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SEPARATING TABELLARIA (BACILLARIOPHYCEAE) SHAPE GROUPS
BASED ON FOURIER DESCRIPTORS'
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ABSTRACT

A random sample of 490 Tabellaria specimens was
analyzed using the harmonic amplitudes of the Fourier
transformations of their valve outlines as shape descrip-
tors. Principal component analysis (PCA) was applied to
the sample to reduce dimensionality. The problem of non-
normal distribution of these descriptors due to cell division
was solved by sub-sectioning the entive data set based on
its distribution on the first three components (PC1, PC2,
and PC3) of the overall PCA. Each of the subsels was then
analyzed by PCA. Shape groups from subset clusters were
compared with one another and then similar groups were
congregated into one growth series. Eight distinct shape
groups were found. The results agree with some previous
classical observations on the genus and at the same time
reveal many new morphological characteristics related to
valve shape. These new characteristics are impossible to
obtain without appropriate specimen sampling, quanti-
tative shape description, and data analysis techniques.

Keyindexwords:  Bacallariophyceae; Fourter descriptors;
morphometric; shape analysis; Tabellaria

Taxonomy of the diatom genus Tabellaria is very
difficult, and there is poor agreement concerning
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the morphological limits of specific and sub-specific
taxa. Almost all morphological characters observed
in the genus have been reported to be highly vari-
able (Knudson 1952, 1953a, b, Stoermer and Yang
1969, Koppen 1973, 1975) although the range and
form of variation have not been established. Tra-
ditional diatom classification has become increas-
ingly suspect for two primary reasons. Nearly all
modern studies of diatom genera have revealed
greater diversity than that expressed in traditional
classifications. There is some recent evidence for
thisin Tabellaria (Lange-Bertalot 1988). At the same
time, modern ecological and paleoecological inves-
tigations have revealed apparently consistent mor-
photypes associated with particular geographical
regions or ecological conditions, and investigators
have increasingly resorted to arbitrary designations
to convey information hidden by current formal
classifications (Koppen 1978, Kingston et al. 1986).
Our operational hypothesis is that unresolved order
exists within morphological characteristics of Tab-
ellaria and that resolution of this order will result
in a more natural and informative systematics.
Valve outline shape is considered important in
Tabellaria taxonomy for two reasons. 1) Tabellaria
species, as currently understood, are relatively char-
acter-poor. The first and most easily available tax-
onomic character of this genus is the valve outline
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shape. 2) Although shape is variable both within and
between populations, it remains relatively stable on
a large scale, and it has been employed as a main
diagnostic character early in the history of Tabellaria
taxonomy (Hustedt 1931). Traditionally, Tabellaria
shape has been dissected into characters that can be
verbally described. Such descriptions are subjective
and, hence, subject to errors in both description and
interpretation of published works. What is a “cap-
itate” terminal inflation to one observer may be
“gradually tapering” to another. There is obvious
need for a quantitative method to describe shape
precisely and unambiguously.

Theriot and Ladewski (1986) applied a quantita-
tive method that uses the Legendre polynomial ex-
pansion to quantify diatom valve outlines (Stoermer
and Ladewski 1982, Goldman et al. 1990) to study
Tabellaria shape. This method is particularly appro-
priate for shapes composed of relatively smooth
curves and less appropriate for outlines consisting
of linear sections alternating with regions of high
curvature. The latter is characteristic of most Tab-
ellaria species (Theriot and Ladewski 1986). To
quantify Tabellaria shapes, a different approach is
developed for this study.

Tabellaria valve outline may be satisfactorily de-
scribed by a mathematically simple, closed plane
curve. To be useful for taxonomic purposes, nu-
merical descriptors applied to the shape should be
able to describe all details present in a given image.
The descriptors should remain constant if the change
in contour they represent is only due to uniform
scaling; the algebraic values of the descriptors should
be directly interpretable in terms of the shape they
represent.

The advantage of using numerical descriptors to
represent Tabellaria shape is achieved not only in
the accuracy in shape description but also in the
variety of statistical techniques available for descrip-
tor analysis, because the descriptors can be treated
as numerical variables. The purpose of this study is
to determine broad relationships within the genus
as a whole using valve shape. To obtain unbiased
final results, the choice of appropriate statistical
techniques is as important as the choice of appro-
priate numerical descriptors.

An unbiased sampling technique is needed to pro-
duce unbiased statistical results. In practice, diatom-
ists usually select valves across some size range to
compare Tabellaria or other diatom populations. The
reason for this is the need to account for the dimi-
nution-rejuvenation size series, which occurs dur-
ing the reproductive cycle of most diatoms (Geitler

1932). In most populations, small cells, the result of

many asexual divisions, greatly outnumber larger
post-auxospore cells. To obtain an estimate of with-
in-population morphological variance with reason-
able effort, it is tempting to make arbitrary judge-
ments in choice of specimens for analysis. In genera
like Tabellaria, where underclassification is suspect-

ed and unquantified morphological variance asso-
ciated with ecological factors may exist, a priori as-
sumptions of grouping are partlcularI) dangerous.

Due to these considerations, we developed a meth-
od of shape analysis that we feel is particularly ap-
propriate for Tabellaria and applied it to a large,
randomly chosen group of specimens.

MATERIALS AND METHODS

The deseriptors. There are two general approaches in biological
shape analysis. One treats shape variations as distortions of some
initial coordinate system (Thompson 1961, Bookstein et al. 1985).
This deformation model requires that there is a spatial or on-
togenetic correspondence among the definable structures of or-
ganisms under study. The corresponding points are defined as
landmarks. Most diatoms do not have outline landmarks. It is
important to emphasize here that internal structures, such as
labiate processes, are usually not qualified as landmarks for 1wo
reasons. First, their ontogeny and functional definitions are not
clear. Second and most importantly, the total number of labiate
processes on a valve is usually not fixed in a genus. For example,
some Tabellaria species have one labiate process and some have
two (Lange-Bertalot 1988). The deformation model represents
shape variations by a fixed number of landmarks that change
locations from one shape to another, and it excludes the type of
variation where one point in a form becomes two or more points
in another, Although the midpoints of the terminal inflation and
central inflations may be defined as pseudolandmarks for Tabel-
laria, they do not convey crucial shape variations between these
points. Therefore, the coordinate deformation approach cannot
be applied to Tabellaria shape descriptions. A totally different
approach from the deformation model in shape analysis is pure
outline analysis, and Fourier transformation plays a major role
in this method. Theoretical and experimental evidence (Gran-
lund 1972, Zahn and Roskies 1972, Kuhl and Giardina 1982)
suggests that Fourier descriptors (FIY's) approximate the criteria
for Tabellaria shape representation. FD's for closed, two-dimen-
sional curves may be summarized into three categories.

The first type of FD is the harmonics of the Fourier expansion
functions defined as the radius about an arbitrarily defined cen-
ter. This type of analysis has been applied to a variety of objects
ranging from sand grains (Ehrlich and Weinberg 1970) to human
faces (Lu 1965). Applications in systematics include the studies
of Kaesler and Waters (1972), Christopher and Waters (1974),
Healy-Williams and Williams (1981), and Rohlf and Archie (1984),
The main problem in applying this type of FD to Tabellaria shape
analysis is that FD's of this type are dependent on location of the
center (Full and Ehrich 1982). In applications, either a landmark
(Lu 1965) or the center of mass of an image (Fhrlich and Wein-
berg 1970) is used as the origin of the radius. This is a severe
problem since it is difficult to specify meaningful ontogenetic
landmarks in diatoms. The dependency of the descriptors to the
location of the center of radius is undesirable even if a landmark
can be easily defined. In morphometrics, it is not unusual that
landmarks change their locations while the outline remains more
or less the same. The change in FD's might only reflect the
drifting ofa landmark in the same outline shape. Using the center
of mass as a landmark only ensures identical FD's for identical
outlines, and the differences among different shapes produced
this way are arbitrary.

A second approach utilizes the Fourier expansion of functions
that represent changes in both the x and y directions. This type
of analysis was developed in the area of pattern recognition and
has been used to identify handwriting (Granlund 1972). The main
purpose of this type of analysis is purely grouping and discrimi-
nation. All FD’s obtained by this method are sensitive to scaling,
and some transformation is necessary to make the descriptor
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invariant under uniform scaling, rotation, and translation. Al-
though the transformed set of descriptors is form-invariant, it is
not a complete representation of the original curve, and the
original contour cannot be reconstructed from the transformed
descriptors. This property essentially disqualifies the method for
Tabellaria shape analysis.

Another approach (Giardina and Kuhl 1977) is designed for
contours that are encoded as chain code (Freeman 1974). There
are two sets of Fourier expansion, one for the x projection of the
chain code and one for the y projection. Consequently, there are
four harmonics for each order of the representation. Kuhl and
Giardina (1982) showed that the four harmonies in each order
form elliptical loci and may be standardized to be form-invariant.
The advantage of elliptical FD's is that the curve represented
may be complex, and all arbitrarily shaped, solid objects can be
analyzed. The disadvantage of elliptical FD's as applied to Tabel-
lnria shape analysis is the high dimensionality of the descriptors.
Tabellaria valves form simple closed outlines and, therefore, the
extra flexibility of elliptical FD's will not benefit outline repre-
sentation. Since the object of this study is statistical analysis and
interpretation of FD's, curve representations that have lower
dimensionality are preferred.

A type of FD that is scale-invariant and of lower dimensionality
than elliptical FD's was first suggested by Cosgriff (1960) and
developed by Zahn and Roskies (1972). They defined the FD's
as follows:

Let [ be the arc length of a clockwise-oriented simple closed
curve ¥ and 0 = [ = L. The parametric representation of the
curve ¥ is (x(!), ¥({)) = Z(). Let &(!) be the cumulative angular
function and ®(/) represent the net amount angular bend between
the starting point [ = 0 and point . The domain of ®(/) is [0, L]
and may be normalized to |0, 2x|, which is standard for periodic
functions. The normalized variant $*(¢) is defined as

d*() = B(Lt/2w) + 1 (1)
The Fourier expansion of $* is
$*(f) = w, + 2 (a, cos kt + b, sin ki), (2)
=1

where a, and 4, are the FD's for curve v and are known as the
kth harmonics for the Fourier series.

The Fourier expansion of ¥ may also be written in its polar
form:

(1) = p, + X A, cos(kt — ), (3)
k=1
where A, is the kth harmonic amplitude and e is the kth harmonic
phase angle. It is very easy to convert (a,, b,) to (4, ey). IF (a;, by)
represents a point on an X and Y coordinate system, (A,, @)
represents the polar coordinates of that point.

Since terms in FD's represent successively finer details on the
boundary and terms of the highest orders represent only noise,
FD's may be truncated to represent the curve to a specified ac-
curacy. The truncated form of FD's {4,, a,}= is {A,, oy }¥. Curve
reconstruction based on the truncated FD's is obtained from the
following formula:

2ei/L
Z(h) = Z(0) + L/?'xf expii =t + 8,

+ py + 2 A, costht — a,)]idT,

=1
(4
where Z(0) is the starting point of the curve and &, is the initial
direction.

Reconstructions of two types of Tabellaria valves based on the
first 20 descriptors are illustrated in Figure 1. In this analysis,
even-numbered descriptors contribute to symmetrical aspects of
a valve, and odd-numbered descriptors contribute to its asym-
merrical aspects. The higher a descriptor’s order, the finer the
structure on the outline it controls.

Properties of ®* and its FD's that are important to Tabellara
shape analysis are the following. 1) The terms of FD’s are in-
dependent and uncorrelated. Truncation of the Fourier series
does not change the values of FD's. 2) Similar shapes are usually
close to each other in the FD space. 3) For a circle, @*= 0. The
FD's may be considered a measurement of how different the
shape in question is from a perfect circle. 4) ®* is invariant under
scaling, rotation, and translation. The FD's are form-invariant
except that they are sensitive to the starting point of the contour.

We have developed programs to implement this analysis. Im-
ages are captured directly from a Leitz Dialux 20 microscope
equipped with flat-field optics and are sent to an Apple Macintosh
IT computer through a ProViz digitizer. Processing begins with
application of a Gaussian filter (Marr and Hildreth 1980, Canny
1986). The outlines on the smoothed image are then detected,
and the contour of interest is digitized automatically.

Computational formulas for FD's obtained directly from a dig-

itally represented curve are
v

py=—m— 1/L 2 LA, (5)
k=1
AT}
a,=—1/nr 2 Ad, sm(2r n /L) (6)
A=l
M
b, = 1/nm E Ad, cos(27 n l,/L) (7)

h=1

where [, is the arc length from the starting point to the kth point,
Ad, is the change of the angular bend on the curve from the (k
= D)th point to the kth point. and there are (M — 1) points on
the curve,

Statistical analysis of the FD's. Outlines of 490 Tabellaria valves
suitable for digitization (i.e. outlines lying parallel to the focal
plane and without overlapping images) were obtained and each
of the outlines was digitized from the center of a terminal infla-
tion. Girdle bands were sometimes sampled in thickly strewn
preparations where most valve outlines were overlapping. The
outline shape of girdle bands in a cell is almost identical to the
shape of the valve (Theriot and Ladewski 1986). We sampled
only the valves whenever it was possible to avoid repeated sam-
pling of a single specimen.

Morphological variations of Tabellaria valves found in our col-
lection were well sampled. The specimens cover a wide range of
North America localities. Although strict random samples are
practically impossible to obtain since the availability of qualified
images on a slide varies, outlines for this study were obtained in
the following manner. All qualified images along certain transects
on a slide were digitized until a prefixed number was reached.
In other words, there were no “preferred shapes™ among valves
that could be digitized. Many valves that might be considered
“atypical” by some taxonomists were included.

The first 30 FD's were extracted for each specimen. This num-
ber was determined by both observation of shape reconstructions
and several exploratory principle component analyses (PCA’s).
The reconstructed curves based on the first 30 FD's showed all
taxonomically important shape details on Tabellaria valves. All
PCA’s on the correlation matrix over the entire data set and
subsets indicated that FD's after the first 30 coefhicients are not
significant. The preliminary PCA results also show that the har-
monic angles are not significant. This is determined by the fact
that none of the terms showed up in the first three components
that explain over 80% of the variation. Consequently, the first
30 harmonic amplitudes from each of the specimens form the
raw data for our shape analysis, and they are labelled A, A, A,,
etc. Besides the harmonic amplitudes, each specimen’s length and
width were measured, and the length-to-width ratio was calcu-
lated. Geographic origin of the specimens was also recorded. This
information was used later to help determine the geometric
meaning of the shape descriptors and the geographic distribu-
tions of shape groups.
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FiG. 1. Successive reconstruction of two Tabellaria valves based
on up to 20 descriptors.

To investigate the nature and structure of the raw data, PCA
on the covariance matrix was applied to them. A plot of the
distribution of the 490 samples on PC1, PC2, and PC3 of this
global analysis (Fig. 2a) shows a strong nonlinear functional re-
lationship among the three variables. Nonlinear features are not
unusual in biological pattern recognition. For one organism, the
relationship between size change in some dimension and size
change in another dimension is commonly known as allomerry,
and it is often exponential. In Tabellaria, allometry exists because
cell division in a clone causes successive valve length reductions
and shape changes. Although the distribution in the global PCA
is not allometry, since the data are not from one clone or one
species, it is certainly influenced by a combination of different
allometric characteristics from many different species. Based on
a rough comparison of our specimens with species described by
previous studies of the genus Tabellaria and the information that
shape variation is larger among the shorter specimens (Theriot
and Ladewski 1986), and based on observations of the data dis-
tribution in the first three PC spaces from every possible angle
and the fact that both PC1 and PC2 are correlated with length,
a conceptual model may be built for the distribution in Figure
2a (Fig. 2b): There is more than one species in the raw data. Each
species’ specific allometric characteristics form a unique growth
trajectory in the shape space, and this trajectory may have a

variations that
gfe ot gl
ralited

Fic. 2. The path to shape-group separation. a) Plot of the
entire data set on the first three components of the global PCA.
b) The conceptual model of the raw data. ¢) Sub-sectioning of
the entire darta set.

different starting and finishing point from that of other species.
Some species may have longer nonallometric shape variations
than others, and some species might overlap with one another.

Nonlinear functional distribution of the raw data created a
problem for standard multivariate techniques, since the assump-
tion of normality is violated. For this type of distribution, PCA
cannot detect the intrinsic dimensionality of the data (Fukunaga
1972). For example, the variables PC1 and PC2 from the global
PCA in our analysis are not independent (Fig. 2) as they should
be for normal distributions, The functional relationships among
global PC's is one of the reasons why a shape analysis method
called eigenshape analysis cannot be applied 1o Tabellaria. This
method derives a set of empirical orthogonal shape functions by
PCA of a matrix of correlations between shapes (Lohmann 1983).
Essentially, it applies PCA to some points from the curve descrip-
tion function $*(f) in equation 1. Its purpose is to find a repre-
sentative shape in a group. Since the shape of each species in
Tabellaria is a continuous growth series and a different growth
stage has a different representative shape, it is wrong to try and
find one representative shape knowing that there might be more
than one species in the data. Eigenshape located this way would
be a shape that is representative of several species at a similar
growth stage, and this is not our objective. Mathematically, the
problem of the empirical orthogonal functions (EOF's) obtained
from our data is similar to the global PCA. Although harmonic
amplitudes from truncated Fourier transformation of ®*(/) are
not equal to points on ®*(1), the effect of the EOF’s from our
data is close to what is illustrated in Figure 2, and it would be
dominated by allometric shape variations and species delineation
would not be possible. Besides, eigenshape analysis requires that
a fixed number of points be digitized from every specimen. For
Tabellaria, the spatial correspondence between a fixed number
of points in one outline and the same number of points in another
outline is totally arbitrary, and correlations derived from these
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Fic. 3. A two-dimensional example of the relationships among
the local PCA’s and the global PCA for the raw data.

points are misleading, as are the EOF's derived from the corre-
lations. Therefore, this method is not suitable for our study.
To delineate species in Tabellaria, it is crucial to understand
how different sources of shape variation influence the distribution
of the data. There are within-species variations and between-
species variations. Within-species variations may be divided into
two categories: allometric variations, which determine the shape
and the location of the arcs in Figure 2b, and nonallometric
variations, which determine the radius of the circles around each
arc at any given point or the “thickness’ of each curve, which
may not be consistent throughout a growth trajectory. Between-
species variations influence the “thickness™ and the shape of the
overall distribution. In other words, it controls how far away the
growth trajectories are from one another. The overall variation
may also be divided into length-related variations and non-length-
related variations. It is necessary to emphasize here that although
global PC1 and PC2 are allometry-related shape variations and
consequently reflect valve length to certain degrees, they are not
direct measures of length. Identical shapes of different magnifi-
cations would be at the same spot in the PC space even though
they have different lengths. At any given point of the overall
distribution, shape variations that are not length-related are com-
posed of intraspecific nonallometric variations and interspecific
variations at a similar length. Graphically, this is the cross-section
of the overall distribution at that point (Fig. 2b). Shape variations
atany other directions are all length-related. To delineate species,
we need to magnify shape variations that are not related to length.
Our raw data consist of 30 variables. If it were possible, a plot
of the data in a 30-dimensional FD space would closely resemble
the distribution in Figure 2a. PCA rotated the original axes so
that only three new axes are necessary to plot the raw data with
only 19% loss of the original variation (Table 1). In other words,
PCA is a tool to “see” the data structure in lower dimensional
spaces, and it does not alter the data structure. To “see' if there
is more than one growth trajectory in a certain segment of the
overall distribution, PCA may be applied to this segment. A
2-dimensional analogy of the effect of this local PCA is like look-
ing through a magnifying glass in a 30-dimensional space. We
rotate the magnifying glass in the data segment until we “see”
most of the variation reflected through the glass. The accuracy
of PCA is usually less than 25% loss of the original variation. For

any particular study, this criteria may be specified as accurately
as necessary. To observe the entire distribution, we move the
magnifying glass from segment to segment until every data point
is observed. This moving magnifying glass effect may be achieved
by dividing the overall distribution into small subsections and
applying PCA to each of the subsections. A two-dimensional ex-
ample of the relationships among the local PCA’s and the global
PCA is illustrated in Figure 3. It shows that a local PC1 might
have a different orientation or have a different linear combination
of the original variables from the global PC1 and other local
PC1's. The same is true for PC2's and so on.

To observe species in a subset, it is easier to limit allometry-
related variations in a subset so that the local PC1 is aligned
toward the between-species shape variations if there is more than
one species in the subset. It means that the length of the segment
should be shorter than its width. The size of a subset divided this
way in the data distribution where it is “thin" is smaller than
where it is “thick,” although data points included in the smaller
subset are not necessarily less than a larger subset (Fig. 3). Using
the analogy of a magnifying glass again, it is like having an oval
magnifying glass, and it always adjusts the magnification so that
the maximum nonallometric variation in a subset always fills up
the major axis of the glass. In fact, it is not crucial to fix the
minor axis of the glass: as long as the major axis of the glass is
fixed, PC1’s from all subsets are standardized to this distance. In
practice, this means that as long as length-related shape variations
are not dominant, the exact shape of the subset is not crucial to
species delineation.

After several trial divisions, our raw data were divided into 12
subsets and each subset overlaps partially with its neighbors (Fig.
2¢). The amount of overlapping among subsets is determined by
the complexity of the raw data. The more loops and protuber-
ances on the growth trajectories in the conceptual model, the
more slowly we move the magnifying glass to observe the details.
Growth trajectories in our model are assumed to be smooth, based
on preliminary observations of the data and the common knowl-
edge that diatom cell division produces gradual shape changes,
and that there are no periodic repetitions of shapes in a growth
series. The 12 subsets in our analysis only overlap slightly, and
data points in the overlapping areas are used to check if the
classifications are consistent in different subsets. The 12 subsets
are labelled as §,, S,, S, ete., up to S,,. PCA over the covariance
matrices was applied to each of the subsets. The first three com-
ponents were chosen as the dominant eigenvectors because they
explained at least 75% of the variance for most of the subsets
(Table 1), Plots of the first three components were used to find
natural shape clusters in the local regions. Nostrict criteria define
a shape cluster in a local PCA, since the shape variance may differ
from one species to another. Looking through the magnifying
glass again, some clusters may be more loosely scattered than
others. To make the matter even more complicated, shape vari-
ances may not be consistent within a species throughout its growth
trajectory. The only way to tell one species from another is to
compare the characteristics of the cluster with characteristics of
clusters in other subsets. If one cluster is loosely distributed in a
subset, it should be distributed in a similar pattern in the neigh-
boring subsets. For the 12 subsets in our raw data, shape groups
in each subset were compared with shape groups in its neigh-
boring subsets. Groups that were similar were combined into one
growth series. Figure 4 shows representative specimens from each
group. Figure 5 shows specimen distribution in the PC space for
each of the subsets.

RESULTS

Eight shape groups were found among the 490
Tabellaria valves we sampled. Each group is illus-
trated by six outlines representative of that group
in Figure 4a—h. Only pure morphometric properties
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of the valve outlines are discussed here. Systematic
interpretation of these results will depend on fur-
ther observations of nomenclatural types, observa-
tions on characters other than valve shape, and, most
likely, additional sampling of populations not rep-
resented in our collection. While we will continue
to pursue such research, we feel that these interim
results will be of interest from the stand point of
methodology, perhaps suggesting directions for re-
search to other investigators.

Since data in this study are subsectioned based on
their distribution on the first three components of
the PCA of all 490 specimens (Fig. 2¢), the geo-
metric properties of each shape group may be in-
terpreted by observing its distribution on the three
axes in that analysis. For example, a shape group
that has a wide range over the PC1 axis indicates a
large size range in specimens sampled that are part
of the group.

Group 1 (Fig. 4a) is only found in §, (Fig. 5a).
Since it is only located in S, its shape is homogenous
and size range is small.

Group 2 (Fig. 4b) is found in S, S,, S5, S, S, and
S (Fig. 5a, ¢, e-h). Although this group habdldrgt
size range, its shape is relatively stable.

Group 3 (Fig. 4¢) is found in S, S,, Sy, S.. Si. S5,
Ss, and S, (Fig. ba—c, e—i). It has a very large size
range, and the intrinsic variation of valve shape is
also large.

Group 4 (Fig. 4d) is found in S, and S, (Fig. 5b,
d). This group is fairly homogeneous in both size
and shape.

Group 5 (Fig. 4e) is found in S, S,, S, and S;, (Fig.
5b, d-f). Its size range is large, and its shape is not
very stable.

Group 6 (Fig. 4f) is found in S, S, S.. S;, S5, S,
Sy S.o, and S, (Fig. be-k). This group has very large
variation in both size and shape.

Group 7 (Fig. 4g) is found in S, S, Sy, and S,
(Fig. bg, i-k). The size range of specimens in this
group is small, and the shape variation is relatively
large.

Group 8 (Fig. 4h) is found in S,, S,4. S,;, and §,,
(Fig. bi-l). Specimens in this group represent little
size reduction, and the group has very large internal
shape variation.

Since the subsets are designed to have smaller
length-related shape variations, characteristics that
are not correlated with valve length or the length-
to-width ratio play a primary role in shape-group
separation. Among the local PCA’s of the subsets
from S, to S, PC1’s are not correlated with length
or Iength -to-width ratio. Only two subsets, S, and
S12, have PC1’s that are slightly correlated mth the
ratio. PC3’s in all of the subset analyses are also
purely shape characteristics and are not correlated
with the length or length-to-width ratio.

Characteristics that are correlated with valve
length or length-to-width ratio play a secondary role
in shape-group delineation. PC2’s in subsets from

Fic. 4. Tabellaria valves a) Group 1. b) Group 2. ¢) Group 3.
d) Group 4. €) Group 5. f) Group 6. g) Group 7. h) Group 8.

S, to 8, are all correlated with the ratio or length
to various degrees. Among all of our sampled Tab-
ellaria valves, width variation is much smaller than
length variation, and width is relatively constant in
some groups. Therefore, the ratio of length over
width is highly correlated with the length. However,
most of the PC2's have higher correlation with the
ratio than with the length.

Table 1 shows that the variance explained by PC1,
PC2, and PC3 together is fairly high in each of the
subset analyses. This means that clusters found in
the space formed by PC1, PC2, and PC3 of the local
PCA’s are fairly accurate. Although the geometric
meaning of each of the variables or descriptors can
be interpreted by reconstructions and observations,
the various combinations of these descriptors such
as PC1's and PC2’s in this analysis are usually too
complex and subtle to be verbally interpreted. This
is also why verbal descriptions alone are not ade-
quate in Tabellaria taxonomy.

Since S, to S, are distributed along the global
PCI1, which roughly reflects valve length, it means
that the valve becomes shorter as the subset order
goes higher. From S, to S; (Table 1), higher-ordered
descriptors such as A, A, Ay, and Ay, are dom-
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Fic. 5. Clusters of Tabellaria valves from S, to S, ranging from a to |. (CJ) Group 1, (+) Group 2, (V) Group 3, (O) Group 4, (W)

Group 5, (x x) Group 6, () Group 7, and (%) Group 8.

inant. This indicates that shape groups with longer
valves are differentiated mainly by the finer struc-
tures on the valve outline. From S, to S, (Table 1),
lower-ordered descriptors such as A, Ay, Ag, and
Ag are dominant. This indicates that shape groups
with generally shorter valves are differentiated
mainly by the more fundamental shape characters.

Asymmetrical aspects of the valve outline have
proven to be important in delineating shape groups
but should be interpreted with caution. Almost all
of the eight shape groups have valves with some
degree of asymmetry. There are more asymmetrical
valves in the shorter general shape groups; however,
the degree of asymmetry is greatest in the smallest
specimens of all groups. A, is a descriptor that mea-

sures the equality of the two limb widths of a given
valve. Ay has the second highest loading on PC1 in
S;;and PC2in S, (Table 1). A;, which is a descriptor
that measures the asymmetrical aspects of a valve
along its apical axis, also has high loadings on PC3’s
in Sq, S, and S,, (Table 1).

DISCUSSION

Most of the shape groups resolved in this study
have similar and overlapping length ranges and can
only be separated by pure shape characteristics (e.g.
Group 3 and Group 6). Each of these shape groups
has its unique morphometric characteristics. The
analysis shows that the size ranges from the eight
groups do not completely overlap and resolve into
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TasLe 1. Variables with high leadings in global and local PCA's.
Main PCI Mam PC2 Main PCY % Variance

Global A2 (—0.100) AbH (0.083) A4 (0.059) 81
A8 (—0.074) A2 (—0.048) Al0 (0.029)

S Al0 (—0.044) Al4 (—0.023) Al4 (0.013) 78
Al2 (—0.037) A22 (0.017) Als (0.012)

S, Al0 (—0.041) A22 (0.018) Al4 (0.016) 79
Al4 (0.029) AlB (0.017) Al6 (0.070)

54 Al4 (0.041) A4 (—0.022) Al0 (0.026) 78
AlS8 (0.022) AlS (0.020) AB (0.005)

S, Al4 (0.038) AlO (0.010) Al6 (0.012) 72
Al8 (0.030) A4 (0.010) All (0.008)

55 A0 (0.040) Ad (0.025) AR (0.012) 80
Al4 (0.029) Al4 (—0.023) Al2 (—0.010)

Ss Al0 (0.053) A4 (0.0330) AR (0.018)
AB (—0.024) Al4 (—0.024) AbH (0.011) 79

S A4 (0.057) AlD (0.0380) Al0 (—0.170) 79
AB (0.045) A4l (—0.026) Ab (0.017)

S, A4 (0.078) Al0 (—0.050) A6 (—0.030) 81
A8 (0.031) A4 (0.014) A8 (—0.019)

Sq A4 {0.096) ASB (—0.055) Ab (0.032) o
AB (0.025) Ad (0.023) Al (0.017)

Sin A4 (0.086) Al0O (—0.049) Ab (0.026) 75
A6 (—0.018) A2 (—0.033) A7 (0.017)

S A4 (0.076) A2 (0.039) A3 (—0.026) 73
Al (0.013) AlO (0.034) AbD (—0.021)

Sis A4 (—0.077) Ab (0.038) A2 (—0.027) 75
A2 (—0.064) A3 (0.026) A3 (0.021)

intuitively reasonable size diminution series. Once
resolved, the shape series are all visually distinct and,
in our estimation, approximate expectations of the
shape range found in most diatom species. Since the
geographic origins of the 490 specimens were re-
corded during the sampling process, it is easy to
determine geographic distribution patterns among
the shape groups. In the examples studied, we find
both sympatric and allopatric shape-group distri-
butions. In some cases only a single shape group will
be found in a general (lake) or specific (collection)
locality. More commonly, distinctly different shape
groups coexist in the same habitat. As might be ex-
pected, our results indicate that more shape groups
are found in large lakes than in small lakes. Our
observations indicate that Tabellaria exhibits less
ecophenotypic plasticity than some other diatom
genera (e.g. Stephanodiscus, Theriot and Stoermer
1984). A formal analysis of morphological responses
to ecological factors in Tabellaria is presently un-
derway (Mou and Stoermer, unpubl. data).

Formal shape analysis allows distinction of groups
which have different size ranges but vary only subtly
in other characters. Due to the large size and shape
change undergone by diatom species during asexual
reproduction, it is understandably easy to confuse
relationships of populations unless size-shape rela-
tionships are resolved. Once these relationships are
resolved, it becomes obvious that several shape
groups in this study have very different size ranges.

For example, the populations resolved as Group 1
and Group 8 have completely nonoverlapping size
ranges. While this might seem a trivial result, it is
probable that some specimens from both popula-
tions would be considered conspecific on the basis
of currently available taxonomic treatments. While
our current results do not conclusively resolve re-
lationships, they do suggest an alternate interpre-
tation. Finally, our analysis agrees with the obser-
vation that shape variability increases as valve length
decreases (Geitler 1932, Theriot and Ladewski
1986).

Our results reveal that the valve shape is a crucial
character in Tabellaria taxonomy. With the accuracy
of FD’s, it is possible to separate populations with
shape differences too subtle to be verbally described
with adequate accuracy and completeness. With the
technique of sub-sectioning of a nonlinear distri-
bution, it is possible to address the problem of with-
in-species size reduction and shape variation due to
vegetative reproduction. Therefore, valve shape is
still a reliable taxonomic character even with the
interference of size and shape changes induced by
cell division.

Results obtained from this study should be rea-
sonably robust for two reasons. 1) Tabellaria collec-
tions in our lab are fairly extensive and represen-
tative of a wide variety of habitat types in North
America. 2) Samples taken are random, and the sam-
ple size is large: thus, specimens included in this
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study are unbiased representatives of the Tabellaria
valves in our collection. Additional sampling, par-
ticularly from localities outside North America, will
likely lead to discovery of shape groups not included
in the present analysis; however, it is doubtful that
basic trends discovered here will be significantly
modified by addition of further samples.

The final results from this study supported the
conceptual model illustrated in Figure 2b. Each Tab-
ellaria shape group forms a curvilinear trajectory in
the global shape space. These results imply that oth-
er diatom genera may have a similar growth pattern,
and species may be delineated in similar ways.

The results also indicate that the large sample
approach is appropriate for general numerical Tab-
ellaria shape study. Large unbiased samples provide
each species with representative specimens along its
growth curve so that species delineation is possible.
If our sample is much smaller, the data may contain
a few specimens from each shape group so that the
data are too sparse to show any trend. Moreover, if
there are only specimens from a few segments of
the global distribution, we would tend to believe that
each segment is a species, and this result obviously
contradicts the fact that Tabellaria species go through
length reduction. Actually, clusters obtained in this
way are collections of different species at similar
length. Although it is likely that we did not have
the complete range for every shape group in our
sample, the data are large enough to show some
basic distributional properties of the shape groups.

Since most of the shape groups resolved range
over several subsets, it is obvious that they have
highly non-normal distributions. Consequently, it is
impossible to apply many commonly employed mul-
tivariate tests of discrimination to these groups be-
cause the assumption of normality is not valid. Es-
pecially, the mean group differences cannot be
obtained. To test the validity of the group separa-
tion, it will ultimately be necessary to analyze tax-
onomic characters other than outline to see if they
segregate accordingly. These matters will be dis-
cussed in a future paper.
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ALEXANDRIUM SATOANUM SP. NOV. (DINOPHYCEAE) FROM
MATOYA BAY, CENTRAL JAPAN!
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ABSTRACT

The gonyaulacoid dinoflagellate Alexandrium sa-
toanum Yuki et Fukuyo sp. nov. is described from Matoya
Bay, Pacific coast of central Japan. The species is dis-
tinctive in its conical epitheca with almost straight sides
and dorsal concavity of the hypotheca. The plate formula
is Po, Pe, 4, 6", 6c, 10s, 57, and 2™, icluding two
accessory plates inside the sulcus. The apical pore plate
is triangular and possesses an anterior attachment pore
at the right margin. The firsi apical plate does not make
contact with the apical pore plate and lacks a ventral
pore. A posterior attachment pore lies at the center of the
posterior sulcal plate. In Matoya Bay, vegetative cells oc-
cur as solitary cells or sometimes in pairs during late
spring and early summer in low concentrations. In con-
nection with this study, the following new combination is
proposed: Alexandrium pseudogonyaulax (Biecheler)
Horiguchi ex Yuki et Fukuyo comb. nov.

Key index words:  Alexandrium satoanum sf. nov.,
Dinophyceae; Matoya Bay; seasonal occurrence; thecal

morphology

The transfer of species belonging to the so-called
tamarensis /catenella group of gonyaulacoid dinoflag-
ellates to the genus Alexandrium Halim has been
argued by Balech (1985, 1989) and has found gen-
eral acceptance (Steidinger 1990). This transfer in-
creased the number of species of the genus Alex-

' Received 8 July 1991. Accepted 15 January 1992,
* Address for reprint requests,

andrium to over 20. Most recently, Balech (1990b)
advocated subdividing the genus Alexandrium into
two subgenera, Alexandrium and Gessnerium Halim.
Of these, the former consists of the species having
direct or indirect contact between the apical pore
plate (Po) and the first aptcai plate (1') and accord-
ingly includes the species formerly assigned to the
genus Protogonyaulax Taylor by Taylor (1979) and
Fukuyo et al. (1985, 1988). The latter consists of
the species lacking the Po and 1' contact as in A.
monilatum (Howell) Taylor and A. balechii (Steidin-
ger) Taylor. In Japan, 11 species of Alexandrium have
previously been recorded from coastal waters and
rockpools (Fukuyo et al. 1985, Kita and Fukuyo 1988,
Yuki and Yoshimatsu 1990, and others).

During microscopical observations on dinoflag-
ellates in samples obtained from Matoya Bay, Pacific
coast of central Japan, our attention was focused on
an Alexandrium species having a distinctive appear-
ance. We ascertained that some taxonomically im-
portant characters of this species differed distinctly
from those of the species previously described in the
genus. In this paper, we propose a new taxon for
this dinoflagellate and give a detailed description of
its thecal plate arrangement.

In Balech's (1990b) revised diagnosis of Alexan-
drium, our new species belongs to the subgenus Gess-
nerium, in which the most ventral epithecal plate is
disconnected from the apical pore plate. Although
this plate should be regarded as the first precingular
(1) in the conventional Kofoid system, we describe
it as the first apical (1') in order to consider the plate
homology and to avoid unnecessary confusion with
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