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Asterionella Hassall (Heterokontophyta, Bacillariophyceae)
Taxonomic history and quantitative methods as an aid
to valve shape differentiation

Janice L. Pappas and Eugene F. Stoermer

Abstract

The taxonomic history of the diatom genus Asteriomella is sketchy at best. At present,
delimitation of the genus, and species within it, are unclear. This is presented in a compi-
lation of the taxonomy of Asterionella. In regard to species determination, valve shape
variation is important. With the proliferation of splitting diatom taxa at the species level,
the need for revision of Asteriomella is apparent. We have provided some initial results
concerning application of quantitative methods to valve shape variation in Asterionella.
Seven shape variants may be present in the Great Lakes.
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Asterionella morphology and speciation

In 1850, A. H. Hassall described Asterionella
in “Microscopic Examination of the Water sup-
plied to the Inhabitants of London” (Patrick &
Reimer 1966, Korner 1970, Round et al. 1990).
This ubiquitous, freshwater diatom (Heterokonto-
phyta, Bacillariophyceae) genus has cells that are
clongate and asymmetric which are joined to
form stellate colonies (Round et al. 1990) in life.
The head pole, where attachment occurs in col-
ony formation, is usually wider than the foot
pole. Cell attachment in colonies occurs by adhe-
sion of mucilage pads (Round ef al. 1990).

Asterionella is one of the least conspicuously
ornamented diatoms, having few characters dis-
tinguishable by light and/or scanning electron
microscopy (Korner 1970, Round et al. 1990). In
valve view, Asterionella frustules are bilobate,
having inflated ends (Barber & Haworth 1981).
Apices have been described as capitate (Patrick
& Reimer 1966, Round et al. 1990), but vary in
shape. There are no septa or intercalary bands
present (Patrick & Reimer 1966). Areolae
(striae) are uniserate, the sternum is narrow,
and vela are indistinct (Round et al. 1990). Api-
cal pore fields may be present at either end of
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both valves (Round ef al. 1990). These fields
may be lost during size diminution (Round et al.
1990, Mann 1999). Rimoportulae at either end of
both valves are oriented in a transverse to the
apical axis. The external opening of this process
is a pore that is larger than the areolae (Round
et al. 1990) without any external extension.
Spines may be present along the edge of the
valve, and several copulae which appear as rows
of pores may occur on the advalvar side of the
frustule (Round et al. 1990). Compared to other
diatom genera, Asterionella is especially character
-poot.

Hassall's description did not distinguish be-
tween Asterionella the genus and the description
of the type species, Asterionella formosa (Patrick
& Reimer 1966). Unfortunately, prepared slides
and/or material of the type species are not
known to exist. This taxon is described as hav-
ing unequal-sized capitate apices and fine striae,
2428 in 10 pum, length of 40-130 pm, and width
of 1-3 um (Patrick & Reimer 1966, Krammer &
Lange-Bertalot 1991). The type locality is de-
scribed as Thames at Brentford, where Asteri-
onella was found in drinking water supplied by
the Grand Junction Company (Patrick & Reimer .
1966). In general, this taxon is described as
planktonic and cosmopolitan with respect to its
distribution in freshwater systems (Hustedt 1949,
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Fig. 1. Asterionella formosa in valve view illustrated in Van Heurck 1880-1885, p. 154, Pl. 51, Fig. 19,

Fig. 2. Asterionella formosa in valve and girdle view illustrated in Huber-Pestalozzi 1942, p. 445, Pl.
132, Figs 531a and b. Fig. 3. Asterionella formosa in valve view illustrated in Cleve-Euler 1953, p.
155, Fig. 401a. Fig. 4. Asterionella formosa in valve view illustrated in Cleve-Euler 1953, p. 155, Fig.
401d. Fig. 5. Asterionella formosa in valve view illustrated in Patrick & Reimer 1966, p. 159, PL 9,
Fig. 1. Fig. 6. Asterionella formosa in valve view illustrated in Patrick & Reimer 1966, p. 159, PL 9,

Fig. 2.

Patrick & Reimer 1966). Asterionella formosa
often occurs in mesotropic to eutropic waters
(Patrick & Reimer 1966, Lowe 1974, Beaver
1981).

Asterionella formosa Hassall has been found in
the Great Lakes. Specimens from Lake Michigan
are described as having a very narrow valve
body. Sides are parallel in large specimens, while
in small specimens, sides taper towards the foot
pole. In addition, the width of the mid-valve re-
gion is less than one-half the head pole width
(Stoermer & Yang 1969).

Asterionella formosa is one of the dominant
taxa found in southern Lake Michigan (Stoermer
& Kopczynska 1967, Stoermer & Yang 1969).
High abundances have been recorded during the
spring, in August, and in October (Stoermer &
Kopczynska 1967, Stoermer & Yang 1970). This
taxon is tolerant of temperature extremes with
relative abundance peaks at 3-6C and 1517TC

(Stoermer & Ladewski 1976). Two possibilities
were given as an explanation of its bimodal oc-
curence pattern. One was that A. formosa is eu-
rythermal and grew at two temperatures in res
ponse to other factors. The other explanation is
that A. formosa exhibits cryptic speciation or has
races with different temperature optima.
Asterionella formosa has been said to exist in
a wide variety of habitats and exhibit consider-
able morphological variation in southern Lake
Michigan. This led to the comment by Stoermer
& Yang (1970) that “(A. formosa may have) a
number of ecological races or even that its pre-
sent circumscription may include a number of
separate species which are difficult to distinguish
from morphological criteria. Close observation of
populations from Lake Michigan shows consider-
able variability, but we have been unable to
separate them on the basis of any consistent fea-
ture. This problem bears further investigation.”
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Fig. 7. Asterionella formosa in valve view illustrated in Koérner 1970, pp. 571-600, Fig. 1.
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Fig. 8. Aste-

rionella formosa in valve view illustrated in Korner 1970, pp. 571-600, Fig. 2. Fig. 9. Asterionella for-
mosa in valve view illustrated in Korner 1970, pp. 571-600, Fig. 3. Fig. 10. Asterionella formosa in
valve view illustrated in Korner 1970, pp. 571-600, Fig. 4. Fig. 11. Asterionella formosa in valve view
illustrated in Korner 1970, pp. 571-600, Fig. 5. Fig. 12. Asterionella formosa in valve view illustrated
in Korner 1970, pp. 571-600, Fig. 6. Fig. 13. Asterionella formosa in valve view illustrated in Korner

1970, pp. 571-600, Fig. 7.

Many illustrations of this taxon in valve view
depict A. formosa with a wide range of shape
variation (Van Heurck 1880-1885, Huber-Pestalozzi
1942, Cleve-Euler 1953, Patrick & Reimer 1966,
Korner 1970, Sims 1996 (Figs 1-14)). Even light
micrographs of A. formosa show the wide range
of valve shape variation (Krammer & Lange-
Bertalot 1991 (Figs 15-19)). Two varieties of A.
formosa, A. formosa var. subtilis Grunow in Van
Heurck 1881 and A. formosa var. subtilissima
Grunow in Van Heurck 1881 (Figs 20, 21), are
difficult to distinguish from the nominate variety.
In some cases, the written description does not
match the illustration or light micrograph depict-
ing A. formosa (e.g., Figs 14, 15, 16, and 18).

Another taxon from this genus has been de-
~ scribed from Lake Michigan. A. bleakeleyi W.Sm.
1856 has an asymmetric head pole and less ex-
panded foot pole. The mid-valve region of the
valve margins is slightly convex, with the mid-

valve width greater than one-half the head pole
width. This taxon is commonly found in polluted
harbors (Stoermer & Yang 1969).

Other accounts of this taxon have been given.
According to Patrick & Reimer (1966), A.
bleakeleyi in girdle view has unequal inflated
ends, is swollen in the middle, and has a more
distinctly capitate head pole than A. formosa.
They illustrate this taxon in girdle view (Patrick
& Reimer 1966). Illustrations in girdle view are
presented in Smith (1856), Van Heurck (1880
1885), and Hustedt (1932) as well. The only
valve view illustration is presented in Peragallo
& Peragallo (1897-1908 (Fig. 22)). This illustra-
tion does not depict A. bleakeleyi having an
asymmetrical head pole. Van Heurck (1896) dis-
tinguishes A. formosa var. bleakeleyi (from A.
bleakeleyi W.Sm.) as having short frustules with
an enlarged, dilated base. A. bleakeleyi is a ma-
rine taxon (Smith 1856, Van Heurck 1896, Pat-
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Fig. 14. Asterionella formosa in valve view illustrated in Sims 1996, Barber & Carter’s illustrations, p.
72, Pl. 28, Fig. 2, three illustrations. Fig. 15. Light micrographs of A. formosa in valve view in
Krammer & Lange-Bertalot 1991, p. 103, PL. 103, Fig. 4. Fig. 16. Light micrographs of A. formosa in
valve view in Krammer & Lange-Bertalot 1991, p. 103, PL 103, Fig. 5. Fig. 17. Light micrographs of
A. formosa in valve view in Krammer & Lange-Bertalot 1991, p. 103, Pl. 103, Fig. 6. Fig. 18. Light
micrographs of A. formosa in valve view in Krammer & Lange-Bertalot 1991, p. 103, Pl 103, Fig. 7.

Fig. 19. Light micrographs of A. formosa in valve view in Krammer & Lange-Bertalot 1991, p. 103, Pl
103, Fig. 8. Fig. 20. Asterionella formosa var. subtilis in valve view illustrated in Van Heurck 1880-

1885, p. 154, Pl 51, Fig. 21.
Van Heurck 1880-1885, p. 154, Pl 51, Fig. 24.

rick & Reimer 1966, Round et al. 1990).
Asterionella bleakeleyi var. notata Grunow has
become the type specimen for the genus
Bleakeleya (Round et al. 1990). The name of this
genus is based on A. bleakeleyi W.Sm. as it is
the earliest synonym of B. notata (Round et al.
1990). Bleakeleya has valve ultrastructure unlike
Asterionella (Round et al. 1990). Van Heurck

(1880-1885 ) separates A. notata Grunow from A.

bleakeleyi var. notata (Fig. 23) in addition to rec-
ognizing A. formosa var. bleakeleyi (Van Heurck
1896). Peragallo & Peragallo (1897-1908 (Fig.
24)) and Korner (1970 (Fig. 25)) identify A.
bleakeleyi var. notata as A. notata which does
not resemble A. bleakeleyi W.Sm. (Fig. 22). In

Fig. 21. Asterionella formosa var. subtilissima in valve view illustrated in

addition, Korner (1970) states that he is unsure
that A. bleakeleyi is the same as A. bleakeleyi var.
notata. Grunow (1867) identified both taxa from
specimens found in Sargassum near Honduras.
Apparently, there is considerable confusion with
respect to the true identity of A. bleakeleyi.
Asterionella gracillima (Hantzsch) Heib. 1863
has been recognized as a distinct species and as
a variety of A. formosa, A. formosa var. gracil-
lima (Hantzsch) Grunow in Van Heurck 1881
(Patrick & Reimer 1966, Korner 1970). This
taxon has head and foot poles almost equal in
size (Patrick & Reimer 1966). Illustrations of A.
gracillima show that this taxon has a narrow
range of morphological variability (Van Heurck
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Fig. 22, Asterionella bleakeleyi in valve view illustrated in Peragallo & Peragallo 1897-1908, p. 322, Pl
81, Fig. 11, 2 illustrations. Fig. 23. Asterionella notata in valve view illustrated in Van Heurck 1880
1885, Pl 52, Fig. 3. Fig. 24. Asterionella notata in valve view illustrated in Peragallo & Peragallo
1897-1908, pp. 322-323, Pl 81, Fig. 12. Fig. 25. Asterionella notata in valve view illustrated in Korner
1970, pp. 640652, Fig. 42. Fig. 26. Asterionella formosa var. gracillima in valve view illustrated in
Van Heurck 1880-1885, p. 155, Pl. 51, Fig. 22. Fig. 27. Asterionella gracillima in valve and girdle

view illustrated in Huber-Pestalozzi 1942, p. 446, Pl. 133, Figs 532a and b.

1880-1885, Huber-Pestalozzi 1942, Cleve-Euler
1953, and Patrick & Reimer 1966 (Figs. 26-29)).
According to Patrick & Reimer (1966), A. for-
mosa var. gracillima occurs commonly in the
winter. In an early study of southern Lake
Michigan, identification of A. gracillima was un-
certain since that taxon was so rare (Stoermer
& Kopczynska 1967). In a later Lake Michigan
study, A. gracillima was also found to be rare
(Stoermer & Yang 1969). Stoermer & Yang
(1969) conclude that from their observations of
natural populations, this taxon is not a growth
form of A. formosa. This taxon has been re-
ported from waters of all pH ranges except for
the most alkaline waters (Lowe 1974, Beaver
1981).

Even as early as 1967, Asterionella was consid-
ered to be under revision (Stoermer 1967). Kor-
ner (1970) in his revision studied freshwater
forms A. formosa Hassall and A. ralfsii W.Sm. as

well as marine forms A. notate Grunow, A. gla-
cialis Castrac. (syn. A. japonmica Cleve), and A.
kariana Grunow. However, Koérner (1970) did
not separated taxa at the generic level, despite
morphological differences. Asterionella glacialis
and A. kariane have since been transferred to
the genus Asterionellopsis (Round et al. 1990).
Subsequently, Asterionellopsis kariana has been
transferred to the genus Asteroplanus based on
fine structure (Crawford & Gardner 1997). Ac-
cording to Korner (1970), Asterionella notata had
been considered to be a morphologically inter-
grading taxon between the freshwater and ma-
rine forms. New taxa described by Komer were
A. ralfsii var. hustedtiana, A. ralfsii var. ameri-
cana, and A. notata var. recticostaia. In addition,
the validity of other taxa included in the genus
Asterionella was examined by him.

Of the freshwater forms, Kérmer (1970) de-
scribed three valve types of Asteriomella. The
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Fig. 28. Asterionella gracillima in valve and girdle view illustrated in Cleve-Euler 1953, p. 155, Figs
401Ba-b. Fig. 29. Asterionella formosa var. gracillima in valve view illustrated in Patrick & Reimer
1966, p. 159, PL. 9, Fig. 4. Fig. 30. Asterionella ralfsii in valve view illustrated in Patrick & Reimer
1966, p. 160, Pl. 9, Fig. 5. Fig. 31. Asterionella ralfsii in valve view illustrated in Kérner 1970, pp.
601-610, Fig. 20. Fig. 32. Asterionella ralfsii in valve view illustrated in Korner 1970, pp. 601-610, Fig.
21. Fig. 33. Asterionella ralfsii in valve view illustrated in Korner 1970, pp. 601-610, Fig. 24.

Fig. 34. Asterionella ralfsii in valve view illustrated in Kérner 1970, pp. 601-610, Fig. 25.

first represents valves having large pyriform foot-
poles, mid-valve region not expanded or con-
tracted, headpole small and circular, and in gir-
dle view the footpole has angular corners. When
in colonial form, cells join at the footpoles in a
stellate fashion. A. formosa belongs to this group
(Korner 1970).

The second represents valve views with
rounded or somewhat pyriform equal foot and
head poles and is rarely constricted in the mid-
dle. In girdle view, small spines are present at
the foot pole. Cells are not joined at the flat
edges when in colonies. Colonies are partially
helical and zig-zag such as A. gracillima sensu
Hustedt (Korner 1970).

The third represents valve view with approxi-
mately equalsize ends which are somewhat
twisted along the apical axis. The mid-valve re-
gion is constricted. In girdle view, foot pole
edges have small spines. Colonies are helical
and zig-zag and include A. gracillime sensu Hei-
berg (Korner 1970). Korner (1970) concluded

from observations of specimens in culture that A.

gracillima was a growth form of A. formosa.
Asterionella ralfsii W.Sm. prefers low pH wa-
ters and dystrophic conditions (Patrick & Reimer
1966). This taxon is distinguished from other
members of Asterionella by its small size range,
20-50 um, and the shape of its valve (Patrick &
Reimer 1966, Korner 1970). In fact, A. ralfsii
valve shape is depicted in various ways (Patrick
& Reimer 1966, Kérner 1970, Krammer & Lange
-Bertalot 1991, Sims 1996 (Figs 30-42)). Asteri-
onella ralfsii has been found only extremely
rarely in the Great Lakes (Stoermer et al. 1999).

Valve shape variation

Diatom valve shape variation occurs as a re-
sult of at least two processes. One process is
size diminution during the vegetatively reproduc-
tive part of the diatom life cycle (Geitler 1932).
As daughter cells are produced from mother
cells, valve shape is slightly changed. As cell di-
vision continues, valve shape tends to converge
on a more ovoid form, thereby producing shape
variation within a species (Mann 1999). Size re-
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Fig. 35. Asterionella ralfsii in valve view illustrated in Kérner 1970, pp. 601-610, Fig. 29.

Fig. 36. Asterionella ralfsii in valve view illustrated in Korner 1970, pp. 601-610, Fig. 30.

Fig. 37. Asterionella ralfsii in valve view illustrated in Korner 1970, pp. 601-610, Fig. 31.

Fig. 38. Light micrographs of A. ralfsii in valve view in Krammer & Lange-Bertalot 1991, p. 103, Pl
104, Fig. 4. Fig. 39. Light micrographs of A. ralfsii in valve view in Krammer & Lange-Bertalot
1991, p. 103, PL 104, Fig. 5 Fig. 40. Light micrographs of A. ralfsii in valve view in Krammer &
Lange-Bertalot 1991, p. 103, Pl 104, Fig. 6. Fig. 41. Light micrographs of A. ralfsii in valve view in
Krammer & Lange-Bertalot 1991, p. 103, Pl. 104, Fig. 7. Fig. 42. Asterionella ralfsii in valve view il-
lustrated in Sims 1996, Barber & Carter’s illustrations, p. 72, Pl. 28, Fig. 3.

duction occurs in Asterionella cultures (Happey-
Wood & Hughes 1980). Misshapen or aberrant
forms rarely occur in nature, but do occur in
culture (Round et al. 1990). An almost oval valve
shape from size reduction has been observed in
cultures of A. formosa (Korner 1970, Jaworski et
al. 1988).

Sometimes, size reduction was not observed to
occur. Some populations of A. formosa seem to
maintain a constant size, such as A. formosa
“var. hypolimnetica,” in contrast to other popula-
tions such as A. gracillima (Mann 1988). Asteri-
onella gracillima has a very long life cycle with
size reduction at 2 um per year in Danish lakes
(Mann 1988). Auxosporulation has not been ob-
served in Asterionella (Mann 1988). For some
species, Asterionella size ranges (e.g., Patrick &
Reimer 1966) include smallest specimens ap-
proximately 30 to 40% of the maximum size.

This suggests that size restoration via sexual re-
production does occur (Edlund & Stoermer
1997), if optimum environmental conditions are
present. Mann (1988) has speculated that the life
cycle of Asterionella is 2-40 years, but sexual re-
productive activity may last only a few weeks.
According to Mann (1988), this may explain the
lack of observed auxosporulation in Asterionella
species.

The second process involves environmental in-
fluences on valve shape (Edlund & Stoermer
1997). Environmental changes are evident in phe-
notypic plasticity of the cell (Mann 1999). As al-
ready discussed, Asterionella species are gener-
ally described as cosmopolitan, able to tolerate
wide ranging conditions (Patrick & Reimer 1966,
Lowe 1974, Beaver 1981).

Asterionella ralfsii is especially tolerant of low
pH (Patrick & Reimer 1966). In an acidified en-
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vironment with aluminum present and at higher
growth rates, A. ralfsii var. americana cells be-
come more heavily silicified (Gensemer 1990). At
higher aluminum levels, smaller cells increase in
number, and higher growth rates occur with in-
creasing rates in size reduction (Gensemer
1990).

In freshwater habitats such as the Great Lakes,
cold water forms are generally found to be long
specimens. Vegetative reproduction must occur
slowly since smaller specimens are rarely found.
At colder temperatures, diatoms may be more
heavily silicified (Edlund 1992). Low light intensi-
ties and low levels of total dissolved solids pro-
duce conditions apparently favoring the presence
of more heavily silicified cells (Edlund 1992).

Silica availability also affects Asterionella valve
shape (lund 1962, Schelske & Stoermer 1971,
Lund & Reynolds 1982). In freshwater habitats
where silica is depleted, smaller, more finely sil-
icified cells are found (Edlund 1992). During sil-
ica limitation, degree of silicification may induce
polymorphic forms. Changes in valve shape are
gradual in response to gradual changes in silica
levels (Mann 1999).

Degree of silicification probably affects valve
shape by influencing growth rate and consequent
size reduction (Mann 1999). Silica uptake by dia-
toms occurs at the amount required for frustule
formation just before cell wall formation and cell
division (Edlund 1992). Larger cells are more
heavily silicified than smaller cells in response to
silica levels when reproductive rate is high
(Theriot 1987, Edlund 1992). That is, variation in
silicification is related to cell size (Theriot 1987).
Rapid size reduction in A. formosa may occur in
response to silica limitation and excess phospho-
rus (Kling 1993). Silica levels also affect the
number of cells per colony and colony morphol-
ogy in Asterionella (Kilham, 1975, Tilman et al.
1976, Holm & Armstrong 1981, Jaworski et al
1988).

Cell wall flexibility is affected by degree of sil-
icification (Mann 1994). Changes in salinity affect
turgor pressure which affects valve shape (Mann
1999). In response to salinity, brackish water
forms may exhibit polymorphism and less silicifi-
cation (Edlund 1992). However, valve shape in-
tegrity is maintained withing a narrow limit. This
occurs because the silica cell walls must be able

to withstand turgor pressure despite physical and
chemical fluctuations in the environment (Mann
1988, 1999). Environmental changes may affect
valve shape changes during the life cycle in a
gradual manner (Mann 1994, 1999).

Genetic diversity in A. formosa (Soudek &
Robinson 1983) may be accompanied by morpho-
logical and ecological differences as well as re-
productive isolation. Individual groups may de-
serve recognition as separate species (Mann
1999). Genetic differences in A. formosa between
lakes may produce distinct populations in ap-
proximately 100 years (Soudek & Robinson
1983). A high frequency of diatom endemism ex-
ists in ancient habitats; time and isolation ap-
pear to promote endemism (Mann 1999).

Directions in diatom classification

In the past few years, there has been a prolif-
eration in the number of diatom genera (Round
et al. 1990). Splitting at the generic level has oc-
curred largely based on gross valve morphology
but increasingly on valve cytoplasmic ultrastruc-
ture and cytology. This is evident by the genera
Asterionella, Bleakeleya, Asterionellopsis, and As-
teroplanus which used to be conscribed to Asteri-
onella. The category “genus” is supposed to be
broad enough to include similar taxa, species,
but narrow enough to exclude entities with obvi-
ous morphological differences (Round et al.
1990).

The number of diatom species has increased
as well. The number of species has almost cer-
tainly been underestimated (Mann 1999). Valve
morphology, symmetry, and complexity are used
as distinguishing features. Increasingly, other
modes of evidence are used in this realm of
taxonomic decision-making including cytological,
physiological, molecular, and genetic. Estimates
for the number of diatom species may be as
much as 10° or 10° (Round et al. 1990, Mann
1994, 1999). Asterionella is one of many diatom
genera in need of revision.

Results from application of quantitative methods

In some diatom studies, application of quantita-
tive methods has been useful in discerning
shape variation within a genus (e.g., Stoermer &
Ladewski 1982) as well as variation between
groups {e.g., Stoermer et al. 1984, Theriot &
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Ladewski 1986). Using quantitative methods re-
quires two steps. First, valve outline must be
quantified. Second, numerical values from valve
outline analysis must be used as data to deter-
mine the extent of shape variation among all
specimens.

To accomplish the first task, valve shape of
each specimen is represented by orthogonal
polynomial coefficients calculated from Legendre
polynomial expansion (e.g, Farrell & Ross 1963)
or Fourier expansion (e.g., Zahn & Roskies
1972). To determine shape groups, principal
components analysis (PCA (e.g., Cooley & Loh-
nes 1971, Green & Carroll 1978)), among other

multivariate statistical methods, has been used (e.

g., Stoermer et al. 1986). Sometimes, distinct
shape groups with crisp boundaries were not de-
termined. Rather, highly overlapping groups were
evident (e.g., Steinman & Ladewski 1987) or lit-
tle shape differentiation was found (e.g., Gold-
man et al. 1990).

Some differentiation of shape groups was
found to be related to geographic isolation (e.g.,
Stoermer et al. 1986). Shape variation between
groups was only found in the most general way
(e.g., Stoermer et al. 1984, Mou & Stoermer
1990). That is, comparison of type specimens to
a population of specimens (e.g., Theriot &
Ladewski 1986) or comparison of modern and
fossil specimens quasi-shape groups were deter-
mined (e.g., Stoermer & Ladewski 1982). Some-
times results from PCA were explainable on one
component, but not on others (e.g., Stoermer &
Ladewski 1982). Sometimes interpretation of re-
sults were clouded by uncertainties regarding
size diminution for a single taxon or overlapping
size ranges for a species complex (Steinman &
Ladewski 1987). Comparisons between results
from shape analysis and visual inspection were
made, and agreement was not always evident
(Stoermer & Ladewski 1982).

For Asterionella, we calculated Fourier shape
coefficients for specimens from the Great Lakes,
and we differentiated shape groups by PCA and
specimen membership tested using fuzzy meas-
ures (Wang & Klir 1992) in classification integra-
tion (Sugeno 1977) based on fuzzy set theory (e.
g., Zadeh 1978, Dubois & Prade 1980, Novak
1989, Zimmerman 1991). Ninety-six specimens
were used in which seven shape groups were

identified (Pappas 2000). The first three shape
groups were distinct from the next three. The
seventh shape group was unlike all other speci-
mens, in that the head pole is extremely asym-
metrical. There was some similarity among proxi-
mal shape groups in PCA shape space. These
shape groups overlapped to different degrees, de-
termined by fuzzy analysis. In no case was
shape group overlap greater than 60% (Pappas
2000). Except for two specimens, membership in
each shape group was greater than 60% (Pappas
2000). Each shape group is sufficiently distinct,
and these groups may represent taxonomically
different entities.

The first shape group has wedged-shaped
head and foot poles. The second shape group
had similarly shaped head and foot poles, but
these are slightly more rounded. The third
shape group had rounded head and foot poles,
where the head pole was smaller than that for
the first two shape groups. In contrast to the
first three shape groups, the fourth shape group
has rounded head poles with a nearly uninflated
foot pole. The fifth shape group has rounded
head and foot poles, where the valve width
throughout is much greater than that for any
other shape group. This shape group does not
overlap with the third shape group. The sixth
shape group is somewhat similar to the fifth
shape group except for a much more narrow
valve width. Specimens of similar size have been
described here to negate the complication of
comparing different life cycle stages (Pappas
2000).

Shape and form in diatoms is an ontogenic
property. During vegetative reproduction, shape
is an inherited property by daughter cells from
the mother cell (Mann 1994). During auxosporu-
lation, shape is restored de nove (Mann 1994).
One distinct valve shape cannot change into an-
other distinct valve shape implying different
shaped valves belong to different species groups.
Most of the current subdividing of genera has
been based on differences in shape and symme-
try (Round et al. 1990, Mann 1994).

History of Asterionella taxonomy reveals that
little work has been perfomed in the naming
process at the species level. Much confusion still
exists with regard to species designations versus
varietal designations. The scant literature refer-
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ences to and descriptions of taxa in this genus
as well as the lack of existence of type speci-
mens except the designated neotype of A. for-
mosa (Korner 1970) adds to the vagueness of
Asterionella taxonomy.

It is evident that much more work is neces-
sary to adequately describe the extent of vari-
ation in Asterionella. The potential to determine
differences is enhanced by using quantitative
methods. Such methods are necessary to aug-
ment the difficulties encountered when trying to
study taxonomically sketchy and character-poor
taxa such as Asterionella.

References

Barber, H. G. & Haworth, E. Y. 1981. A Guide
To the Morphology of the Diatom Frustule.
Freshwater Biological Association Science Pub-
lication No. 44. 112 pp.

Beaver, J. 1981. Apparent ecological characteris-
tics of some common freshwater diatoms. On-
tario Ministry of the Environment, Ontario. 517
pp.

Cleve-Euler, A. 1953. Die Diatomeen von Schwe-
den und Finnland. Teil II: Araphideae,
Brachyraphideae. Kungl. Svenska Vetenskaps-
Akad. Handl, Ser. 4. 4 (1) : 1-158, fig. 292-483.

Cooley, W. W. & Lohnes, P R. 1971. Multivariate
Data Analysis. 364 pp. John Wiley & Sons,
Inc., New York.

Crawford, R. M. & Gardner, C. 1997. The trans-
fer of Asteronellopsis kariana to the new genus
Asteroplanus (Bacillariophyceae), with reference
to the fine structure. Nova Hedwigia 65 : 47-57.

Dubois, D. J. & Prade, H. 1980. Fuzzy Sets and
Systems. 393 pp. I»: Theory and applications.
Academic Press, New York.

Edlund, M. B. 1992. Silicarelated morphological
variation in natural and cultured populations of

Stephanodiscus niagare (Bacillariophyta). 102 pp.

Unpublished Masters Thesis,
Michigan, Ann Arbor, ML

Edlund, M. B. & Stoermer, E. F. 1997. Ecologi-
cal, evolutionary, and systematic significance of
diatom life histories. Journal of Phycology 33:
897-918.

Farrell, O. J. & Ross, B. 1963. Solved Problems
410 pp. In: Gamma and Beta Functions, Leg-
endre Polynomials, Bessel Functions. The
Maxmillan Company, New York.

University of

Geitler, L. 1932. Der Formwechsel der pennaten
Diatomeen. Archiv fiir Protistenkunde 78 : 1-226.

Gensemer, R. W. 1990. Role of aluminum and
growth rate on changes in cell size and silica
content of silica-limited populations of Asteri-
onella ralfsii var. americana (Bacillariophyceae).
Journal of Phycology 26 : 250-258.

Goldman, N., Paddock, T. B. B., & Shaw, K. M.
1990. Quantitative analysis of shape variation
in populations of Surirella fastuosa. Diatom Re-
sarch 5:2542.

Green, P E. & Carroll, J. D. 1978. Analyzing
Multivariate Data. 519 pp. The Dryden Press,
Hinsdale, IL.

Grunow, A. 1867. Diatomeen auf Sargassum von
Honduras, gesammelt von Lindig. Hedwigia 6:
2-8, 17-32; tb. 2.

Happey-Wood, C. M. & Hughes, D. 1. 1980.
Morphological and physiological variations in
clones of Asterionella formosa Hassall. New
Phytologist 86 : 441-453.

Holm, N. P & Armstrong, D. E. 1981. Effects of
Si:P conceniration ratios and nutrient limita-
tion on the cellular composition and morphol-
ogy of Asterionella formosa (Bacillariophyceae).
Journal of Phycology 17 : 420-424.

Huber-Pestalozzi, G. 1942. Das Phytoplankton des
Siipwassers, Band XVI, Teil 2, Hilfte 2. 445
455, Tables CXXXII and CXXXII, Abb. 530-532.
In : Thienemann, A. (ed.) Die Binnengewisser.
Stuttgart.

Hustedt, F. 1932. Die Kieselalgen Deutschlands,
Osterreichs und der Schweiz mit Beriicksi-
chtigung der iibrigen Linder Europas und der
angrenzenden Meeresgebiete. In : Rabenhorst,
L. Kryptogamenflora, Teil 2, Lieferung 2.
Leipzig.

Hustedt, F. 1949. Siipwass-Diatomeen aus dem
Albert-Nationalpark in Belgisch Kongo. Explo-
ration du Parc Albert. Mission Damas (1935
1936) 8:1-199.

Jaworski, G. H. M., Wiseman, S. W. & Reynolds
C. S. 1988. Variability in sinking rate of the
freshwater diatom Asterionella formosa In :
The influence of colony morphology. British
Phycological Journal 23 :167-176.

Kilham, S. S. 1975. Kinetics of silicon-limited
growth in the freshwater diatom Asterionella
formosa. Journal of Phycology 11 :396-399.

Kling, H. J. 1993. Asterionella formosa Ralfs:



Asterionella taxonomic history 57

The process of rapid size reduction and its
possible ecological significance. Diatom Re-
search 8:475-479.

Korner, H. 1970. Morphologie und taxonomie
der diatomeengattung Asterionella. Nova Hed-
wigia 20 : 557-724.

Krammer, K. & LangeBertalot, H. 1991. Bacil-
lariophyceae. 3. Teil: Centrales, Fragilariaceae,
Eunotiaceae. In: Ettl, H., Gerloff, J., Heynig,
H., & Mollenhauer, D. (eds.). Siipwasserflora
von Mitteleuropa, Band 2/3. 576 pp. Gustav
Fischer Verlag, Stuttgart, Jena.

Lowe, R. L. 1974. Environmental requirements
and pollution tolerance of freshwater diatoms.
334 pp. EPA-670/4-74-005. U. S. Environmental
Protection Agency, Cincinnati, OH.

Lund, J. W. G. 1962. Phytoplankton from some
Lakes in Northern Saskatchewan and from
Great Slave Lake. Canadian Journal of Botany
40 : 1499-1514.

Lund, J. W. G. & Reynolds, C. S. 1982. The de-
velopment and operation of large limnetic en-
closures in Blelham Tarn, English Lake Dis-
trict, and their contribution to phytoplankion. 1
-65. In: Round, F. E. & Chapman, B. V.
(eds.) Progress in Phycological Research , Vol.
1. Elsevier Biomedical Press.

Mann, D. G. 1988. Why didn’t Lund see sex in
Asterionella? A discussion of the diatom life
cycle in nature. 384-412, In: Round, F. E.
(ed) Algae and the Aquatic Environment. Bio-
press, Bristol.

Mann, D. G. 1994. The origins of shape and
form in diatoms: the interplay between mor-
phogenetic studies and systematics. 17-38. In :
Ingram, D. S. & Hudson, A J. (eds.) Shape
and Form in Plants and Fungi. Academic
Press, London.

Mann, D. G. 1999. The species concept in dia-
toms. Phycologia 38 : 437-495.

Mou, D. & Stoermer, E. F 1992. Separating Ta-
bellaria (Bacillariophyceae) shape groups based
on Fourier descriptors. Journal of Phycology
28 : 386-395.

Novak, V. 1989. Fuzzy Sets and Their Applica-
tions. Adam Hilger, Bristol.

Peragallo, H. & Peragallo, M. 1897-1908. Dia-
tomées marines de France et des districts
maritimes voisins. Asher and Co., Amsterdam.

Pappas, J. L. 2000. Fourier shape analysis and

shape group determination by principal compo-
nent analysis and fuzzy measure theory of As-
terionella Hassall (Heterokontophyta, Bacillario-
phyceae) from the Great Lakes. Doctoral Dis-
sertation, University of Michigan, School of
Natural Resources and Environment, 170 pp.
(Available from: Bell & Howell Information
and Learning, 300 North Zeeb Road, Ann Ar-
bor, MI 48106, USA, (1-800-521-0600) ; http://
www.bellhowell.infolearning.com/hp/Products/
Dissertations.html)

Patrick, R. & Reimer, C. W. 1966. The Diatoms
of the United States, Exclusive of Alaska and
Hawaii, Vol. 1, Asterionella. The Academy of
Natural Sciences, Philadelphia.

Round, E E, R M. Crawford, & Mann, D. G.
1990. The Diatoms. Biology and Morphology
of the Genera. 747 pp. Cambridge University
Press, Cambridge.

Schelske, C. L. & Stoermer, E. F 1971. Eu-
trophication, silica depletion, and predicted
changes in algal quality in Lake Michigan. Sci-
ence 173 :423-424,

Sims, P A. (ed.) 1996. An Atlas of British Dia-
toms, arranged by B. Hartley based on illustra-
tions by H. G. Barber & J. R. Carter. 601 pp.
Biopress Limited, Bristol.

Smith, W. 1856. A synopsis of the British Diato-
maceae, vol. 2, xxxiii + 89 pp. John van
Voorst, London.

Soudek, D., Jr. & Robinson, G. G. C. 1983. Elec-
trophoretic analysis of the species and popula-
tion structure of the diatom Asterionella for-
mosa. Canadian Journal of Botany 61 :418433.

Steinman, A. D. & Ladewski, T. B. 1987. Quanti-
tative shape analysis of Eunotia pectinalis
(Bacillariophyceae) and its application to sea-
sonal distribution patterns. Phycologia 26 : 467-
477.

Stoermer, E. FE 1967. An historical comparison of
offshore phytoplankton populations in Lake
Michigan. 47-77. In: Ayers, J. C. & Chandler,
D. C. (eds.) Studies on the Environment and
Eutrophication of Lake Michigan, Great Lakes
Research Division Special Report No. 30, Uni-
versity of Michigan, Ann Arbor.

Stoermer, E. F & Kopczynska, E. 1967. Phyto-
plankton populations in the extreme southern
basin of Lake Michigan, 1962-63. 1946. Ir:
Ayers, J. C. & Chandler, D. C. (eds.) Studies



58 Janice L. Pappas and Eugene E Stoermer

on the Environment and Eutrophication of
Lake Michigan, Great Lakes Research Division
Special Report No. 30, University of Michigan,
Ann Arbor.

Stoermer, E. F. & Yang, J. J. 1969. Plankton dia-
tom assemblages in Lake Michigan. Great

Lakes Research Division Special Report No. 47.

168 pp. University of Michigan, Ann Arbor.

Stoermer, E. F. & Yang, J. J. 1970. Distribution
and relative abundance of dominant plankton
diatoms in Lake Michigan. Great Lakes Re-
search Division Publication No. 16. University
of Michigan, Ann Arbor.

Stoermer, E. F & Ladewski, T. B. 1976. Appar-
ent optimal temperature for the occurrence of
some common phytoplankton species in south-
ern Lake Michigan. Great Lakes Research Di-
vision Publication 18. University of Michigan,
Ann Arbor.

Stoermer, E. F & Ladewski, T. B. 1982. Quanti-
tative analysis of shape variation in type and
modern populations of Gomphoneis hercul
Nova Hedwigia 73 : 347-386.

Stoermer, E. F, Ladewski, T. B. & Kociolek, J. P.

1984. Further observations on Gomphoneis. 205
213. In: Ricard, M. (ed.) Proceedings of the
Eighth International Diatom Symposium, Paris.

Stoermer, E. F, Qi Y-Z., & Ladewski, T. B. 1986.

A quantitative investigation of shape variation
in Didymosphenia (Lyngbye) M.Schmidt (Bacil-
lariophyta). Phycologia 25 : 494-502.

Stoermer, E. F, Kreis, Jr, R. G., & Andresen, N.
A 1999. Checklist of diatoms from the Lauren-
tian Great Lakes II. Journal of Great Lakes
Research 25 : 515-566.

Sugeno, M. 1977. Fuzzy measures and fuzzy in-
tegrals: A survey. 8%-102. In: Gupta, M. M,
Saridis, G. N., & Gaines, B. R (eds) Fuzzy
Automata and Decision Process. North-Holland
Publisher, Amsterdam.

Theriot, E. 1987. Principal component analysis
and taxonomic interpretation of environmentally
related variation in silicification in Stephanodis-
cus (Bacillariophyceae). British phycological
Journal 22 :359-373.

Theriot, E. & Ladewski, T. B. 1986. Morphomet-
ric analysis of shape of specimens from the
neotype of Tabellaria flocculosa (Bacillariophy-
ceae). American Journal of Botany 73 : 224-229.

Tilman, D., Kilham, S. S., & Kilham, P. 1976.
Morphometric changes in Asterionella formosa
colonies under phosphate and silicate limitation.
Limnology and Oceanography 21 : 8383-886.

Van Heurck, H. 1880-1885. Synopsis des Dia-
tomées de Belgique, text 1885, Atlas, 1880
1881. Anvers.

Van Heurck, H. 1896. A Treatise on the Diato-
maceae. xxxv + 558 pp. London.

Wang, Z. & Klir, G. J. 1992. Fuzzy Measure
Theory. 354 pp. Plenum Press, New York.

Zadeh, L. A. 1978. Fuzzy sets as a basis for a
theory of possibility. Fuzzy Sets and Systems
1:3-28.

Zahn, C. T. & Roskies R. Z. 1972. Fourier de-
scriptors for plane closed curves. IEEE Trans.
Computers 21 : 269-281.

Zimmerman, H. J. 1991. Fuzzy Set Theory and
Its Applications. 399 pp. Kluwer Academic Pub-
lishers, Dordrecht.

Janice L. Pappas and Eugene F. Stoermer : Center for Great Lakes and Aquatic Sciences 501 E. Uni-

versity, Ann Arbor, MI 48109-1090



