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REVIEW 

ECOLOGICAL, EVOLUTIONARY, AND SYSTEMATIC SIGNIFICANCE 
OF DIATOM LIFE HISTORIES' 

Mark B. Edlun& and Eugene F. S t o m e r  
Center for Great Lakes and Aquatic Sciences, University of Michigan, 2200 Bonisteel Boulevard, Ann Arbor, Michigan 48109-2099 

''. . . we cannot understand the variation pattern with- 
in a group without a full  knowledge of the reproductive 
biology of the populations which make it up." (G. L. Steb- 
bins:359) 

In spite of high species diversity and many years 
of study, most diatom life history strategies remain 
unknown. Floristics, taxonomy, and applied studies 
continue to dominate scientific efforts on diatoms; 
however, as Stebbins implied, it is difficult to pursue 
these ventures without an understanding of diatom 
reproductive biology. Recent research has added sig- 
nificantly to classic literature and has further ex- 
panded understanding of both the diversity of sex- 
ual behavior and the importance of life history strat- 
egies to ecology, evolution, taxonomy, and system- 
atics of diatoms. Since the turn of the century, when 
reduction division was first convincingly demonstrat- 
ed during gametogenesis in Rhopalodia (Klebahn 
1896) and Surirella (Karsten 1912), it has been ac- 
cepted that most diatoms have a diplontic life his- 
tory (van den Hoek et al. 1995). Before and since 
that time, a great deal of work has been directed 
toward description and classification of diatom life 
histories (reviewed by Klebahn 1896, Geitler 1932, 
1973, 1984, Fritsch 1935, Drebes 1977, Round et al. 
1990, Hori 1993, Mann 1993, Roschin 1994), where- 
as far less effort has been directed at the ecologic 
and systematic implications of diatom life histories. 
The purpose of this review is not to reiterate or clas- 
sify all the reported types of sexual reproduction in 
diatoms, but to provide current perspectives relating 
diatom life history strategies to systematic, ecologic, 
and evolutionary issues. 

A Review of the Diatom Life History 
Diatoms spend the majority of their diplontic life 

history going through mitotic asexual divisions. 
However, vegetative cellular growth is constrained 
by the bipartite opaline silica cell wall (frustule), 
one half (valve) being slightly larger (the epivalve) 
and its associated girdle elements (cingulum) over- 
lapping the second slightly smaller valve's (the hy- 
povalve) cingulum. Because of this cell wall arrange- 
ment, a diatom going through mitotic division pro- 
duces two sibling cells; one sibling cell is identical 
in size to the parent cell and the second progeny is 
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slightly smaller. This size diminution process was de- 
scribed over a century ago (MacDonald 1869, Pfitzer 
1869, 1871) and predicts that most mitotically divid- 
ing diatom populations will decrease in mean size 
and increase in standard deviation in individual cell 
dimensions (length, diameter) over time. The de- 
crease in size is also accompanied by reduction in 
valve outline complexity (Geitler 1932, Stoermer 
and Ladewski 1982). Although some taxa have been 
shown to possess both physiologic and morphologic 
modifications to overcome size diminution (e.g. von 
Stosch 1965, Round 1972, Drebes 1977, Gallagher 
1983), in most species size restoration occurs only 
through sexual reproduction. Contrary to most oth- 
er algal groups, sexuality is the means of size resto- 
ration for diatoms and is not normally a factor in 
dormancy or dispersal (see Hargraves and French 
1983, PCrez-Martinez et al. 1992, Waite and Harri- 
son 1992, Jewson et al. 1993 for exceptions). 

Sexual reproduction in diatoms can occur only 
after two general conditions have been met. First, 
cells must reach a minimum size range, typically 30- 
40% of their maximum size. This size is known as 
their first cardinal point (Geitler 1932) and is de- 
fined as the size at which cells can be induced to 
become gametangia. The second factor that must be 
met to initiate sexuality is presence of the correct 
environmental conditions. These may include com- 
binations of temperature, light, nutrients, trace met- 
als, organic growth factors, and osmolarity (reviewed 
in Schmid 1995). Other investigators have suggested 
additional factors which may also be important in 
sexual induction. Vaulot and Chisholm (1987) and 
Armbrust et al. (1990) suggested that cell cycle 
phase may control sexual induction because sper- 
matogenesis in Thalassiosira weissflogii (Grunow) G. 
A. Fryxell and Hasle was initiated only by cells in 
early G, phase of the cell cycle. In natural popula- 
tions, gametogenesis was initiated only in cells that 
had experienced a check in their growth to hold 
them at this phase of their cell cycle (Jewson 1992a, 
b, Jewson et al. 1993). Some evidence for hormonal 
induction or control of sexuality has also been pre- 
sented. In culture studies on Rhabdonema, gameto- 
genesis would not occur unless male and female 
clones were cultured together (Rozumek 1968). In 
both centric (Drebes 1974) and many pennate taxa 
(Roschin 1994), dioecious reproduction or mating 
types are an important, yet poorly understood, fac- 
tor in sexual induction. With successful induction, 
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FIGS. 1-4. Life history features of centric diatoms. Scale bars are approximately 10 km. FIG. 1 .  Resting spores (right) and vegetative 
valves (left) of Chaelocuus elmorei C. S. Royer, Devil’s Lake, North Dakota. FIG. 2. Oogamous reproduction in cultured Stephanodiscus 
riiugurue. a) Size of garnetangial cells. b) Fi-ee auxospore. c) Silicified initial cell; auxospore membrane (upper left) has been cast off. d )  
Second division of initial cell produces first large vegetative cell. FIG. 3. Bum mount of oogamous reproduction in cultured Cyclotellu 
gamma Sovereign. Note size and rnorphologic differences between vegetative and initial valves (culture courtesy of D. B. Czarnecki). FIG. 
4. An initial cell of Aulucoseiru Ouiculensis from Lake Baikal, Russia, has undergone the first mitotic division following sexual reproduction 
(photo courtesy of C. M. Taylor). 

sexual reproduction can proceed. After sexual re- 
production, size restoration is achieved, and diatoms 
achieve their second cardinal point when a cell line 
representing the largest size a taxon can attain is 
formed (Geitler 1932). 

The three major groups of diatoms have evolved 
two very different approaches to sexual reproduc- 
tion. Automictic and apomictic strategies (self-fertil- 
ization) exist but appear to be modifications of the 
more common types of sexuality. All members of 
the Coscinodiscophyceae (centric diatoms) that 
have been studied utilize oogamy (Figs. 2-4, 11). 
One or two large, nonmotile oogonia are produced 
per mother cell, whereas sperm cells are small, non- 
siliceous, and motile by a single anterior pleurone- 
matic flagellum with a 9+0 microtubule construc- 
tion. Members of the Fragilariophyceae and the Ba- 
cillariophyceae (the araphid and biraphid diatoms 

respectively) reproduce via isogamy or behavioral 
anisogamy (Figs. 6 1  0, 13). Diploid vegetative cells 
initiate sexual pairing via contact and/or produc- 
tion of mucilage envelopes or copulation tubes. Mei- 
osis results in production of one or two gametes per 
parental gametangium. Gametes are morphologi- 
cally identical but may exhibit behavioral differences 
during gametic exchange and fertilization in some 
taxa. 

A notable exception to this dichotomy in sexuality 
occurs in Rhabdonema, an araphid pennate that has 
a unique form of anisogamy, which is often termed 
modified oogamy and implied to be transitional be- 
tween oogamy and isogamy (Fig. 12). Rhabdonema 
produces two small, nonflagellate amoeboid male 
“spermatia” per spermatogonium which fertilize 
one or two large “oogonia” on a separate female 
filament (von Stosch 1958). Eggs are produced sim- 
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FKS. 5-10. Life history features in pennate diatoms. Scale bars are approximately 10 pm. FIG. 5 .  An internal valve in Pinnularia sp., 
Cayler Prairie, Iowa, acts as a resistant stage during periods of drying. FIG. 6. Type Ia 1 physiologic anisogamy in CymOella Cislula, Hell, 
Michigan. FIG. 7. Synchronous sexuality by type Ia 1 physiologic anisogamy in Gomphonema paruulum, Huron River, Michigan. FIG. 8. Type 
Ic isogamy in Caloneis vpntrirosa (Ehrenb.) F. Meister, Tiplady Bog, Michigan. Auxospores have initial isometric enlargement and are 
randomly arranged in the copulation mucilage. FIG. 9. Type Ib 1 isogamy in Rhopnlodia gibba (Ehrenb.) 0. Mull., Silver Lake Fen, Iowa. 
Both progeny auxospores expand perpendicularly to the axes of the parental gametangial cells and are confined by banded perizonia. 
FIG. 10. Type IIa isogamy in Cocconeis pediculus Ehrenb. growing on Cladophora sp., Spirit Lake, Iowa. Single auxospores expand in a 
copulation sheath following the mating of single gametes produced in each of two parent cells. 
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FIG. 11.  Typical centric diatom life history-oogamy and resting spore formation in Bacta'astrurn hyalinum. Scale bar is approximately 
20 pm. am, auxospore membrane; c, chloroplast; hs, hologenous sperm formation; ic, initial cell; la, lateral auxospore; N, diploid nucleus; 
11, haploid nucleus; on, oogonium; pn, pycnotic nucleus; pp, properiznnium; rs, endogenous resting spores; s, sperm; sp, spermatogoniurn; 
Sp, spermatogonangial filament; sv, spore valve; vc, vegetative cells; lN, haploid portion of life cycle; 2N, diploid portion of life cycle 
(modified from Drebes 1972, 1974, Idei in Hori 1993). 

ilar to those of centric diatoms, except that an ad- 
ditional pycnotic, or degenerative, nucleus results af- 
ter single egg production by R. adriaticum Kutz. Male 
spermatogonia are produced by depauperizing mi- 
toses within a filament. However, two pycnotic nu- 
clei are produced during meiosis so that only two 
spermatia are formed per spermatogonium, a pro- 
cess more typical of pennate gamete production 
(Fig. 12). Contact between male and female fila- 
ments is first made before formation and release of 
amoeboid male gametes; fertilization is effected 
through an exposure in the girdle region of the oo- 
gonia (Fig. 12). 

After gamete fusion and fertilization the diatom 
zygote or auxospore begins expansion. In centric di- 
atoms, initial expansion is isometric (Fig. 2), but lat- 
er shape modification is controlled by siliceous 
scales and sometimes bands or hoops in the pro- 
perizonium (Fig. 11, and von Stosch 1962, 1982). 
Pennate auxospore expansion is also initially iso- 
metric (Fig. 8 ) ,  but quickly becomes bipolar 
through control by the siliceous hoops, bands, and/ 
or plates of the perizonium (Mann 1982, 1994a), 
giving pennate diatoms their characteristic elongate 
shape (Figs. 6, 9, 13). Following expansion and 
growth of the auxospore, the nucleus goes through 
two acytokinetic mitotic divisions to create the initial 
cell, first depositing the epivalve, followed by the ini- 
tial hypovalve (e.g. Edlund and Stoermer 1991). 
The initial cell of a diatom generally has the basic 
features of a normal vegetative cell, i.e. it is long 
(pennate) or round (centric). However, initial cell 

valves usually have modified morphology in com- 
parison to normal vegetative valves with more 
rounded features, + / - dysfunctional raphe systems, 
and/or irregular ultrastructure (Figs. 2-4, 6, 7, 13, 
Mann 1984b, Cohn et al. 1989, Edlund and Stoerm- 
er 1991, among others). Following silicification of 
the initial cell, two more normal cytokinetic mitoses 
are required to construct the first cell with normal 
vegetative morphology. 

Variation also exists in the vegetative portion of 
diatom life histories. Several taxa have been shown 
to possess the ability to regenerate their maximum 
size through asexual vegetative enlargement or par- 
thenogenesis (Geitler 1927, von Stosch 1965, Gal- 
lagher 1983, French and Hargraves 1986, Nagai et 
al. 1995). Other taxa, both centric and pennate, are 
able to prevent size diminution through modified 
girdle band arrangement (Geitler 1932, 1980, Rei- 
mann et al. 1966, Rao and Desikachary 1970, Round 
1972, Mann 1 9 8 9 ~ ) .  Morphologically distinct resting 
spores can also be present in the vegetative life his- 
tory but they do not perform size restoration (Figs. 
1, 11, von Stosch et al. 1973). Resting spores are 
especially common in neritic marine centric diatoms 
(Drebes 1974, Hargraves and French 1983, Mc- 
Quoid and Hobson 1995, 1996) but are also pro- 
duced by a few freshwater centric genera including 
Chaetoceros (Fig. 1 ) , Urosolenia, Acanthoceras, and Au- 
lucosa'ra (Schulz 1929, Edlund and Stoermer 1993, 
Edlund et al. 1996). Spore production is a mitotic 
process in all taxa examined to date and is associ- 
ated with vegetative divisions (Ross et al. 1979) ex- 
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FIG. 12. Rhabdonema life history-anisogamy or “modified oogamy” in RhaMonema adriaticum. Scale bar is approximately 20 pm. am, 
auxospore membrane; c, chloroplast; ic, initial cell; K, Kleinzelle (small degenerative cell); mp, mucilage pad; N, diploid nucleus; n, 
haploid nucleus; 00, oogoriium; pn, pycriotic nucleus; p, perizonium; pb, polar body; s, spermatia; sc, scales in auxospore wall; sp, 
spermatogonium; US, iiberzahlige SChdk (surplus valve); vc, vegetative cells; l N ,  haploid portion of life cycle 2N, diploid portion of life 
cycle (modified from von Stosch 1958, 1962, 1982, Mayama in Hori 1993). 

cept during production of a resting spore within the 
auxospores of the centric diatoms Lqbtocylindrus dan- 
icus Cleve (French and Hargraves 1985), Cerutaulinu 
pelagica (Cleve) Hendey (Saunders 1968), Chaetoceros 
eibinii Grunow in Van Heurck, C. pseudocnnitum Os- 
tenf., C. vanheurcki Gran, and Bactm’astrum hyalinum 
Lauder (Drebes 1977). Similarly, some pennate di- 
atoms produce both resting spores and internal 

valves in response to the onset of inimical conditions 
(e.g. Pinnularia sp., Fig. 5) .  The difference between 
resting spores and internal valves may be more tau- 
tological than cytological. Both are produced 
through mitotic divisions and act as resistant stages, 
but pennate resting spores are defined by their re- 
quirement of a dormancy period before germina- 
tion (von Stosch and Fecher 1979), differentiating 

FIG. 13. Typical pennate diatom life history-isogamy or physiological anisogamy via Geitler’s type Ial in Cymbella cistula. Scale bar is 
approximately 20 pm. ag, active gamete; am, auxospore membrane; c, chloroplast; gc, gametangial cells; ic, initial cell; me, mucilage 
envelope; N, diploid nucleus; n, haploid nucleus; p, perizonium; pg, passive gamete; pn, pycnotic nucleus; v, vegetative valve; IN, haploid 
portion of life cycle; 2N, diploid portion of life cycle. 
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them from internal valves that germinate without 
any dormancy requirement (Geitler 1980). The 
term “resting spore” is in need of clarification be- 
cause most marine centric resting spores do not re- 
quire dormancy for germination (McQuoid and 
Hobson 1996). Whether resting spores and internal 
valves are homologous structures (life history adap- 
tations) within and between centric and pennate di- 
atoms remains unresolved (von Stosch and Fecher 
1979). 

Challenges of Studying Diatom Life Histories 
Even with over 150 years of microscopic observa- 

tion, our knowledge of diatom life histories remains 
scant compared to other algal and higher plant 
groups. Recent communications among diatomists 
over electronic mail suggest that scientists currently 
recognize -20,000 species of diatoms (although this 
could reach 105-106 in the future; Mann 1994a, 
Mann and Droop 1996), but only slightly more than 
200 species have had significant aspects of their life 
history reported (Mann 1988). The paucity of re- 
ports stems from two difficulties in studying life his- 
tories. First, the incidence of diatom sexuality is, in 
many cases, limited to brief spates which may occur 
only every several years and/or may involve only a 
small proportion of a vegetative population (Nipkow 
1928, Mann 1988, Jewson 1992a, b). Only through 
consistent sampling and careful microscopic exam- 
ination of living or fixed material can diatomists 
identify the intricacies and patterns of sexuality. Sec- 
ond, oxidative preparatory techniques typically used 
for floristic, ecologic, and taxonomic studies destroy 
most evidence of gametangial pairing, gamete pro- 
duction, cytologic changes, fertilization, auxosporu- 
lation, and postsexual products. As a result of these 
difficulties, few scientists have taken a devoted in- 
terest in diatom life histories. A quick review of his- 
toric and current literature on diatom sexuality 
shows that about a dozen researchers have contrib- 
uted nearly all of our knowledge on life histories. 

The process of auxosporulation in centric diatoms 
has been known since the mid-1800s (e.g. Thwaites 
1848). Several workers made significant contribu- 
tions regarding the process of auxosporulation in 
centric diatoms, yet it was thought to be a vegetative 
or autogamic process (Schiitt 1893, Bachmann 
1904, Bergon 1907, Fritsch 1935, Persidsky 1935). 
Evidence of true sexual reproduction in centric di- 
atoms remained elusive until 1950 when von Stosch 
conclusively documented flagellated male sperm 
fertilizing oogonia in Melosira varians C. Agardh. 
Earlier workers (Geitler 1932, Persidsky 1935) had 
hinted at the possibility of oogamous reproduction 
in centrics, and many taxa had been reported to 
have flagellated microspores (Schmidt 1931, Braa- 
rud 1939, Subramanyan 1946). Microspores, of 
course, have since been shown to be either sper- 
matogonia or male gametes. After von Stosch’s re- 
port, other workers quickly detailed oogamous sex- 

ual reproduction in Cyclotella (Geitler 1952) and 
many marine planktonic taxa including Biddul$hia, 
Stqbhanofixis, Bacteriastrum, Chaetoceros, Melosira, Ske- 
letonema, Lithodesmium, and Coscinodiscus (Drebes 
1966, 1974, Manton and von Stosch 1966, Migita 
1967a, Werner 1971, von Stosch et al. 1973). Oddly 
enough, investigation of diatom sexuality nearly 
missed the transmission electron microscope (TEM) 
revolution from the 1950s through the 1980s. The 
studies of Manton et al. (1969a, b, 1970a, b) high- 
light the TEM work that has appeared on centric 
diatom reproduction. Few additional investigations 
of centric diatom sexuality have incorporated TEM 
(Heath and Darley 1972, Crawford 1974, Hoops and 
Floyd 1979). As for pennate diatoms, a few fortui- 
tous sections of conjugating Neidium and Gompho- 
nema represent the only transmission electron mi- 
crographs published (Drum et al. 1966). 

Whereas most of these early efforts on centrics 
utilized cultured material to provide descriptive and 
cytologic observations, more recent work has begun 
to advance our understanding of the ecologic sig- 
nificance of centric life histories. Jewson (in Aula- 
coseira and Stqbhanodiscus, 1992a, b) and Waite and 
Harrison (in Ditylum, 1992) revealed the importance 
of some centric diatoms’ life histories to phytoplank- 
ton dynamics in freshwater and marine environ- 
ments, respectively. 

Early significant advances on pennate diatom sex- 
uality were made through the detailed microscopy 
of Klebahn (1896), Karsten (e.g. 1900, 1912), and 
Cholnoky (1927). By far the most productive worker 
in the field of pennate diatom sexuality was Lothar 
Geitler (Schmid 1991). Geitler’s main interest in di- 
atoms was sexuality and mating behavior of epi- 
phytic pennate diatoms; this was the subject of many 
of his more than 100 papers on diatoms. Recent 
work in the laboratory of D. G. Mann (e.g. 1989c, 
1993) has elucidated the life history of many epi- 
pelic pennate diatoms and shown how these obser- 
vations can be used to support new ideas on diatom 
phylogeny, sexual compatibility, species concepts, 
and evolution. Additionally, initial advances in the 
fields of inbreeding and outbreeding in pennate di- 
atoms have been realized in the laboratory of A. M. 
Roschin (e.g. Roschin 1990, 1994, Chepurnov and 
Roschin 1995), suggesting that regulatory and/or 
incompatibility mechanisms exist in some taxa to 
prevent monoecy and inbreeding. 

Evolution of Diatom Sexuality 
Two issues are currently debated concerning the 

evolution of diatom life histories. Both issues are 
based on the assumption or understanding that di- 
atoms represent a monophyletic lineage (Round 
1981a, b, Medlin et al. 1993). The first issue con- 
cerns the actual origin of diatoms and their dip- 
lontic life history, and the second is the evolution 
of isogamy (in pennate diatoms) from oogamy (in 
centric diatoms). 
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The origin of diatoms has been pondered for 
many years (Korshikov 1930), but only in the last 
two decades has the origin of diatoms received se- 
rious consideration. Several papers by Round 
(1981a, b) and Round and Crawford (1981) pro- 
posed that diatoms originated before the Creta- 
ceous from a siliceous scaled ancestor, in which two 
scales were modified to become valves, while the 
other reduced scales became girdle elements. Sup- 
portive evidence included the maintenance of scales 
in the postsexual auxospore diatom wall and possi- 
ble homology between scales, pleural girdle ele- 
ments, and “simple” radially symmetric diatom 
valves. Unfortunately, at that time, much work re- 
mained to be done toward inferring a phylogeny of 
diatoms and other closely related groups. Early hy- 
potheses also had difficulty addressing the origin of 
a diplontic life history and the transition from dic- 
tyosomal scale production to silica deposition vesi- 
cles (Stoermer et al. 1965). Mann and Marchant 
(1989) resurrected a hypothesis that had been pro- 
posed and subsequently rejected by Round and 
Crawford (1981) that suggested the vegetative cell 
of diatoms had evolved from a scaled diploid cyst 
present within a haplontic life history of a scaled 
flagellate. The diploid cyst then developed a mitotic 
(rather than meiotic) germination which immedi- 
ately reencysted, possibly in response to short-lived 
favorable growth periods. Mitotic division of the 
“cyst” eventually dominated the life history and was 
accompanied by modification of scales to create a 
bipolar organization with two radially symmetric 
valves and scale-like girdle elements. 

Mann and Marchant (1989) also proposed that 
the gametic or haploid phase of the diatom life his- 
tory evolved from a condition where biflagellate 
scaled isogametes dominated the life cycle. This led 
to a condition where periodic (or rare?) gameto- 
genesis in the scaled diploid cyst produced naked 
uniflagellate male gametes capable of fertilizing oo- 
gonia protected within the siliceous wall of the 
mother cell. This evolutionary transformation may 
have been driven by marginal growth periods and 
fluctuating environmental conditions, which can 
promote the evolution and maintenance of sexuality 
(Crow 1992). Further ideas presented by Mann and 
Marchant (1989) suggest that a recently discovered 
group of siliceous algae, the Parmales (Booth and 
Marchant 1987), share morphologic and morpho- 
genic similarity of siliceous structures with the dia- 
toms, and may indeed share the most recent com- 
mon ancestor with the diatoms. 

Unfortunately, complete evidence of diatom life 
history evolution and the early phylogeny of diatoms 
and related groups is probably not preserved in the 
fossil record (Round and Crawford 1981, Harwood 
and Gersonde 1990). Recent phylogenetic (Medlin 
et al. 1996a, b, 1997) and fossil studies (Hanvood 
and Nikolaev 1996) have proposed an origin of di- 
atoms before the Lower Cretaceous, more likely dur- 

ing or just before the Triassic. Advances in phylo- 
genetic systematics have also allowed molecular, 
morphologic, and cytologic data to be used to gen- 
erate hypotheses concerning evolution and sister 
group relations among and between diatom groups 
and related heterokont organisms (Williams 1991, 
Bhattacharya et al. 1992, Medlin et al. 1993, Philippe 
et al. 1994, Sorhannus et al. 1995, Cavalier-Smith 
and Chao 1996, Medlin et al. 1996a, b, 199’1). Al- 
though consensus has not yet been reached, an 
overview of current research suggests that the sister 
lineage of diatoms is probably composed of several 
chlorophyll-c-containing organisms (phaeophytes, 
xanthophytes, and chrysophytes) and/or the oomy- 
cetes. A most recent common ancestry between the 
diatoms and their sister lineage is supported, in 
part, by shared diplontic life histories in most Het- 
erokonta (some phaeophytes, oomycetes, xantho- 
phytes). Medlin et al. (1997) have suggested that the 
“most parsimonious explanation” of diplontic life 
history evolution in diatoms is contrary to the pro- 
posal of Mann and Marchant (1989). Medlin et al. 
(1997) suggest instead that the most recent com- 
mon ancestor of diatoms and its sister lineage al- 
ready had a diplontic life history; however, addition- 
al evidence supporting these sister group life history 
relations is needed. In particular, knowledge of life 
history types in some of the heterokont algae, details 
on the arrangement and/or reduction of the fla- 
gellar apparatus as a single pleuronematic flagellum 
(diatoms vs. Chromulinu, Dictyotu) , and an under- 
standing of physiologies that include production of 
siliceous structures in some of these groups would 
be welcome (Pascher 1921, Al-Kubaisy et al. 1981, 
Williams 1991, van den Hoek et al. 1995). 

The second puzzling issue is the evolution of dip- 
lontic life history variability within the diatom 
groups. Rather than the more traditional evolution- 
ary transformation series of isogamy to anisogamy to 
oogamy found in some other algal groups (Parker 
1971), diatoms appear to have progressed through 
this evolutionary pathway in reverse. The first dia- 
toms, or at least the oldest known in the fossil rec- 
ord, were centric and assumed to be oogamous 
(Hanvood and Gersonde 1990). The fossil record 
further suggests that araphid diatoms were the next 
major group to arise, finally followed by the appear- 
ance of the raphid diatoms (Small 1945, Simonsen 
1979, Tappan 1980). Araphid and raphid diatoms 
are functionally isogamous, except for the araphid 
Rhabdonemu, which utilizes anisogamous or “modi- 
fied oogamous” sexuality (Fig. 12). The evolution- 
ary sequence of oogamy to isogamy can be further 
investigated using results of recent molecular phy- 
logenies. 

Medlin et al. (1993, 1996a, b, 1997) have devel- 
oped phylogenetic proposals using molecular data 
that suggest both centric and araphid groups rep- 
resent paraphyletic lineages. Their hypotheses 
(Medlin et al. 1993, 1996a, b, 1997) corroborate the 
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FIG. 14. A current hypothesized phylogeny of diatoms based strongly on the molecular analyses of Medlin et al. (1993, 1996a, b, 
1997), Bhattacharya et al. (1992), Phillipe et al. (1994), Sorhannus et al. (1995), and Cavalier-Smith and Chao (1996). Presently the 
centric and araphid diatoms represent paraphyletic lineages as supported by molecular phylogenetic analyses. We hypothesize the location 
of Rhabdonema on this tree to represent a transitional lineage between the centric and pennate (araphid and raphid) diatoms. Some life 
history character state changes that support this topology have been mapped onto the tree. Ordinal classifications follow Round et al. 
(1990). 

* Several taxa included in this clade (e.g. Corethron) do not possess rimoportulae due to an apparent evolutionary character loss. 

time of appearance of major groups in the fossil rec- 
ord fairly well (Simonsen 1979). We have recon- 
structed one current phylogenetic hypothesis (Fig. 
14) based strongly on not only the molecular anal- 
yses of Medlin et al. (1993, 1996a, b, 1997), but also 
on Bhattacharya et al. (1992), Phillipe et al. (1994), 
Sorhannus et al. (1995), and Cavalier-Smith and 
Chao (1996). Although these studies are not in com- 
plete agreement on terminal branch topology, they 
support a monophyletic origin of diatoms. Within 
the diatom lineage, the centric diatoms are a para- 
phyletic group with separate clades supported by 
molecular data leading to radially symmetric taxa 
with only rimoportulae, three lines of multipolar 
centrics, and a clade containing the centrics with 
strutted processes sharing a most recent common 
ancestor with the Hemiaulales and Lithodesmiales. 
The araphid diatoms form two paraphyletic lin- 
eages, whereas the biraphid diatoms terminate the 
tree as a monophyletic group, We have hypothesized 
that Rhabdonema represents a separate lineage orig- 
inating before other araphids (Fig. 14), although it 
has not been used in molecular phylogenies to date. 
Using this phylogenetic hypothesis, it is possible to 
map the major character changes in sexuality 
among the diatom groups (Fig. 14). The centric di- 
atoms are a paraphyletic group, and except for some 
examples of automixis and parthenogenesis, all ex- 
tant taxa investigated reproduce sexually via ooga- 
my, the proposed ancestral state. With the exception 
of Rhabdonema and Grammatophma (von Stosch 1958, 
Magne-Simon 1962), which have been implicated as 
representing a transitional state in this evolutionary 
sequence, the more recently evolved araphid and 
raphid lineages undergo isogamy or physiologic an- 
isogamy. Several features of Rhabdonema sexuality 
support a hypothesis that this life cycle may repre- 
sent a transitional state (von Stosch 1958, 1962) be- 

tween oogamy and isogamy (Fig. 14). Rhabdonema 
reproduces anisogamously (Fig. 12). Smaller male- 
determined filaments attach to female filaments, un- 
dergo meiosis and produce only two amoeboid sper- 
matia per male gametangial cell. Two pycnotic nu- 
clei are also produced during male Rhabdonema ga- 
metogenesis, whereas all meiotic nuclei survive in 
centric male gametogenesis. Both the pairing that is 
effected by male filaments and the reduction to two 
amoeboid gametes per male cell are more charac- 
teristic of pennate pairing and gametogenesis. The 
cytology of egg production in Rhabdonema is more 
similar to centric oogenesis. One or two gametes are 
produced per female cell depending on Rhabdonema 
species. In R. arcuatum (C. Agardh) Kiitz., two eggs, 
each with a pycnotic nucleus are produced. In R 
adriaticum a single egg is produced along with a sec- 
ondary polar body containing two pycnotic nuclei, 
a scenario dissimilar to centric egg production, but 
identical to gamete production in Grammatophow. 
Other shared features between centric oogamy and 
Rhabdonema are found in the postsexual products. 
Rhabdonema represents the only pennate diatom 
with a scale-invested auxospore wall like nearly all 
centric taxa (von Stosch 1982, hut see Mann 1984a). 
However, in addition to scales, Rhabdonema also has 
a siliceous perizonium made of open hoops (Fig. 
12) and sometimes longitudinal bands similar to the 
perizonia found in isogamous pennate m a  (von 
Stosch 1962, 1982). It will be interesting to see if 
Rhabdonema occupies a transitional lineage between 
the centric lineages and the araphid lineages, as we 
have hypothesized (Fig. 14), when its molecular and 
morphologic evolutionary characters are analyzed. 

The evolutionary transformation series of isoga- 
my-anisogamy-oogamy seen in many other algal 
groups (Parker 1971) has not occurred in diatoms. 
In moving from isogamy to oogamy, increased stor- 



DIATOM LIFE HISTORIES 905 

age capacity of oogonia and more efficient fertiliza- 
tion energetics have been suggested as evolutionary 
triggers. However, in diatoms the selective pressure 
appears instead to have been an evolutionary pro- 
gression toward effecting successful pairing of ga- 
metes. In the centric diatoms, sperm are released 
into the aquatic environment, presumably to find 
and fertilize the oogonia by the combination of 
chance and chemotactic attractants (Idei and Chi- 
hara 1992). Rhubdonemu, in contrast, initiates pairing 
between male and female filaments before gamete 
release, effectively increasing the chances of suc- 
cessful fertilization. Other pennate diatoms, both ar- 
aphid and raphid, effect pairing via mucilage enve- 
lopes {Figs. 6-10), pads or copulation tubes, or sim- 
ply close physical arrangement (e.g. Diatomu, 
Tschermak-Woess 1973). Even araphid taxa, 
normally incapable of movement (however, see 
Pickett-Heaps et al. 1991), hold paired sexual part- 
ners together with mucilage pads (e.g. Synedru, Gei- 
tler 1939). This evolutionary trajectory appears to be 
a transfer of function (Mann 1993) from the ga- 
metes pairing, to the gametangial cells actually ini- 
tiating pairing. This latter state is known as game- 
tangiogamy and is evident in other algal groups with 
haploid life histories, notably the Zygnematales. 
This apparent example of convergent evolution to- 
ward gametangiogamy has not escaped previous 
workers (Wiese 1968, Nakahara and Ichimura 
1992). 

Sexuality and Phylogenetic Systematics 
Beyond a general support of diatom phylogeny, 

the transition from oogamy to anisogamy to isogamy 
as outlined above contains many detailed stages that 
may provide additional characters to foster phylo- 
genetic investigations of diatoms. The increased in- 
terest in phylogenetic systematics (Kociolek et al. 
1989, Theriot 1989) has prompted some use and 
evaluation of sexual characters as evidence of phy- 
logenetic relationships. Mann (e.g., 1993, 1996) has 
continued to describe properties of sexuality in pen- 
nate diatoms that might support relatedness among 
organisms, although these homologies remain to be 
tested formally. Kociolek and Stoermer (1989) used 
initial valve size as a multistate character in an anal- 
ysis of Gomphoneis. Theriot (1992) also used auxo- 
spore size as a character in a phylogenetic analysis 
of the Stephanodiscus niagurue Ehrenb. complex. 
Both of these studies suggested that postsexual max- 
imum size of a taxon can lend additional support to 
morphologic characters in phylogenetic analyses. 
Caution must be exercised when interpreting char- 
acters of sexuality in an evolutionary context. Passy- 
Tolar and Lowe (1995) incorrectly adhered to 
Haeckel’s law (“ontogeny recapitulates phylogeny”) 
by suggesting that characters present in the initial 
valve of Gomphoneis represent an ancestral condition 
when compared to characters in the vegetative valve. 
This approach may seem attractive for interpreting 

ontogenetic changes within a species; however, it 
has been strongly criticized (Gould 1977, Alberch et 
al. 1979, Williams 1994). A more appropriate meth- 
od is to compare character states or ontogenies 
among and between taxa, rather than comparing 
ontogenetic character states within a taxon, first in- 
suring that characters pass the criteria of similarity 
and independence (Theriot and Serieyssol 1994). 
Williams (1994, 1996) applied this approach to com- 
pare valve shape among Tetrucyclus by using pre- and 
postauxospore shape to properly code ontogenetic 
shape changes. 

Other aspects of the diatom life history also hold 
promise for their systematic value. The siliceous 
components (scales, properizonium, epizonium, 
perizonium) that control development of the aux- 
ospore into the initial cell have been suggested to 
be a source of putative homologies to test relation- 
ships within the diatom lineages (Fig. 14). Von 
Stosch (1982) proposed an evolutionary transition 
series from a scaled auxospore wall with isometric 
growth, to anisometric auxospore growth controlled 
by properizonial closed hoops, to anisometric 
growth controlled by closed hoops and open bands, 
and finally to anisometric auxospore growth con- 
trolled by open bands. This ordered series is well 
supported in current phylogenies (Fig. 14) if pro- 
perizonial elements are considered lost in the Thal- 
assiosirales. 

Whereas it might seem that more reproductive 
characters would be excellent for phylogenetic anal- 
yses, many are problematic. The loss of silica scales 
from the auxospore wall is an apparent homoplasy 
among distantly related taxa including Stqbhanodis- 
cus (Round 1982, Edlund and Stoermer 1991, Jew- 
son 1992a), Aulucoseiru (Crawford 1975, Jewson 
1992b), and all pennate taxa except Rhabdonemu 
(von Stosch 1982). Within the centric diatom lin- 
eages, the number of oogonia was proposed by Dre- 
bes (1977) to represent a potential transformation 
series from ancestral production of two oogonia to 
a single oogonium plus a polar body to the more 
derived single egg. Unfortunately, even within in- 
dividual genera (e.g. Biddulfihiu) different species 
utilize different oogenic mechanisms, making com- 
parisons difficult. Additionally, lineages with more 
derived morphologic features, that is the multipolar 
centrics, commonly produce two oogonia. The two 
types of spermatogenesis, merogenous and hologen- 
ous (Drebes 1977), present a similar confusing evo- 
lutionary scenario. Merogenous spermatogenesis re- 
sults in the production of four sperm and a residual 
body containing cytoplasm and chloroplasts from 
the spermatogonium because cytokinesis occurs 
only after both meiotic divisions are complete. Hol- 
ogenous sperm are produced following two equal 
cytokineses following each meiotic division; all four 
sperm thus contain an equal proportion of nuclear 
and cytoplasmic material from the spermatogoni- 
um. In general, the radially symmetric centric dia- 
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toms undergo merogenous spermatogenesis, where- 
as the multipolar centric lineages have hologenous 
spermatogenesis (e.g. Bacteriastrum hyalinum, Fig. 
11) .  But taxa that are apparently closely related (e.g. 
Shbtonema and Thalussiosira) use hologenous and 
merogenous spermatogenesis, respectively (Migita 
1967b, Idei in Hori 1993). As additional evidence, 
Jewson (1992a) and Schmid (1995) recently illus 
trated unique forms of spermatogenesis in Stephan- 
odiscus cf. neoastraea HHk. and B. Hickel and Cosci- 
nodiscus granii Cough. This exemplifies the main 
problem associated with our current understanding 
of life histories. Evidently many character states are 
in need of extensive analysis, but because so few taxa 
have been investigated, a complete comprehension 
of the intricacies of life histories is lacking. 

Other life history areas that could provide valu- 
able characters for future systematic efforts include 
variations in the pennate forms of sexuality. Mann 
(1993) criticized the current pennate sexuality clas- 
sification scheme (Geitler 1932, 1973, 1984) by sug- 
gesting that gamete and auxospore number were 
less important in the evolutionary development of 
sexuality than pennate gamete behavior. Mann 
(1993) proposed that type IA2 sexuality (physiolog- 
ical anisogamy, both active gametes in the same 
gametangium) was ancestral among the allogamous 
forms of pennate sexuality. The argument seems 
meritorious from a phylogenetic viewpoint, since 
many araphid taxa (e.g. Licmophora, Diatoma, Stna- 
tella, Synedru) use this type of sexuality. From type 
IA2, Mann (1993) suggested that the other forms of 
sexuality could have evolved through reduction and/ 
or breakdown of incompatibility mechanisms. Re- 
cent work by Roschin (1994) has provided supple- 
mental support of Mann’s ideas. Of the type IA2 
araphid taxa that have had mating types investigat- 
ed, most are dioecious, a condition that Roschin 
(1994) and Roschin and Chepurnov (1996) pro- 
posed to be ancestral to the more commonly re- 
ported monoecy. 

Costs and Benejits of Sexuality 
The widespread occurrence of sexuality in higher 

organisms has traditionally been analyzed using a 
cost : benefit analysis (Fisher 1930, Maynard Smith 
1978). Simply put, maintenance of sexuality within 
the life history of an organism should be justified by 
benefits greater than costs (Lewis 1987). In higher 
organisms, costs are often negligible due to nonle- 
thal and multiple sexual episodes; however, single- 
celled eukaryotes present different types of sexual 
costs and benefits than higher organisms. 

Some benefits of sexuality in diatoms are com- 
mon among all sexual organisms (Richardson 
1995). First, maintenance of sexuality allows genetic 
recombination to occur. As a result, adaptive radia- 
tion, natural selection, and outbreeding (Roschin 
1990) are possible in sexual organisms, allowing ge- 
notypic diversity and heterozygosity to increase 

(Lewis 1987, Crow 1992), a realized benefit to or- 
ganisms living in patchy environments (Waite and 
Harrison 1992). In addition, cellular functions as- 
sociated with sexuality are maintained, such as DNA 
repair and purging of deleterious alleles. Richard- 
son (1995) also suggested that sexuality within clon- 
al diploid organisms (many diatoms are monoe- 
cious) can result in expression of homozygous re- 
cessive alleles, a trait that may well prove advanta- 
geous to an isolated population. A very important 
benefit that is realized specifically by diatoms un- 
dergoing sexuality is size restoration (Figs. 2-4, 6). 
Because of constraints imposed by the cell wall and 
division mechanism in diatoms, sexuality remains 
the sole mechanism for restoring most cell lines to 
their maximum size. It is also a well-known fact that 
diatoms that slip below the size of sexual induction 
die or are quickly purged in natural environments 
(Mizuno and Okuda 1985); but, in the absence of 
competition and predation, they may stay alive in 
culture for years (Round 1993). An unfortunate re- 
sult of this is that many ecologic and physiologic 
experiments are performed on diatoms in a highly 
atypical state. An additional benefit of sexuality, thus 
far specific to diatoms, is the recovery of form. In 
some genera (e.g. Cocconeis, Sum‘rella), it is common 
for aberrant forms with misshapen valves to occur, 
usually as the result of mechanical damage, and be 
perpetuated through mitosis. Sexuality permits 
these cell lines to recover normal morphology dur- 
ing auxosporulation (Drum 1964, Mann 1994a). 

The costs of sexuality for single-celled organisms 
can run very high. As with all sexual organisms, 
there is a potential for reduced fitness in offspring 
following recombination, as novel genomes are ex- 
pressed. Sexual parents are also considered to have 
reduced fitness compared to asexual parents as mea- 
sured by their genomic contribution to potential off- 
spring (Richardson 1995) and the potential loss of 
successful parental genotypes (Murphy 1978, Waite 
and Harrison 1992). The production of males 
(sperm) and the accompanying loss of male chlo- 
roplast material is also a significant cost factor to 
centric diatoms and Rhabdonema. There are especial- 
ly high costs for diatoms associated with failure-to- 
mate; this leads to lack of size restoration and po- 
tential death. Pennate diatoms may have evolved 
mechanisms to reduce failure-to-mate costs through 
an ability to halt or revert the induction and pairing 
process preceding gametogenesis. Unlike centric di- 
atoms, which are fully committed to gametogenesis 
after induction (Drebes 1977), pennate diatoms 
may be able to abort gamete formation even after 
pairing (Mann 1993). A second mechanism for min- 
imizing failure-to-mate costs has been termed the 
“diatom sex clock” (Lewis 1984). The size diminu- 
tion process in diatoms allows for the possibility of 
multiple attempts at sexual reproduction. If a situ- 
ation arises when the sexual induction factors (cell 
size and environmental conditions) are not coinci- 



DIATOM LIFE HISTORIES 907 

dental, a diatom can continue to divide and poten- 
tially stay within the sexually inducible size range 
until such time when the correct environmental 
conditions occur for induction (Lewis 1984). 
Schmid (1995), in an elegant study on the centric 
Coscinodiscus granii, reported a novel mechanism for 
“beating the clock.” Male-determined cells formed 
spermatogonangial tetrads, but in some cases, one 
or more spermatogonangial cells within the tetrad 
were able to revert to vegetative growth. Schmid 
(1995) suggested that the failure-to-mate costs in 
centrics were further minimized by fewer cells par- 
ticipating in oogonial formation (one oogonium for 
every 24 spermatangia) and more effort toward male 
gamete production to maximize success of fertiliza- 
tion. Crawford’s (1995) observations on Corethron 
m’ophilum Castrac, and Waite and Harrison’s (1992) 
study of Ditylum support this high male : female ratio 
strategy in centric diatoms. 

A poorly studied cost of sexuality in diatoms is the 
ecological cost (Reznick 1992), that is costs associ- 
ated with increased risk from disease, injury, or pre- 
dation during reproduction. These costs may be a 
significant factor, especially for centric diatoms. Jew- 
son (1992a) reported that both spermatangia and 
sperm of Stephanodiscus were favored prey items of 
rotifers and dinoflagellates, respectively. Pennate di- 
atoms probably have minimal ecologic costs as most 
are enclosed within a mucilaginous matrix during 
pairing and copulation. Last, physiologic (Reznick 
1992) or cellular-mechanical (Lewis 1983, Waite and 
Harrison 1992, Richardson 1995) losses also present 
high sexuality costs for diatoms. The time required 
for sexuality is much longer than that required for 
vegetative mitosis (Lewis 1983). Loss of potential 
asexually produced offspring and the associated loss 
of cellular production during the time of sexuality 
is significant. There are also appreciable losses of 
cellular material during sexuality. To truly appreci- 
ate this cost, one may consider only the loss of sili- 
ceous components during sexuality. A complete 
fmstule is lost from each parent cell, siliceous com- 
ponents associated with the auxospore wall (scales, 
properizonium, epizonium, and perizonial ele- 
ments) are lost in one or two daughter cells, and a 
complete frustule (comprised of the initial valves) is 
lost from each daughter product (Edlund and 
Stoermer 1991). 

Although it is not difficult to list the costs and 
benefits of maintaining sexuality within a life histo- 
ry, actual quantification and scaling of these factors 
is very difficult and controversial (Stearns 1989). We 
are aware of no published studies on diatoms that 
have specifically addressed this issue using life his- 
tory manipulations, phenotype or genetic correla- 
tion, or forced selection (Reznick 1992). Although 
the costs of sex may seem insurmountable, the ma- 
jor benefit of sexuality for most diatoms is that it 
remains the sole mechanism of size restoration. 
Without episodic sexuality, a diatom population will 

continue to divide below the sexually inducible size 
range, until cells are so small that they exhibit ab- 
normal morphology (“Kummerformen”) , are una- 
ble to synthesize enough reserves for mitosis, and 
eventually die. Richardson (1995) suggested that the 
dominance of asexuality in the diatom life history 
probably provides sufficient rates of mutation to 
drive evolutionary changes within this group beyond 
that gained through sexuality. However, Richardson 
(1995:135) further contends that the maintenance 
of sexuality with a predominant asexual period 
“seems to be a very successful life history strategy 
that preserves successful forms in clonal purity while 
also providing oppportunities (sic) for evolutionary 
innovation.” 

Although little work has directly addressed the im- 
portance of diatom sexuality, one intriguing study 
showed a taxon was locally extirpated when condi- 
tions changed sufficiently to prevent sexuality. 
Stoermer et al. (1989) analyzed the subfossil sedi- 
ment record in Lake Ontario and inferred that con- 
ditions had deteriorated from anthropogenic mod- 
ification to such an extent that Stephanodiscus niu- 
game was unable to undergo sexual reproduction. 
Paleolimnologic data suggested that historical sex- 
ual periodicity of S. niagarue in Lake Ontario had 
been approximately decadal, but after 1947, large- 
celled specimens could not be found. It was sug- 
gested that depletion of the seasonal supply of silica 
in offshore waters prevented sexuality and size re- 
generation. Modern collections from Lake Ontario 
still contain a few cells of S. niagurue because of a 
continuing supply of cells from upstream Lake Erie; 
however, the Lake Ontario cells are a small-diameter 
population, presumably below the sexually induci- 
ble size range. 

Recent Ideas on Size Diminution 
MacDonald (1869) and Pfitzer (1869) simulta- 

neously proposed a hypothesis to explain size dim- 
inution in vegetatively growing diatoms. Namely, the 
resultant population size distribution from a single 
mitotically dividing cell could be explained by the 
binomial expansion because a single diatom divides 
to form two cells, one identical to the parent and 
the second smaller by a factor equal to twice the 
thickness of the cingulum (girdle bands). These 
generalizations are rarely borne out precisely be- 
cause of cellular-mechanical differences in cingu- 
lum structure among taxa and cingulum changes as- 
sociated with cell size within species (Crawford 1981, 
Medlin and Fryxell 1984, Jewson 1992a). The situa- 
tion is further compounded by different growth 
rates between mitotic parents and progeny cells 
(Rao and Desikachary 1970, Round 1972). Regard- 
less, there remains the necessity of size diminution 
as a precursor to sexuality in most diatom m a .  Geit- 
ler (1932) proposed that each taxon’s life history 
contains two critical cell sizes, which he termed car- 
dinal points (“Kardinalpunkte”) . The first cardinal 
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point describes the size that cells must reach before 
they can undergo sexual induction to become gam- 
etangia. The second cardinal point describes post- 
sexual reproductive cell size, or the largest size that 
a taxon can attain following auxospore expansion. 
Because of the cellular-mechanical constraints of 
frustule construction, the division rate and/or num- 
ber of divisions necessary for a taxon to move be- 
tween its two cardinal points before engaging in sex 
should be very predictable (Hostetter and Hoshaw 
1972, Mizuno 1991). Recent advances in our under- 
standing of size diminution have, however, revealed 
how difficult this phenomenon is to predict because 
of environmental and genetic size selectivity, limited 
lifespans of diatom valves, and variation in cardinal 
point characteristics among and within species. 

Environmental and biologic factors may select for 
or against certain size classes within a diatom spe- 
cies. For instance, selection for smaller cells will 
more quickly bring a population to a sexually in- 
ducible size range. Mann (1988) identified that larg- 
er cells of Nitzschia sigmoidea (Ehrenb.) W. Sm. were 
more likely to be parasitized by an oomycete, which 
inevitably led to a selection for a smaller celled pop- 
ulation, and Francis and Edlund (1994) reported 
that larger epipelic diatoms were selectively grazed 
by chironomid larvae. The selection process can also 
work in reverse, selecting for survival of larger cells. 
Jewson (1992a) showed that smaller cells of Aulacos- 
eira subarctica (0. Mull.) E. Y. Haw. were selectively 
infected by the chytrid Zygorhizidium melosirae and 
more heavily grazed by benthic chironomids and ol- 
igochaetes. Additional control of cell size by envi- 
ronmental factors is reflected in changes in growth 
rates due to nutrient, light, and trace elements 
(Paasche 1973, Fisher et al. 1981, Taylor 1985). Fast- 
er growth rates will more quickly effect the transi- 
tion of a population to its inducible size range. In 
addition to growth rates speeding this transition, 
poor environmental conditions and slow growth pe- 
riods have also been reported to be the time of larg- 
est size decrease per mitotic division in populations 
of Aulacoseira, Stephanodiscus, and many marine and 
estuarine species (Jewson 1992a, b, Mizuno 1991). 
For instance, in Stephanodiscus cf. neoastrea, large-di- 
ameter cells produced “smaller-than-expected” hy- 
povalves during periods of slow growth (Jewson 
1992b). 

In addition to environmental factors affecting size 
diminution rates, there is also evidence that genetic 
differences exist within a species that are reflected 
in variable size diminution rates among clones. Wied- 
ling (1948) and Armbrust and Chisholm (1992) 
showed variable size diminution rates among differ- 
ent clones of the same taxon under similar growth 
conditions. Grover (1989) suggested that control of 
size diminution may have competitive value, es- 
pecially for centric diatoms, which are more com- 
petitive for phosphorous at smaller sizes. 

Cellular-mechanical constraints of frustule con- 

struction that may control size diminution rates have 
also been reported. In both Cocconeis and Aulacosei- 
ra, diameter decrease per division was greatest in 
larger cells (Mizuno 1991, Jewson 1992a). Jewson 
(1992a) suggested that this phenomenon occurred 
in Aulucoseira due to thicker cingulum bands in larg- 
er cells, which implies that cells that reach a sexually 
inducible size range are maintained in that size 
range longer. Hostetter and Hoshaw (1972) also 
identified variable size decrease in cultures of Stau- 
roneis anceps Ehrenb.; the largest size decrease per 
generation was found in the middle size range of 
cells. A physiologic characteristic, higher growth 
rates in smaller cells of some species, also enhances 
size reduction rate (Williams 1964, Banse 1976, Mi- 
zuno 1991). A third recent observation on cellular 
control of size diminution is perhaps the most in- 
triguing development toward understanding this 
process. Mann (1988) and Jewson (1992a, b) have 
reported that diatom cell size classes, hence valves, 
have determinate life spans. For Stephanodiscus cf. 
neoastrea, Jewson (1992b) calculated that each valve 
and its cingulum lasted only through six to eight 
vegetative divisions. Jewson further suggested that 
this enhanced the rate of size reduction by removing 
larger cells from the population so that they would 
not compete for resources with smaller cells dividing 
to reach the sexually inducible size range. Good ev- 
idence for this principle comes from observations 
on the determinate number of divisions in initial 
cells. Edlund and Stoermer (1991) and Jewson 
(1992a, b) noted that after just a few divisions, cells 
that contained the original valves from the initial 
cell ceased division and were lost from the popula- 
tion. 

A few taxa have been reported to also have the 
ability to undergo “rapid size reduction” (Kling 
1993), probably in response to limiting nutrients. 
This characteristic seems to be most commonly re- 
ported in freshwater araphid genera, e.g. Asterionel- 
la, Tabellaria, Synedra, and Fragzlam’a (Nipkow 1928, 
Locker 1950, Roessler 1988, Kling 1993) and may 
enable a cell line facing limiting conditions to more 
quickly reach the sexually inducible size range. 

As previously noted, the inducible size range for 
gametogenesis is one of the cardinal points pro- 
posed by Geitler (1932); the size of the initial cells 
is the other cardinal point. These points have clas- 
sically been considered to be species specific, reflect- 
ing the full range of sizes that a taxon can achieve 
during size reduction. While Geitler (1932) suggest- 
ed that cardinal points represent discrete and nar- 
row size intervals, more recent work and some res- 
urrected older literature show that postsexual cells 
often have a wide size range both within and be- 
tween species populations (Bethge 1925, Nipkow 
1928, Skabitschewsky 1929, Drebes 1974, Mann 
1984b, 1988, Kociolek and Stoermer 1989, Edlund 
and Stoermer 1991, 1996, Jewson 1992a, b, Davidov- 
ich 1994, Schmid 1995). For example, Edlund and 
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Stoermer ( 1991) investigated a monoecious culture 
of Stephanodiscus niagarae undergoing sexuality (Fig. 
2) and compared it to a collection of postsexual cells 
of S.  niugurae collected in 1878 from the same wa- 
tershed. They found, in addition to a large size 
range of initial cells being formed in each collec- 
tion, that there was a significant difference between 
the mean size of the two postsexual populations. 
Data of Stoermer and Ladewski (1982) for the type 
population of Gomphoneis hmculeana (Ehrenb.) Cleve 
suggest the same phenomenon. Both of these his- 
torically differentiated populations came from the 
Laurentian Great Lakes, an area of gross ecological 
disturbance, and may indicate a type of morpholog- 
ic diminution caused by ecologic change. Although 
we are not aware of any formal studies, casual ob- 
servation suggests that between nominally conspe- 
cific populations, the mean and maximum size are 
larger for those collected before human landscape 
disturbance than in their modern descendants. 
Mann (198413) noted a similar problem in several 
populations of Rhoicosphenia curuata (Kutz.) Grunow 
ex Rabenh. and suggested that different size initial 
cells may provide evidence of infraspecific races. 
Armbrust and Chisholm (1992) showed that, among 
many isolates of Thalassiosira WeissjZogii Grunow, the 
mean maximum cell size following sex varied signif- 
icantly. In addition, within a single clone, the max- 
imum cell size also varied as a clone went through 
several sexual events. 

The smaller cardinal point has also been shown 
to vary across a wide range of cell sizes within a tax- 
on (von Stosch 1967, Drebes 1974, Hargraves and 
French 1983, Mann 1988, Armbrust et al. 1990, 
Waite and Harrison 1992). Schmid (1995) provided 
the most dramatic evidence of this in Coscinodiscus 
granii, showing that the sexually inducible size range 
for gametangial cells overlapped the size of initial 
cells. Waite and Harrison (1992) were even able to 
induce gametogenesis in postauxospore cell lines of 
Ditylum brightwellii (T. West) Grunov in Van Heurck. 

This evidence of variation in garnetangial and ini- 
tial cell size does not conform with our traditional 
view, the cardinal point hypothesis, and only high- 
lights the need to seek greater understanding of fac- 
tors controlling auxospore expansion, factors initi- 
ating sexuality, and the degree to which these dif- 
ferences may reflect genetic change or provide char- 
acters for species identification. At the cytologic 
level, the period of auxospore expansion appears to 
be accompanied by a breakdown of the cytoskele- 
ton, which later reorganizes after expansion is com- 
plete (Schmid 1984). Additionally, the importance 
of size in these cardinal point cells is probably crit- 
ical to a taxon’s autecology and needs further test- 
ing. Mann (1993:16) suggested that ‘‘. . . zygote size 
is likely to be highly correlated with the fitness of 
the offspring,” and Davey (in Aulucoseira, 1986) not- 
ed auxospore size was critical to a population bal- 
ancing the costs of increased sinking rate from larg- 

er cells with the high cost of repeating sexuality too 
frequently. Round’s (1982) observations seem to 
bear this out; he noted a quick loss of initial valves 
in nature following sexuality in Stephanodiscus, pur- 
portedly from the initial cell’s greater volume and 
weight, rapid sinking, and possibly greater suscepti- 
bility to grazing. 

Finally, these new ideas on size diminution and 
contradictory evidence on cardinal points affect 
Lewis’ (1984) “diatom sex clock.” Recall that Lewis’ 
“clock” allowed for supraannual sexuality in dia- 
toms because, if sexuality did not occur in one year, 
the size diminution process would likely allow an- 
other group of cells to be in the inducible size range 
when environmental conditions became favorable in 
following years. Furthermore, during a sexual event, 
a taxon would not have to commit its entire popu- 
lation to sexuality as a portion is likely to be outside 
the inducible range. Loss of the traditional predict- 
ability in the diatom life cycle, that is size diminution 
between discrete cardinal points, may interrupt Lew- 
is’ clocking mechanism. For instance, starting with 
a wide range of initial cell sizes would more quickly 
create a population with greater size variance (and 
may be an avoidance mechanism for size-selective 
herbivory) and more quickly bring a portion of the 
population within a sexually inducible size, perhaps 
even annually (Round 1982). However, to counter 
this argument, it is just as easy to suggest that envi- 
ronmental and cellular-mechanical means of con- 
trolling size diminution rates, limited valve lifespan, 
and the cardinal point breakdown are only evidence 
of past selective pressures that fine tune the sex 
clock. 

Ecology of Life Histmy Strategies 
As our understanding of diatom life histories has 

emerged from its infancy, much current work re- 
mains descriptive. New types of pennate sexuality 
have recently been discovered (Stickle 1986, Lee 
and Xenophontes 1989, Jewson and Lowry 1993, Mi- 
zuno 1994, Main 1995), and greater detail on the 
processes of sexual determination, induction, and 
gametogenesis in centric diatoms has been reported 
(Roschin 1994, Schmid 1995). However, we are also 
beginning to appreciate the autecologic and syne- 
cologic impacts of diatom life history strategies and 
how they relate to physical, chemical, and biologic 
facets of aquatic ecology. Efforts are being directed 
at not only studying sexuality in cultured taxa but 
applying laboratory results to the role of sexuality in 
natural populations. 

The frequency of sexuality in natural populations 
has been studied in both marine and freshwater set- 
tings. The timing of sexuality is, of course, related 
to size diminution and cytologic and environmental 
induction factors. Life cycles in natural populations 
have been shown to range from 2 years up to pos- 
sibly 40 years (Nipkow 1928, Skabitschewsky 1929, 
Round 1982, Mann 1988, Stoermer et al. 1989, Jew- 
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son 1992a, b). However, in some systems, annual 
incidence of sexuality has been suggested, where co- 
horts are produced annually and then cycle through 
several years of size diminution until eventual sexual 
induction (Mizuno and Okuda 1985, Jewson 1992a, 
b). Probably the most surprising aspect of current 
work is that through careful observation, sexuality 
has been found to occur much more regularly in 
nature than might have been expected, given the 
paucity of literature reports. The lack of reports 
may, and probably does, reflect the often small pro- 
portion of a population that goes through sexuality, 
the limited duration of sexuality, or the loss of sex- 
ual products such as initial valves (Round 1982, Ed- 
lund and Stoermer 1991, Jewson 1992b, Schmid 
1995). In several cases, rather than identifylng sex- 
ual stages, restoration of size has provided the sole 
evidence of “sexuality” in epipelic, epiphytic, and 
planktonic communities (Bellinger 1977, Mizuno 
and Okuda 1985, Mann 1988). Periphytic diatom 
communities are more commonly reported to show 
annual sexuality, usually because of the large num- 
ber of cells engaged in sexual reproduction. Gei- 
tler’s monumental efforts were often based on nat- 
ural collections, and it is common to find mass sex- 
uality in springtime collections, for example, Didy- 
mosphenia geminata (Lyngb.) M. Schmidt (Meyer 
1929)) Gomphonema paruulum Kiitz., and Cymbella cis- 
tula (Ehrenb.) 0. Kirchn. (Figs. 6, 7). 

Over the last 15 years, a broader view of the ecol- 
ogy of sexuality has been realized. Based on a liter- 
ature survey of periphytic and planktonic taxa, Dre- 
bes (1977:274) wrote, “But as a common feature in 
many species so far studied no significant antago- 
nism between factors promoting vegetative growth 
and those eliciting gametogenesis seems to exist.” 
Although this generalization was tenable in 1977, 
recent studies on both periphytic and planktonic 
taxa suggest that sexual initiation is often accom- 
plished during poor growth periods and that two 
opposing strategies, termed synchronous and asyn- 
chronous, may more accurately describe the ecology 
of diatom sexuality. During synchronous sexuality, 
reproduction is limited only to short time periods 
and may or may not involve a large proportion of 
the population. Round’s (1982) description of a 
two-week period of sexuality in Stephanodiscus ex- 
emplifies this strategy. Asynchronous sexuality is 
characterized by longer periods of sexual reproduc- 
tion. Secondarily, these two strategies can be ap- 
proached during periods of either strong or weak 
vegetative growth, suggesting to us that four aute- 
cologic life history strategies exist. Descriptions of 
and representative taxa using these four life history 
strategies follow. 

Synchronous sexuality under favorable growth condi- 
tions. Most reports of sexuality in natural collections 
are from taxa that utilize this strategy. It is identified 
by large numbers of cells undergoing sexuality for 
short time periods. When many cells are in the sex- 

ually inducible size range and growth conditions are 
favorable, large numbers may enter the sexual pro- 
cess. This is common in spring epiphytic and epi- 
lithic masses of Cymbella and Gomphonema (Figs. 6, 
7) and has been further reported in Mastogloia grm- 
illei W. Sm. (Main 1995) and in Didymosphenia gemi- 
nata (Meyer 1929) from Lake Baikal. The cue for 
sexual induction is probably tied to seasonal signals 
(light and/or temperature) that coincide with ex- 
cellent vegetative growth conditions. Planktonic spe- 
cies may also utilize this strategy. Corethron cm’ophilum 
(Crawford 1995) was seen undergoing massive sex- 
uality in the South Atlantic for a short time, and it 
was suggested that the sinking of gametangial valves 
led to monospecific sediment layers in the seabed. 
Jewson (199213) witnessed sexual reproduction in 
nearly 50% of the inducible cells in a population of 
Stephanodiscus cf. neoastrea during only 3-4 weeks in 
late summer and early fall during successive growing 
seasons. An increase in nitrate above 10 p M  was the 
sexual induction cue and also coincided with the 
initiation of the fall growth period for this taxon. By 
utilizing this strategy, diatoms are able to ensure 
completion of sexuality and that sexual progeny are 
capable of further growth. 

Synchronous sexuality under poor growth conditions. 
When an actively growing population is suddenly 
checked or arrested in its development, some dia- 
toms will undergo sexuality in response to environ- 
mental stress. This results in a portion of the p o p  
ulation (ca. 3% in the two studies discussed) under- 
going sexual reproduction over a short time period. 
For instance, Ditylum brightwellii (Waite and Harrison 
1992) was studied in natural and cultured popula- 
tions and found to initiate sexuality concurrent with 
nitrogen limitation. Sexuality was seen in natural 
populations of Ditylum on only one sampling date. 
Culture studies indicated that sexual induction in- 
creased the sinking rate of Ditylum, presumably a 
mechanism that allowed it to procure additional ni- 
trate, which was critical to completing sexuality. 
Once Ditylum reached the postauxospore stage, sink- 
ing rates decreased and many cells actually became 
positively buoyant, allowing recolonization of sur- 
face waters. Jewson et al. (1993) reported a similar 
strategy by AuZacoseira henogii (Lemmerm.) Simon- 
sen in a hypertrophic tropical lake. Sexuality ap- 
peared to be initiated by low light conditions check- 
ing the growth of a previously asexual population. 
Sexual activity was evident in 3% of the population 
on one September sampling date and was followed 
by loss of the sexual products to sedimentation, pre- 
sumably to later recolonize the water column. This 
strategy may appear risky, because cellular reserves 
might not support completion of sexuality, but has 
apparent evolutionary value in patchy environments 
(Waite and Harrison 1992). 

Asynchronous sexuality under favorable growth condi- 
tions. Low numbers of cells participating in sex over 
an extended time during normal growth periods 
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characterizes a third sexual strategy. Aulacoseira bai- 
cabnsis (K. I. Mey.) Simonsen (Skabitschewsky 1929) 
is endemic to Lake Baikal and has a period of asyn- 
chronous sexuality approximately once a year which 
lasts 2-3 months between the end of winter and the 
beginning of spring (Fig. 4). This timing coincides 
with the normal seasonal growth of A. baicabnsis 
(Skabitschewsky 1929, Kozhov 1963). Jewson 
(1992a), in one of the only comprehensive biologi- 
cal, chemical, and physical studies of diatom life his- 
tories, observed that A. subarctica also utilizes asyn- 
chronous sexuality during its normal growth period 
in Lough Neagh, Ireland. Sexuality in A. subarctica 
is cued by sufficient nutrients (probably nitrate) and 
low light during the late fall and winter months. 
During this time, A. subarctica is actively growing, 
albeit slowly, with a low number of cells usually in- 
volved in sexual reproduction over the course of sev- 
eral months. The benthic diatom Nitzschia sigmoidea 
may also use this life history strategy. Mann (1988) 
followed size changes over the course of several 
years in Blackford Pond, Scotland, but was unable 
to observe sexual activity in N. sigmoidea in natural 
collections. However, a reappearance of large-celled 
populations occurred during its normal growth pe- 
riod (winter-spring) providing at least circumstan- 
tial evidence of asynchronous sexuality during nor- 
mal growth periods. This strategy may be more com- 
mon in slow-growing taxa. It minimizes risk to the 
whole population by allowing only a small portion 
to commit to sexuality at any given time, but pro- 
vides conditions conducive to completion of sexu- 
ality and continued vegetative growth. 

Asynchronous sexuality under poor growth conditions. 
The fourth sexual strategy used by diatoms is char- 
acterized by small numbers of cells going through 
sexuality at times when vegetative growth conditions 
are poor, a situation that makes this strategy the 
most poorly understood type. This strategy may be 
similar to the low levels of continuous sexuality 
maintained in some chrysophyte populations (Sand- 
gren 1981). Many of the thousands of diatom taxa 
for which sexuality is unknown may utilize this 
scheme. Mizuno and Okuda (1985) provided per- 
haps the best example; they used cultures of Cocce 
neis scutellum var. ornata Grunow and found the best 
conditions for growth (long days, 14"-18" C) and 
sexuality (short days, 10°-14" C) were incongruent. 
When Mizuno and Okuda took their results into the 
field they found good agreement between culture 
and field conditions for strong vegetative reproduc- 
tion. However, Mizuno and Okuda were only able 
to document sexuality by the regeneration of large- 
sized cells. They were unable to witness sexuality, 
suggesting that very small numbers of cells actually 
participated and that it occurred during times of 
poor vegetative growth as predicted by their culture 
studies. Waite and Harrison (1992) suggested that 
this strategy may be advantageous in an unpredict- 
able and constantly fluctuating environment as re- 

productive costs (cellular-mechanical) are mini- 
mized. Cyclotella ocellata Pant. also utilizes asynchro- 
nous sexuality during slow growth periods (Pirez- 
Martinez et al. 1992). A small proportion of a res- 
ervoir population of C. ocellata was continuously go- 
ing through sexual reproduction between June and 
September during a period when this planktonic 
species had only maintenance-level growth. Addi- 
tionally, Pirez-Martinez et al. suggested that the aux- 
ospores/initial cells acted as benthic resting stages, 
which may add further credence to the use of this 
strategy in unpredictable environments. 

Continued efforts to combine studies on life his- 
tory traits in field and cultured diatom populations 
has allowed researchers to first, identify sexual strat- 
egies in diatoms, and second, to better understand 
the autecologic significance of the entire diatom life 
history. Some of the more exciting advances in di- 
atom life history studies have come in the area of 
freshwater plankton ecology. Lund's classic studies 
on the periodicity of phytoplankton (Aulacoseira s u b  
arctica and Astm'onella f m o s a  Hassall, Lund 1949, 
1954, 1955) corroborated studies by Nipkow (1950) 
on the importance of benthic resting stages in fresh- 
water planktonic diatoms. Rather than morpholog- 
ically distinct spores that are commonly found in 
coastal marine diatoms (McQuoid and Hobson 
1996), many freshwater diatoms instead form phys- 
iologic resting cells which function to perennate di- 
atoms through periods of stratification, ice cover, or 
nutrient depletion. Resting cells are cytologically 
and physiologically distinguishable from vegetative 
cells by their condensed cytoplasm and high lipid 
and polyphosphate content (Sicko-Goad et al. 
1986). Resting cells may be incorporated in anoxic 
lacustrine sediments and potentially remain viable 
for decades, maybe even centuries (Stockner and 
Lund 1970, Sicko-Goad et al. 1986, 1989, Stoermer 
1986). The list of freshwater taxa that incorporate 
this perennation strategy in their life history has 
grown to include many Aulacoseira, Stephanodiscus, 
Fragilaria, Astm'onella, Ta bellaria, and Diatoma species 
(Sicko-Goad et al. 1989), and the hypothesis that a 
small pelagic "seed" population survives through- 
out the year may not apply to most taxa. The resting 
cell strategy is apparently determinative in regulat- 
ing the areal and temporal patterns of Aulacoseira 
populations in the Laurentian Great Lakes (Stoerm- 
er 1986), and we suspect it is a major factor in de- 
termining species success in many environments. 
One conspicuous species complex missing from the 
resting cell group is Cyclotella. Cyclotella spp. are 
known to bloom during times of turnover but per- 
ennate by remaining in the deep chlorophyll layer 
(Stoermer and Yang, 1969, Moll and Stoermer 1982, 
Fahnenstiel and Glime 1983). The importance of a 
benthic perennation stage in the life history of A. 
subarctica and its relation to the sexual cycle have 
been well documented in Lough Neagh by Jewson 
(1992a). Rather than a flurry of cell division from a 
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small planktonic seed population creating seasonal 
bloom conditions, Jewson (1992a) showed that reen- 
trainment of benthic resting cells into the water col- 
umn initiated the growth period for this taxon; how- 
ever, during each growing season, only six to eight 
cellular divisions occurred. When compared to a 
theoretical size diminution model as predicted by 
the MacDonald-Pfitzer rule, A. subarctica had a cal- 
culated life cycle of at least 15 years. However, en- 
vironmental and cellular-mechanical size selective 
pressures allowed a cohort of A. subarcticu to reach 
sexually inducible size in only 6-8 years. The end 
result of this strategy was that, in Lough Neagh, a 
proportion of the A. subarctica population could par- 
ticipate in sexual reproduction on an annual basis, 
using asynchronous sexuality during its normal 
growth period, with the population perennating as 
benthic resting cells between seasonal growth puls- 
es. 

Taxonomy and Diatom Lqe Histories 
The application of a single species concept to di- 

atoms, in fact to most algal groups (Ichimura 1996), 
is very difficult. Because of a long fossil record and 
the predominant use of valve characters for taxo- 
nomic purposes, a morphologic species concept is 
most often applied to diatoms (Mann and Kociolek 
1991). Although fossil studies are especially justified 
in using this concept, recent studies on mating com- 
patibility within and between morphologically dis- 
tinct extant taxa have suggested that a biologic spe- 
cies concept may be applicable to diatoms. Mann 
(1989~) and Droop (1994) have determined that 
morphologic races (usually labeled varieties) of di- 
atoms that are often clumped into single species 
groups can be separated by morphometric charac- 
ters, and furthermore that these races are sexually 
incompatible. Mann and Droop (1996) have used 
their evidence to champion a proposal suggesting 
that these morphologic races, or demes, are recog- 
nizable as separate species. This may raise the total 
number of recognized diatom species an order of 
magnitude, perhaps to as high as 2 X lo9. 

Demonstrating sexuality within a diatom popula- 
tion affords the investigator the opportunity to study 
the full size and shape range that a species may ex- 
hibit between its cardinal points (Holmes and Rei- 
mann 1966, Stoermer and Ladewski 1982, Mizuno 
1987). In many diatom studies, however, popula- 
tions show unimodal size distribution limited to fair- 
ly narrow ranges, probably as a result of size-selective 
pressures as discussed above. As a result, nomencla- 
tural entities have been described that represent 
only different phases of the vegetative history of a 
single taxon. Kociolek and Stoermer (1988) showed 
that Gomphoneis hercubana and G. hercubana var. ro- 
b u s t ~  (Grunow) Cleve represent a single species, the 
latter only the smaller end of the normal size re- 
duction series. In a similar size reduction analysis, 
Holmes and Reimann (1966) determined that the 

centric species Coscinodiscus concinnus W. Sm. and C. 
granii are conspecific. Many of Skvortzow’s Didymos- 
phenia taxa (Skvortzow and Meyer 1928, Skvortzow 
1937) are now thought to merely represent different 
size ranges of fewer species (Metzeltin and Lange- 
Bertalot 1995). 

The initial cell (“Erstlingszelle”), which is pro- 
duced immediately following sexual reproduction, 
can also cause taxonomic problems. This specialized 
cell has a modified morphology when compared to 
vegetative valves (Figs. 3, 6, Crawford 1975, Mann 
1984b, Passy-Tolar and Lowe 1995) and can often 
be found in sufficient numbers to be confusing 
(Smith 1878, Crawford 1995). Authors have identi- 
fied nomenclatural problems with species-level iden- 
tifications of initial valves (Drebes 1967, Williams 
1990), such as Epithemia amtagus Kutz. being the ini- 
tial valve of E. turgzda Ehrenb. (Thwaites 1847). Ge- 
neric-level misnomers have also been applied to ini- 
tial valves. Actinocyclus niagarae H. L. Sm. is the initial 
valve of Stephanodiscus niagarae (Edlund and Stoerm- 
er 1991), and the genus Amphiraphia (Chen and Zhu 
1983) was described based on initial valves of C a b  
neis (Mann 1989a). In addition to the benefits of 
recognizing the vegetative morphology of diatoms 
over the course of size diminution, phycologists 
must also understand the morphologic variation 
and systematic value of sexual reproduction char- 
acters (Mann 1984b). 

A greater understanding of diatom life histories 
has resulted in the application of an organismal a p  
proach to diatom classification. For the better part 
of the 20th century, diatom taxonomy and system- 
atics has been based on frustule morphology. How- 
ever, two developments have radically changed our 
view of diatom systematics. First, the advent of trans- 
mission and scanning electron microscopy provided 
a more detailed view of frustular morphology and 
greatly improved our understanding of diatom tax- 
onomy and structure. Second, some very insightful 
cytologic works at the turn of the century (e.g. Mer- 
eschkowsky 1902-1903, Heinzerling 1908), in which 
many generic revisions were based on cytologic fea- 
tures, were rediscovered. Although these concepts 
were essentially ignored by the phycological com- 
munity between 1900 and 1980, their relevance took 
on great importance as relationships among the na- 
viculoid diatoms were more closely scrutinized (Cox 
1981, 1987, Mann 1989b, Round et al. 1990). The 
resurrection of many “forgotten” genera followed. 
Multiple lines of evidence incorporating aspects of 
sexual reproduction, in addition to frustular and cy- 
tologic features, also began to provide additional 
lines of evidence to support more natural classifi- 
cation systems. Hasle et al. (1983) erected the dia- 
tom family Cymatosiraceae within the centric dia- 
toms, especially based on oogamous reproduction, 
in spite of the more obvious bilateral symmetry of 
the valves. The call for a more holistic view of dia- 
tom systematics was outlined in Mann’s (1990) pro- 
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posal for utilizing a multitude of frustular, cytologic, 
and sexual characters that could be used to more 
carefully circumscribe taxa. Mann and others have 
utilized this approach and provided morphologic, 
cytologic, and sexual lines of evidence to support 
resurrection or inception of many naviculoid genera 
including Biremis (Round et al. 1990), Craticula 
(Mann and Stickle 1991), Placoneis (Cox 1987, Mann 
and Stickle 1995), Diclzieia (Mann 1994b), Fullacia 
(Round et al. 1990), and Sellaphora (Mann 1989b). 

Future Directions 
Given the known diversity of extant diatoms, the 

fact that we know so little about their life histories 
argues strongly for continued efforts toward detailed 
descriptive work on the sexual process in all taxa. 
An understanding of genetic, physiologic, and en- 
vironmental control of sexuality is also deficient. For 
example, we have evidence of the sexual initiation 
factors in very few taxa (Schmid 1995), and any un- 
derstanding of the controlling factors in auxospore 
expansion and the switch to vegetative divisions is 
in its infancy (Schmid 1984, Davidovich 1994, Ed- 
lund and Stoermer 1996, Round 1996). In spite of 
some criticism of the utility of sexuality for taxono- 
my and systematics (Mann 1993), there is little rea- 
son to believe that the life histories of diatoms 
should not reflect variation from selection and pro- 
vide evidence of historical evolutionary relationships 
(e.g. compare with the situation in the brown algae, 
Bell 1997). Probably very important is the role that 
reproductive isolation may have as the main speci- 
ation mechanism in diatoms (Mann 1989c, Theriot 
1992). The need for detailed mating studies (Ros- 
chin 1994), quantitative and molecular genetic anal- 
yses (Medlin et al. 1991, 1996a, Lewis et al. 199’7), 
and ultrastructural studies between species complex- 
es is obvious (Mann and Droop 1996). 

The few ecologic studies that have been done 
have only begun to reveal the variation in strategies 
in freshwater and marine diatoms and their subse- 
quent importance to the aquatic ecosystem Uewson 
1992a, Crawford 1995). More importantly, these 
studies have opened the door for future research by 
inviting workers to meld field observations with lab- 
oratory studies to test ecologic hypotheses of species 
succession, the determinate life span of the diatom 
valve, strategies for cuing and timing of sexuality, 
ecologic utility of resting stages, cohort analysis, and 
the broader relation of diatom life histories to graz- 
ers, parasites, and benthic and plankton seasonality. 
Complex interactions between other aquatic organ- 
isms and diatom life histories probably also exist. 
For example, Nagai et al. (1994) showed induction 
of spermatogenesis in Coscinodiscus wailesii Gran was 
promoted by presence of a bacterium. Furthermore, 
the energetic benefits and costs of sexuality and se- 
lective pressures that drive evolution of life histories 
have not been approached. For example, some cen- 
tric diatoms have been shown to be highly skewed 

toward male gamete production (Waite and Harri- 
son 1992, Schmid 1995), yet we know nothing about 
the realized success of fertilization using this strategy 
(Brawley and Johnson 1992), or the possible use of 
sexual pheromones by diatoms in the induction, at- 
traction, or fertilization process (Waite and Harri- 
son 1992). 

Words that were written nearly 25 years ago still 
echo just as clearly today as we delve deeper into 
diatom life histories. Davis et al. (1973:179) wrote, 
“Coupled with . . . laboratory experiments should 
be extensive field studies looking for the different 
sexual stages and the conditions they occur under. 
A large amount of taxonomic work will be required 
to recognize the different stages . . . (but) . . . the 
taxonomic description of every diatom species 
should include a description of the life cycle stages.” 

More information on dioecy in allogamous pen- 
nate diatoms can be found in Davidovich and Bates 
(1998). 
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