven specimens was constructed. Results are shown in
Table 5 on page 33. At the .05 confidence level, the criti-
cal chi-square value is 16,92, and as indicated in the
table, two harmonic orders gave significant results. The
fifth harmonic is significant with a calculated chi=-square

value of 20.75 and the sixth with chi-square of 21.08.

HEMICYTHERIDAE

The same procedure was carried out on twenty-
six specimens from Hemicytheridae. Six generic categories
were used and in this case, only the fifth harmonic yielded
a significant chi-square result of 31.84, with the critical
value for this table at 24.99. Results can be found in

Table 6, page 33.
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Table 4 Chi-Square results for the species of Rabilimig.

Harmonic Number Calculated Chi-Square Results
2 20.15%
3 16 .47*
4 7.46
5 4,36
6 9.92

* Values exceed critical chi-square value (.05) of 12.15.

Table 5 Chi-Square results for the genera of Bairdiidae.

Harmonic Number Calculated Chi-Square Results
2 16.45
3 14.29
4 13.09
5 20.75%*
6 21.08%

* Values exceed critical chi-square value (.05) of 16.92.

Table 6 Chi-Square results for the genera of Hemicytheridae.

Harmonic Number Calculated Chi-Square Rgsults
2 21.55
3 18.86
4 12.95
5 31.84%*
6 18.93

* Value exceeds critical chi-square value (.05) of 24.99.
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INTERPRETATION OF CHI-SQUARE RESULTS

Significant chi-square results indicate association
between row categories (taxa) and columns (harmonic amplitude
intervals) is greater than would be expected by chance. Because
the significant chi-square values occur at different harmonic
orders for the taxa considered, it appears shape information
is not uniformly distributed over all the harmonics nor is
it carried by the same harmonics at different taxonomic levels.

Significant chi-square values for the fifth and sixth
harmonic orders in Bairdiidae and the fifth in Hemicytheridae
indicate that subtle shape differences are significant in
describing generic shape variation in these taxa. The intra-
specific variation in lateral outline in Rabilimig is re=-
flected most strongly by the second and third harmonic orders,
suggesting it is the relative "elongate-triangular'" character
of a specimen that allows species discrimination within this
genus.,

The nature of the characteristic shape of a taxon and
the variation which this basic shape exhibits, determines which
harmonic or harmonics contribute the most to taxonomic dis-
crimination. Since shape variation is thought to be influenced
by both genetic and environmental factors, the specific harmonics
responsible for reporting major shape variations are probably

unique to the given taxon.



USE OF THE SHAPE VARIABLES IN TAXONOMY

Results of chi-square contingency tables indicated
variations in harmonic amplitude spectra may be useful in
the study of shape variation within and between taxonomic
categories. To further investigate this possibility, harmonic
amplitude values for the first six harmonic orders were used

as independent variables in multivariate discriminant analysis.

SPECIFIC LEVEL - RABILIMIS
The species of Rabilimis were used to assess the
taxonomic significance of the shape description at the intra-
specific level. Discriminant analysis results are given in
Table 7.
Table 7. = Discriminant function classification matrix
for species of Rabilimis

Number of samples
Original classes Number of samples assigned to each

class
1 2 3
1. R. mirabilis 7 7 0 0
2. R. paramirabilis 7 0 5 2
3. R. septentrionalis 9 0 1 8

Using only the shape information carried by the first

8ix harmonic orders, the discriminant analysis assigned all

specimens of R. mirabilis to the correct category. Seventy=-one

'
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percent of the specimens representing R. paramirabilis were

correctly assigned to this species by discriminant analysis.

Two specimens of R. paramirabilis were classified as R. sep-

tentrionalis, indicating an overlap in the two species clusters
and a similarity in shapes. Specimens representing R. septen=-
trionalis were correctly cowweewdy classified, except for

one specimen. This individual was assigned to R. paramirabilis,
again reflecting an overlap of R. septentrionalis and R.

paramirabilis.

Figures 5a and 5b show the mean harmonic amplitude

spectra for specimens of R. paramirabilis and R. septentrio-

nalis. In 5a, the two specimens of R. paramirabilis assigned

to R. septentrionalis are shown by dashed lines. 1In 5b, the

spectrum of the specimen of R. septentrionalis reassigned to
R. paramirabilis is shown by a dashed line.

Qualitative comparison of the actual outlines of the
reassigned specimens with members of the original class and
the new class illustrates the reasons for the discriminant
analysis results., In Figure 6, each specimen is compared with
a representative of both the original species and the species
to which the specimen was assigned. Hazel (personal com-
munication, 1971) indicated the shapes of certain specimens
may, in fact, be more similar to one species whereas type of
surface ornamentation and arrangement of pore canals indicate

a closer affinity with members of another species.



Figure 5. a. Relationship between amplitude
spectra of specimens of R. paramirabilis assigned
to R. septentrionalis and the mean amplitude
spectra of the two species

b. Relationship between amplitude
spectrum of specimen of R. septentrionalis
assigned to R. paramirabilis and the mean
amplitude spectra of the two species.
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Figure 5a.

Mean Amplitude Spectra of:

R. paramirabilis —_—
R. septentrionalis ———— .

Misclassified specimens «-----.
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Figure 5b.

Mean Amplitude Spectra of:

+ R. paramirabilis —_—
R. septentrionalis —-—————

Misclassified specimen ~---.
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Original Reassigned New
Classification Specimens Classification

. paramirabilis

R. paramirabilis septentrionalis

R. paramirabilis

Figure 6a.
Original Reassigned New
Classification Specimens Classification

R. paramirabilis

eptentrionalis (———- R. septentrionalis

—

Figure 6b.

"Figure 6. Comparison between mean shapes of R._paramirabilis
and R. septentrionalis and the outlines of specimens
misclassified by discriminant analysis: a. Specimens
of R. paramirabilis classified as R. septentrionalis
b. Specimen or R. septentrionalis classified as

R. paramirabilis
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It was also suggested by Hazel that the extinct

R. paramirabilis is the progenitor of both R. septentrionalis

and R. mirabilis, and that R. septentrionalis has diverged

less morphologically than has R. mirabilis. Discriminant

results indicate several individuals of R. paramirabilis

and R. septentrionalis may have two-dimensional outlines

exhibiting transitional shape properties. Because all speci-
mens of R. mirabilis were correctly classified, less infor-
mation about the nature of this species was available. However,
chi-square results indicate harmonics two and three are sig-
nificant in species discrimination. By inspection of the
amplitudes of harmonic two plotted opposite harmonic three,
more information on the character of the individual species

can be obtained. This graph, shown in Figure 7, confirms the

overlap of R. paramirabilis and R. septentrionalis, further

supporting the inferred close relationship of the two species.

Specimens of Echinocythereis, a genus thought to be

a closely related ancestor of Rabilimis, were added as a
fourth category for a second discriminant analysis. Table

8 shows the classification matrix obtained.
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Relative Amplitude - 2nd Harmonic

Figure 7. Shape relationships between specimens of R. mirabilis,
R. paramirabilis, and R. septentrionalis
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Table 8. - Discriminant analysis classification
matrix for species of Rabilimis +
Echinocythereis

Number of samples
Original classes Number of samples assigned to each
class

1. R. mirabilis
. R. paramirabilis

2
3. R. septentrionalis
4, Echinocythereis

© © O N~
o owoln
O N+=OJWw
ENE SN PN
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All specimens of Echinocythereis were correctly
classified indicating the genus represents a group distinct
from Rabilimis. However, one specimen of R. paramirabilis
which was previously assigned to R. septentrionalis and two

specimens of R. septentrionalis were assigned to Echinocythereis.

Figure 8 compares the shapes of reclassified specimens with

representatives of both their original class and the class

to which the specimen was assigned by the discriminant analysis.
Results of the first discriminant analysis*which

excluded Echinocythereis, indicate that R. mirabilis is the

specific taxa representing the most distinct cluster on the

basis of shape properties. Transfer of specimens between

R. paramirabilis and R. septentrionalis suggests that portions

of the clusters defining these taxa overlap, further indicating
the taxa may be similar in two-dimensional shapes.
The second set of results ** which include Echino-

* Complete discriminant analysis data is given in Appendix A.
** Complete discriminant analysis data is given in Appendix B.
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Original Reassigned New
Classification Specimens Classification

R. paramirabilis 4___ R. paramirabilis

R. paramirabilis

Echinocythereis

R. septentrionalis

Figure 8., Comparison between mean shapes of R. paramirabilis,
R. septentrionalis, and Echinocythereis, and the out=-
lines of specimens misclassified by discriminant
analysis.
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cythereis provides additional information, indicating both

R. paramirabilis and R. septentrionalis are more similar

morphologically to the ancestral stock than is R. mirabilis,

which remained a completely distinct category in both analyses.
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GENERIC LEVEL = BAIRDIIDAE
Discriminant analysis was carried out on right
valves of Bairdia McCoy, 1844, Orthobairdia Sohn, 1960,

Bairdiacypris Bradfield, 1935, and Cryptobairdia Sohn, 1960.

The classification matrix obtained is given in Table 9.

Table 9. = Discriminant analysis classification
matrix for genera of Bairdiidae

Number of samples
Original Classes Number of samples assigned to each

_class
1 2 3 4
1. Bairdia 11 7 2 0 2
2. Orthobairdia 7 0 7 0 0
3. Bairdiacypris 5 0O 0 4 1
4, Cryptobairdia 4 1 1 0 2

Seven out of eleven specimens of the genus Bairdia
were correctly classified. Two of the specimens were assigned

to Orthobairdia. These were a cotype and a holotype of

B. beedei Ulrich and Bassler, 1906, which apparently are more

similar in shape to the specimens of Orthobairdia. The other

two reassigned specimens were a paratype of B. hispida (Harltonm,
1928) and a specimen of B. whitesidei (Bradfield, 1935). These

specimens were assigned to Cryptobairdia.

Specimens belonging to Orthobairdia were correctly

classified in all cases. This included five specimens of

0. oklahomaensis, (Harlton, 1927) and two specimens of 0.

cestriensis (Ulrich, 1891).
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Specimens of Bairdiacypris were correctly classified

in four of five cases, with a paratype of B. transversus
(Roth, 1929) reclassified as Cryptobairdia. B. bedfordensis
Geis, 1923, B. curvis, 1941, B. deloi Bradfield, 1935, and

a holotype of B. transversus Roth, 1929 were properly assigned
to Bairdiacypris.

The last category, Cryptobairdia, was not as well
defined by shape with only two out of four specimens correctly
classified. C. forakerensis Kellet, 1934, and C. recta (Harlton,
1929) remained in the Cryptobairdia category, but C. coryelli
(Roth and Skinner, 1931), and C. hoffmanae (Kellet, 1943) were

assigned to Orthobairdia and Bairdia respectively.
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GENERIC LEVEL RESULTS - HEMICYTHERIDAE

Genera of the family Hemicytheridae were also used
to test the power of discrimination of the shape information
at the generic level. Four genera of subfamily Hemicytherinae,
one genus of subfamily Coquimbinae, and a genus from subfamily
Campylocytherinae were studied. Harmonic amplitude values
were obtained for a total of twenty-six specimens and twenty-
five were correctly classified by discriminant analysis,
again using only the shape information carried by the first
six harmonic orders. Table 10 gives the classification matrix
for this analysis.

Table 10. - Discriminant analysis classification

matrix for genera of Hemicytheridae

Number of samples
Original classes Number of samples assigned to each

class

1l 2 3 4 5 6
1. Hemicythere 4 4 0 0 0 0 O
2. Elofsonella 3 1 2 0 0 0 O
3. Baffincythere 3 0 0 3 0 0O
4., Finmarchinella 4 0 0 0 4 0 O
5. Muellerina 8 0 0 0 0 8 0O
6. Bensonocythere 4 0O 0 0 0 0 4

All specimens of Hemicythere were correctly classified.
These include H. villosa Sars, 1865, and three specimens of
H. borealis Brady, 1868. Elofsonella was represented by three

specimens of E. concinna Jones, 1857. Two were properly
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assigned and the third was classified with Hemicythere.
Baffincythere was represented by two specimens of B.
emarginata Sars, 1865, and one of B. costata Brady,

1866, All three were correctly classified as Baffin-
cythere by the discriminant analysis. Specimens defining
the genus Finmarchinella were two specimens of F. finmar-
chica (Sars, 1865), and two specimens of F. angulata Sars,

1865. Finmarchinella represented a distinct category with

all specimens correctly classified by the discriminant
analysis, Muellerina was represented by two specimens
of M. abyssicola Sars, 1865, two specimens of M. lienen-
klausi Ulrich and Bassler, 1904, and four specimens of M.
canadensis Brady, 1870. All of these specimens were
correctly classified as Muellerina on the basis of two-
dimensional shape.

The genus from the subfamily Campylocytherinae

was Bensoncythere Hazel, 1967. This genus was represented

by one specimen of B. americana Hazel, 1967, and two specimens
of B. whitei Swain, 1951. Again, 100% discrimination indicates

the specimens used to define Bensonocythere represent a dis-

tinct shape class separate from the other five generic classes

in this analysis.
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Results of the generic level discriminant analyses*
demonstrate that two~-dimensional shape carries important
taxonomic information at this level as well as the specific
level., If shape information alone allows accurate classi-
fication, the original categories must have been established
primarily on the basis of shape, or the taxonomic charac-
teristics used to construct the original classification are
expressed through the medium of two-dimensional shape varia-

tion,

* Complete discriminant analysis data for Bairdiidae is
given in Appendix C.

Complete discriminant analysis data for Hemicytheridae
is given in Appendix D.
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SUMMARY AND CONCLUSIONS

This investigation indicates two-dimensional shape
of the ostracode carapace contains information in addition to
that obtained by simple shape ratios. In most cases, the
mathematical shape description is shown to be of equivalent
taxonomic value to the qualitative features more commonly
used in taxonomic discrimination. Since other taxonomic
characteristics such as ornamentation, muscle scars, and
hingement are considered to be important manifestations of
genetic differences, the related shape components must repre-
sent similar responses.

Demonstration of this clear=-cut relationship pro-
vides confidence that shape information can be used in at
least two additional ways. Because shape variation measured
in the manner described is a continuous variable, it can be
used as a direct measure of taxonomic similarity or distance.
For the same reason, shape variables can also be used in the
study of inter-specific and intra-specific variation resulting
from sex differences, environmental effects, or phylogenetic

distance.
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In addition to the study of fossil taxa, the shape
response of recent taxa to environmental gradients can be
monitored. Estuaries or bays offer environments where
specimens living under depth or salinity gradients are
available. Using the Fourier shape technique, the pos-
sibility of a shape continuum in these specimens can be
studied, and if one is confirmed, the exact nature of the
shape change can be diagnosed.

The shape variables produced by this analysis also
provide an external means for testing the reasonableness
of certain evolutionary models. Many phylogenetic sequences
involve morphologic changes which should be reflected through
two-dimensional shape. Verification of the existence of a
shape continuum over a sequence of morphologic forms repre-
senting a proposed phylogenetic series would corroborate the
accuracy of the predicted pattern of evolution.

The results discussed above suggest a number of
possibilities for further use of this technique. Although
the general utility of this method of shape analysis has not
been verified, an inspection of ostracode literature indicates
that taxonomic descriptions place great emphasis on the shape

of lateral and dorsal outlines. This, along with the results
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already obtained, suggests the Fourier technique should be

of general utility over a wide range of ostracode groups.
Because similar criteria are used in other groups, notably
pelecypods, brachiopods, and echinoderms, this method may

be of general importance in paleontological research.
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ST pnnnTT———, ot ga T 00013 LO0TUY Mgz - TU0ne
.onon ,N0014 00002 .00Nn04 .00002 ~,000n0
.0noNt L0014 $00002 .N0N0” .00006 =-,00000
TR AN e, TONYT -, 0002 -, 0000n =, 0n000 Jnoone

INVERSE NF CUVARIANCE

TT304572W, 159758, =57503T, 37101, 199047, 3IoU5&4.

-45975R, 4922, 3p4g6, ~6245, 4539, ~-15447,
-925n3¢, Jn4u6, 727043, 23904, 43144, -871887,
R & L X S K235 riAL 55257, &NBS,  «567%,
~499n47, 4539, 43144, 6045, X37244, -21314,
390564, 15447, -p3FB2, ~5€75. -21311, a4g7s,
INVERSE CHECK NEYERFINATE .57162E-27 TOTAL SAVPLES 23
1.0n000 H0CO0r  -700000 ~.n0nNNA  -,000N0 00000
ToULenanAn Y, nONOR Tuogon .00nDA LANTNDT =00 00AD
.0n00N  e,n000n 1700000 +N0NON .0nN000 ~-,N00n0
.,0nNN0 ,N000n 200000 1.00nnNN .0NO00  -,f00N0
f-"——unnnu————ﬂonor——*-nvvvv————wvr . D)
.0N0N0 e, ,N0UON 700000 ~,00n0n -,0N0N0 1,00000
rnASc'"AcTnlr‘““FYPTrFFT'rUR‘TFTYNrNﬁ’thTr“"Ir!BITIB
1 1 923k« .335FE+02 \207E«0?
1 1 ,H95E400 .175E+02 ,253F407
1 P ,wﬁvEan JIIE+U? 73ARET7
1 1 ,355E401 .148E+02 ,214E«0?
1 1 ,724F401 .233E+02 ,204E+0?
T T T T RS UETTT T IS3ES 02, PEAFS 07
1 1 ,6BUEeU1 .Z233E«02 ,327F+0?
C"131"1tTUTt'_—TYPTTFWT“VTR_TFITN—ﬂ"‘ETTI Earamifabllia
2 3 L02YEe01 .744FE+01 ,A11Fe01
2 2 .?57Fo02 +AU3E+01 ,152F«0?
*“z‘“"?'“jﬂ?ﬁ?in?“flthTUT—’T7596331
2 2 (103E40? L£35F+01 ,160K+0?
2?2 ,738EeN1  ,192F<01 LREIFe01
T T T PRGESTI? T L S 7SEI0Y L 7INF 0T
2 2 ,O06Een2  272F+01 L121Fe0?

€1 ASS ~ ACTUA

TEYPIRENT FrR TRATNINA <F"'—Rm_

3 9 194E« 027 I0BE+02 T ,471E«01
3 3 ,426Ee02  ,183F402 ,671E+09
3 3 L369Ee02 L,113E+02 1491F«01
3 I I0RETI—OPRETOL PO IF+0Y
3 3 ,16YEef2 ,395F4Q14 116PFE+01
3 2 ,929E«02 ,4B3E+D1 ,532Fe04
T3 T3 P24E4 02 TTI22E402 L 4X4F S 07
3 3 ,251EeN2  ,102F+02 ,804E«01
3 3 ,P45Eeu2 ,174E+02 1127E+402
CLASSIFICATION MATKIX
CLASS SAMPLES 1 2 3 — Explained in text, pg., 35.
A s aahall TITR-—— A
? ? 0 5 2
3 9 ) 1 A

MEAN EQUALITY DFGS 0F FREE.,

172 rH1 SQUARE

98,




APPENDIX B

DISCRIMINANT ANALYSIS RESULTS
FOR SPECIES OF RABILIMIS AND
ECHINOCYTHERE IS




DISCRIMINANT ANALYSIS RESULTS
FOR SPECIES OF RABILIMIS AND
ECHINOCYTHERE IS

S YT TTSTT SZS3S¢ S5 S5 $7 S5 Sy~Syp ¢

6 4 7 7 9 4 ey e) (G =U =0 0 O (&F7,57)
TRAINING CLASS 3 Training Class 1:
TV 014387, 22169 04181 ,02685% 03195 01268 R. mirabilis

401670 ,22431 ,07019 ,03250 ,03362 ,N1123

201394 ,20790 ,06625 ,U2936 03338 ,01412

L 0450T AT TSI S USZT5 S 0ATeT uavy ——Refer—to-Appendix A, ——

. pg. 52, for explanation
401056 419179 ,05468 ,03437 ,01298 ,01028 _ of output.

101283 ,23470 ,05169 ,02882 ,02359 ,01748}

T,01564 [IYS507,U78BUY U324 ,0179% , 0177

TRAINING CLASS 2 Training Class 2:
4 008607,25316 1, 03681 , 03054 , 039807, UI718 R. paramirabilis

101408 ,32253 ,05006 ,03464 ,03148 ,02040

101287 ,34035 04335 ,03702 ,0279% ,Nn2110

01118° 23997 7, 05375, U3U2¥ , 01396 402579

101145 ,25090 ,05070 ,02902 402267 401997

(01584 ,32717 ,05010 ,0$977 ,02416 00618

T 2016327309227, 05951 , 03372 02315 ,n179Y

_TRAINING CLASS 3 Training Class 3:
W 30461 ,233387,07352 ,U2559 , 02191 , U151 R. seetentrionalis

100648 31889 ,02462 ,04351 01785 402u88

«0N358 ,28859 ,01688 ,02994 ,01/38 ,02250

006387729686 05293 U5y 01 F34  01B4Y

01311 ,30526 ,04812 ,04036 02546 01493

(01464 ,293277,05473 , 033407 ,03128 " UAYSY ; -
400575 ,26328 ,02342 ,93389 ,01361 01448

101275 ,27236 ,05367 ,03006 ,01486 ,0n839

101541 ,34423 04632 705542 ,03599 ,01636

TRAINING CLASS 4 Training Class 4:
104121 4279427, 74714 03812 ,02774 01218 Echinocytherels

101092 ,26851 ,04326 401925 ,02144 ,01638

101201 ,29340 ,04558 ,02943 02878 ,01626

01394 328796, U521 , V36107 ,USSIZ ULUAS

56
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MEANS FOR EACH TRATNING CLASS ™ — —

Refer to Appendix A, pg. 53’
for explanation of output.

.N1416 101290 , 00918 (01202
021760 127190 129179 128232
T nA312 T T, 04018, U349 V04720
(038152 , 03371 (03652 (03022
NPLIL 02588 02189 02852
01399 ,05920 —,01573 101392

~ COVARLANCE MATR]X

Ty00001 T ,00005 7 ,UU003 L, UCONT T, MOUOL =y b
W00U05 ,N0091 L00003  ,00u13  ,00012 «,00000
200003 ,nooos 200011 Julgn2  ,08002 e,00002
s00001 ~ ,000343 T ,00002  LO0ULDATTT JAOGD2T w,00000
00CNL  .,00012 100002 Gun2 WND006 =,0CU00
»,00001 ®,000060 »,00002 =,000U00 =,N0000 200002
INVERSE OF COVARIANCE
3658453, 21626472, «870758, 71211, 170935, 335595,
162642, = 9681, 39616, " T=9573, T 4000, 15283,
870758, 39610, 218710, =22%62, 369030 =71586,
71211, 9572, «22%62, i6te6n, ©1489, 9227,
«170935, """4000‘“”‘36705 “14BY, 33914, =16498,
335595, 15283, .71>uo 9227, e16498, 82120,
INVERSE CHECK ~ " DETERMINATE ~ y#6439E=27  TOTAL SANPLES 27
1,00000 «,00000 «,0U000 e,00000 e,N0000 ,00uUPQ
.00000 1,000Cn ,00000 Juliugg «00000 «,0J000
*,00C00 ,000C0 " 1,00000 —,0C0N0 »,NOTU00 ,0C000
e,0NC00- ,00000 (0U000 1,0G000¢ o000V 0020060
,0NGO00 ,00000 ,00000 JGfuNy 4,00000 0,02400
~ *400000 " "=,00000" =, 00000 "*,q(00C " 0000 1405000
cuass ACTUAL  EXPUNENT FNR TRAINING Sef R. mirabilis
1 7 0, 995E400 T 150E4T2 T, 229E% N2 L IOVECUT
1 1 ,999E+00 ,190Ee02 ,283k¢N2 ,210E+U2
1 1 ,396&001 J19BEeQ2 278BEen2 ,1/9E¢(Q2
1 "1 Ty405E+01 T J162EeD2 4242E+N2 T,169E*02
1 1 ,745E401 ,240Ee02 ,23.Ee¢N2 L2/1teu2
2 1 7105.01 162E402 ,297EeN2  ,299E+02
1 7 7575.01‘ T, 253E402 77, 373E4027 3335.02
CLASS ACTUAL  EXPONENMT FAR TRAINING Sgl R. paramirapilis
2 4 ,105ke02  ,781E«Q1 _,592E4N1 ,597EeD Tomermmer o mm
2 277 ,272E402 T 416Ee01  ,(46EenZ T {20E¢D
. 2 2 3645002 ,9595.01 H01Eenl ,7055001
2 ? ,1075‘02 ) 727EeQ1l  ,178ken2 ,1/72E¢02
3 2 7626401 (Z17Ee01 J37IE+0T ,83JE+OL
2 3 ,SU4E«02 ,109Ee02 ,/BUE+0N1 ,104Ee02
2 2 217E«02 ,?77EsQ1  (L15E+N2  ,957E«01
CLASS ACTUAL  EXPONENT FOR THRA[NING SgT R. septentrional
3 I J219E¢02 L11HEe02 (S tenl ,648EeQ1 -
T 3T Y T A57E«TZ T 163Ee 02 BITESNL L, [O6IEFTZ
3 3 ,417E+02 ,12%Ee02 ,723E+N1l L111E«D2
3 3 3475.02 J103Es02 272kefil  (1S0E«02
3 T 3“‘;1885.02'";2905.01",‘84t¢n1 Te363keny”
3 4  J1475+02 (S1BEe(1l 277&+11  ,241EeU1
3 3 ,295E«02 ,136EeQ2 ,H/RE4NL L 1D4Ee¢02
“"3'”‘"1‘““?BlEoHZ’_'TiDE“UZ__—VI7E¢HI S HLBESUY
3 3 .2605.02 .1boE.oa L3cEen2 L, 228Eep2



APPENDIX C

DISCRIMINANT ANALYSIS RESULTS
FOR GENERA OF BAIRDIIDAE



DISCRIMINANT ANALYSIS RESULTS

FOR GENERA OF BAIRDIIDAE

V T sS§ S2 S3 S4 S3 S6 S?T S8 S§9S40 . C... .. ..

6 4 11 7 85 4 g <0 =0 n0 0 <0 O (6F8,5/)
T?Si:igs ?t:fgz' fosisa‘ ,04803 '}613?7'_.62352"Tfﬁiﬁfﬁg—gngﬁqu_"“'
01072 ,23956 ,03878 ,05508 ,02140 ,01602 <o DALEGIR .. .. ..
00822 ,20631 ,03809 ,06825 ,01319 ,02508

01179  ,25073 ,04727 ,06224 ,02151 ,02694 .
(01544 ,21934 ,06808 ,06504 ,030%7 ,0407% T
,03008 ,28209 ,10148 ,08183 ,04318 ,03825 T
,01198 21305 ,05176 ,06097 403181 ,0275y o
101305 ,18851 ,06682 ,03953 ,02527 ,0275%
(02992 ,30584 ,08036 ,0543%1 04164 03313 )
,02625 ,28914 ,07444 ,04468 ,031%4 L0228y
103200 ,42536 05818 ,12647 04377 ,05498 S
TRAINING CLASS 2 . ) o Training Class 2:
101440 ,22223 . ,05911 . ,05789 _,01150 02020 .. o Aol e
101469 ,21201. ,05822 . ,05699 ,0170% ,02027 e
(01278 ,22398 ,04976 ,05791 ,01897 ,02320.. . .. ... ... .
4 0145% ,26733 . ,04900 _,06992 ,01388 ,0282% . . .
101722 ,23861 05977 ,07279 01946 03373
00787 ,25870 ,02315 ,03208 ,0137% 02148
101181 25893 03575 ,06410 ,01370 02937
TRAINING CLASS 3 ; Training Class 3:
101647 (35442 03434 06555 ,02999 401545 Bairdiacypris
105184 ,44178 ,07788 ,09267' ,06077 ,01103 L >
103752 ,40006 ,06573. ,08208 ;05199 01824 i
101468 ,19326 ,07217 01942 401657 01260
102256 ,22034 ,09635 ,04094 ,02947 ,00829 . . .. .
TRAINING CLASS i , _Training Class &4: _
001212 ,28583 ,03863 ,05734 ,01348 ,00658 W
(00962 ,23070 04028 04296 01024 ,01087 . 17U
100919 ,14732 ©,05302 ,03726 ,00743 ,81890 - e
102888 33616 ,07257 ;07070. 104138 ,oga:‘u‘ o » ST T
MEANS FOR EACM TRAINING CLASS | .
:g;ggg :gigg: :ggggg i .g;:gg Refer to pg. 53 for
06153 04782 ©  ,06929 ;05112 - - explanstion-of .output-
106422  ,05881  ,05993  ,u54n6
102888 ,01567 ,03774° 01882 .ri/oc
05032  ,02536  ,01196 01617

58



COVARIANCE HATPIX

-400009 . ,00084.11; /00010 < ;00014 1°}00082/°1,00004
«00054  ,00513 .oooos 200129  ,00068  ,00029 ... .. . .
.00U010 ,00003 ,00033 ,00004 ,00010 00004
.,00014  ,00129 ,00004 ,009249 ,L,08019 ,00012 ..  ._.._.
.,0001%  ,00068 ,00010 ,00019 ,N0014  ,00005
00004  ,00029 ,00004 ,00012 ,008005 ,0C007..
INVERSE OF COVARIANCE .
166561, 12231, 39700, *3537, 40836, 22382,
»12231, 2174, 4724, #1192, ®2%84, w1428, . . ... . ...
©39700, 4724, 16888, 1137, *3739, =7876,
-3537, e1192, . 1137, .. 7763, . =81, .. w6781, ——— . . __.
*40536, =2584, 3739, w81, 54201, 5772,
22382, #1428, #7876, #6781, «5772, 28459,.
INVERSE CHECK  DETERMINATE ,14756E=23 TOTAL SAMPLES 27... . .
1,00000 ,00000 «,0U000 =,00000 e,N0000 «,00000
*,00000 1,00000 ,00000 =,00000 .w¢00000 ®,00000 - - oo oo
0.00000 ,00000 1,00000 ,00UOQ ,00000 ~,00000
,00000 ,00000 0,00000 4,00UN0  ,08000 «,0CU00
+00000 ,00000 ,00000 ,0D00V 4,00000 ,00000
«,00000 0,00000 =,00000 w»,00000 w,00000 4,00000
CLASS ACTUAL  EXPONENT FOR TRAINING SET Bairdia ... .___..
1 2 ,467E+01 ,183Ee01 ,203ten2 ,679Ee01 —
1 4 L436E+01 ,674E401 ,832te0l ,403E+01
1 2 ,667E«01 ,461Ee01 ,189Een2 ,627Ee+0D}
1 1 ,124E+01 ,311Ee01 ,122E+n2 399E+01 e
1 1 ,401E+01 ,124Ee02 ,278ken2 ,183E+02
1 1 ,673E+01 ,147Ee02 ,149t+02 (1S7Ee0D2 . _ _ _ ... ___
1 1 ,742E+Q1 ,18%Es02 ,231k+N2 ,192E+02
1 1 ,224E+01 ,912Ee01 ,16LE+02 ,107E+02
1 1 ,569E+01 ,117E«(2 ,129E+n2 ,126E+02
1 4 ,759E+01 ,819Ee01 ,680te0l ,614EeDL o
1. 1 4132802 .1435.02 3526402 ,224Ee02 . .. .o
CLASS. .ACTUAL  EXPQONENT FOR TRAINING SEY . . .. _grehobatrdia— ——-
2 2 ,919E«01 ,233Ee01 4151EeN2 (312Ee0]
.2 . 2 .,408EeQ1 ,167Ee01 .,111beN2 G190E®08 .- .
2 2 ,163E+01 ,149E«01 ,118Een2 ,267E+01
2.... 2 (B35Ee01 ,170Ee01 ,186EsN2 ,464Ee0L ... . ______._ . ...
2 2 ,494E+01 ,200Ee01 ,222t%f2 (765E«01
2. 2. ,107E402 ., 847EeQ1..4197E+N2...,107€E#02
2 2 ,626E+01 ,110Ee01 ,214Ek+N2 ,624E+01 .
CLASS ACTUAL  EXPONENT FOR TRAINING SET a;gdiacxgrib !
3 .3 ,147E402 ,171Ee02 760EeNl (96SEe0) T TTTTT Tl
3 3 ,326€402 ,342Ee02 ,120E402 4243E+02
S 3 3 .,169E402 ,220Ee02 . 4254E+0N1.. ,125E02
3 4 ,102E«02 ,940EeQ01 740E+nl (537E¢01
3. 3 ,225G¢02 ,264Ee02 727E+01 G14%Ee02 ... ... ..
CLASS ACTUAL  EXPONENT FOR TRAINING SET ' . ...Cryptobairdia. ... ... ..
4 4 ,194E«02 ,132Ee02 ,B76tenl ,540E¢01 .
A ... 4  ,952Ee01 ,401Ee01 .. ,800E+Nl . ,B24E«0Q0
4 2 ,B34E«01 ,371E401 ,207E+02 ,714E+01
4 1 ,333E+01 ,B10EeQ1 485t ¢S530E*0L ... .
CLASSIFICATION MATRIX .- S e e e
CLASS SAMPLES 1 2 3 4
.1 11 7 2.0 .2 Explained_in_xext,,pg‘_ééL_
2 7 0 7 0 n
3 ] 0 0 4 1 e e
4 4 1 1 0 2
MEAN EQUALITY DEGS OF FREE, 18 CHI SQUARE 70,

59
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CLASS ACTUAL ~~ EXPUNEMT FAR TRATNING SET
p 4 ,234E.02 ,106E402 ,525E+0l ,357Ee01 Echinocythereis

4 (232E«0?2 ,68HEeQ1 ,26ten2 S547E+01
47 7,2156+402° ,307E«01 4541E*nT] ,R16E+0D
4 ,155E+02 ,674E«01 (H1ZEenNl ,168k*01

4
-
4

© " CLASSIFICATION MATRIX
CLASS SAMPLES
1 7

R
: A B
g — g m 5 1 1 Explained-in-text
3 9 0 0 7 e
] 4 0 0 0 4

MEAN EQUALITY DEGS UF FREE, 1 CHI'SUYARE 120,




APPENDIX D

DISCRIMINANT ANALYSIS RESULTS
FOR GENERA OF HEMICYTHERIDAE



DISCRIMINANT ANALYSIS RESULTS
FOR GENERA OF HEMICYTHER IDAE

V T St S2 s3 s4 S5 S6 S? s8 s9 s10 ¢
6 H 4 S 3 4 B 4 -0 .0 a0 w0 O (4F7,57)

TRAJLING CLASS 3
.N0506 ,26PR11 ,02030 ,012%0 ,020%p ,00920 Hemtcythere

—Ht442,29175 08645 04163, 00282905990 —
©,013%6 ,28107 ,04826 ,03462 ,02425 ,0pl24

.N1118 ,3231° ,04352 ,04483 ,02145 ,01170

_TRAIMNING CLASS 2 Klofesonella—
.N2743 ,32727 ,0¢250 ,03977 ,07898 ,01743 -_—

017204 ,2904% ,0®354 02459 ,0:B7s _NgBgy

01613 .2B334 ,0%363 ,03086 ,02474 .00391

TRAIMING CLASS 3 Baffincythere
L0L9R1 ,2962n 04079 .04254 ,02414 ,01598

.n2852 ,31909 .,04497 ,05n92 ,03¢812 ,00l1s4

02307 419638 ,0423% 06609 ,04918 ,£03g9

TRAINING C| ASS 4
-743419—712161—+41330_*naA3a_,3;434_,n45*&_____EEgﬂﬂffyfffféf;__________

.N2400 ,3257) .06410 ,03470 ,03597 ,C10s54

(02179 30555 40703z .02M18 ,03633 ,C0435

01482 31354 .046727 .02480 ,03229 01647

TRAINING CLASS 5 Muellerina
—N2284 _,3932% .0EGRZ 05524 L0387 00691 ——

.02207 ,39709 +0r697 .05602 ,03787 00545

(01838 ,35M1% 05962 ,U2773 ,04778 30762

n1403 3635 ,0446% D483 03022 109014
.01148 ,3960% ,032R8 ,05496 ,02722 ,012%4

1839 3455 ,(0#B02 .0290d4 03145 00732

02279 40061 ,06419 ,07187 ,02980 00725

02088 ,36709 05371 ,03342 ,032%2 ,01825

IRAINING CLASS @

01176 ,34388 ,07961 ,03943 ,01359 00513 Bensonceythere ————

01025 37382 ,02964_,06332 ,02002_,00433

«N03n1 ,33093 .0r950 ,03R21 ,01561 ,01498

.N16R4 53926 ,0%742 ,0249P ,02158 ,015s3

61
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MEANS FOR KFACH THAINING CLASS

.N112A 2r47 102410 ..g23e; .01882 ,01043 Refer to pg. 53
29458 80142 34494 425 72204 X420/ ¢

.N4456 15822 «N5AK04 .06377 ,05674 ,031654 “f" uPia“at:ion
, 13339 13174 ,05318 04401 04708 ,fa148 Of output,
021469 0216 03215 03625 N3449% 01220

.N0703 04105 W0N217 ,00093 .N092¢ ,000099

— COVARJALCT MATHRIX

.0nG603 u001p $00005 ,n0005 100001 «,00004

.CNno10 WP0124 700001 009538 100008 «,"00n4
- .00005__a,20004_ _ 5000172 _,00702 400002 .vnnnn?

,0n0N5 . "00N5s S0u00? 00306 00001 .000n4

.0n901 ,no0pn 200002 «00% ol 100004 @« Np0n1
__-.nnnn1__1*cnunA__A,nnnnz__;,anaa.__.+4nan;___,.4nas____________________

INVERSE OF CUVARIANCE

2040249, _=13414, 24464, alkb1gs 33738, 2268
-10414, 6339, 5¢21, 0126y 11531, -,\_15.
74454, n221, 0273, 1507 4306, 8220,
~15£16 291284 1502, 21442, 24238 158¢£5

33739, 17531, 4306, 24238, 63436, 27154,
234810, -5319, ez20, 158685, 27156, 51251,

INVERSE CH:CR CETERMINATE .36275E=2% TOTAL SAVMPLES 24
1.00000 &, 000N 500000 =,n00n0 a4yqnQn0 =,000n0
 _e.00000__1,00000 sp000o J00200 ~,p80000 - £00p"%
.00000 «,"000n 1700000 «,n0000 +000N0 = ,N00ND
.o0noep 70000 S0n000 1,n0000 00000 0,%0700

—  .00000__ ,-000p  To0000 =,09000 4,00000 - _£00cN
n.onono J0000e  «500000 «n0C0JY 0yn0ONO 1.f0CAO
zxP Inlng SgT Hemicxthere

1 1 ,'03E«01 ,P24Ee01 ,179F+02 ,161E0? 2215402 ,110E«02

1 1 ,134Ee01 ,7ERE401 .143pe«02 ,9109E«0? [177f+0? ,169E+0?
4 1 ,I5HEe01 . ED2Fe01 ,131Fep2 .

1 1 ,T36E«01 ,115ke02 (16%E+*02 ,10RE*0? [973Fect ,113Ee02

—CrASS _aCTUAL__ EXPCAENT £cR Toalnlus Ser onella
2 2 ,21%E«0?7 e509Fe01 F69F+nl  ,903nEeny [ 2G7Fe0? ,Jq9E+0?
2 2 ,109c402 ,376Fe01 ,218F+02 ,164Ee0? [210Fen? ,E22Fe01
2.1 L 16HEsD1 _.429FEe01 _ ,10°E+02  ,795FE+04  19SEep%  18%Fe02
CLASS ACTUAL  EXPC\ENY FCR TRAININWG SgT Baffincythere
3 g +102E402 ,G41Fe01 ,B0%<0l ,R4BEenY :737F'F?JL‘!SSF‘0?
g 23k a =4 hd

3 3 ,275E402 ,Z47E40? ,1076602 ,110Ee02 171F+02  331E+02
—GiA$S~—ACIUAL"_.:xPC&EkJuFOR TRAINING Sgy _ Finmarchinella

4 (240Ee0? ,163Ke02 ,967Fe0% ,M41Ea01 .??3?737"'!'33'02
4 4 L139E.02 LE62Fe01 .2385~01 1927Een1  (165Fepc . 321Ee02
A A 30NC.p2 . 222F . : 4
4 4 ,934Ee01 .,S77Ee01 ,777F+0l ,393Eenl [11fkepc  24BE+Q?
—C1 ASS—ACTUAL ... &XRCAEAT FGR TRAINING Sg?--— —— ... Muellexrina

5 b  ,18UE«0? ,170Fe02 ,167¢+02 ,714Ee03 1076401 ,171Ee02

Y S ,227F«02 ,257Ee0? ,272E%02 ,43RE+n2 161F+py ,219Eep?
—_—s 4 274Qap2  310& = : .

5 5 ,558Fe01 ,3155Fe02 ,188F+02 ,994E*03 187Fepl ,SSNEeQ1

5 5 ,F12Ee4 07 ,768F«+0? ,347Fe02 ,P22REeN? ,S516Fe: ,791E<01
58 223F402 2341402 ,352Fap2  186F4p2378capl 345Eepg2

5 S J176E«0? ,197Ee02 ,243E+02 ,420Een? 206F+01 ,1%1Ee02

5 5  (229F«02 L.148E«0?2 ,219E+02 L109Fe0? 581Feq J150Ee0?

C1.ASS  ACTUAL EXPCNENT FCR TRAINING Sg7T Bensonoczthere
6 6 ,¢63Ee02 .731Fe02 ,480Fe02 ,405Fe0?2 20E+0 69E+01

6 [y ‘115£A02..,199&:02__+30§Fth_.TQJREng2__,132£
6 6 ,123E«0? L18G9Ee02 ,305F+0< ,273E¢07 .229Fre02 ,531Ee01}
6 6 ,i3bEe02 ,191FE«02 ,397ge02 ,233E«02 .93Fce+pl  E74Ee01
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CLASSIFICATION MATRIX
CLASS SAMPLFS

1

Explained in text,

Pg. 40,

b JNC B IV RN}
LD XN XY
O DB aa
QO PPAN &N
0o WO P uw
[-N-3 - Y- W-¥
[

o®Ppoapwn
saO0POCO DO

MEAN EQUALITY DFGS CF FREE, 30 Cul SpuaRe 1%1]
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