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Jpn. J. Phycol. (Sérui) 36: 113-126, June 20, 1988

Ultrastructure of gametes and gametic fusion in
Bryopsis maxima Okamura (Chlorophyceae)

Terumitsu Horr

Institute of Biological Sciences, University of Tsukuba, Tsukuba, Ibaraki, 305 Japan

Hori, T. 1988. Ultrastructure of gametes and gametic fusion in Bryopsis maxima Oxamura (Chloro-
phyceae). Jpn. J. Phycol. 36: 113-126.

The fine structure of gametic fusion in the coenocytic, anisogamous green alga, Bryopsis maxima
Okamura, is described and compared with those of the isogamous and other anisogamous green algae.
Female gametes possess a putative mating structure similar in ultrastructure to that found in many
other green algae so far studied. This is a structure absent in male gametes. The general mode of
gametic conjugation is by fusion of male gametes at or near the mating structure of the female gamete,
but other modes of fusion occur without involvement of this structure. These observations suggest
that the mating structure does not function properly in the higher green algae, especially in the an-
isogamous groups. The mating structure in these algae may thus represent a vestigial sexual organ.

Nuclear fusion occurs at an early stage of zygote formation (25 minutes after mixing gametes),

but fusion or disintegration of chloroplasts and/or mitochondria does not occur at this stage. The
behaviour of the flagellar apparatuses in the early zygote from both mating types of gametes is dis-

cussed.

Key Index Words: Bryopsis maxima—Chlorophyc

alga—mating structure.

The first ultrastructural study of fertiliza-
tion in green algae was made in the o-
ogamous alga Prasiola stipitata (MANTON
and FriepMANN 1960). Only a limited
number of genera (Chlamydomonas and Ulva)
have since been studied in detail. Al-
though it is generally accepted that Ulva
is anisogamous (e.g. Borp and WyNNE
1985), the difference in cell size between
female and male gametes is slight (e.g.
MEeLkoNIAN 1980b, KoEmaN 1985), and the
general mating behaviour and the structure
of gametes are similar to those of Chlamydo-
monas (MELKONIAN 1980b).

I have studied the fine structure of gam-
etes and the fertilization processes of ani-
sogamous green algae, as well as some
other isogamous green algae, as a prelude

This study was partly supported by a Grant-in-Aid
from the Ministry of Education, Science and Culture
of Japan (No. 62219002).

4,

conjugation—g gametic fusion—_green

for analyzing mechanism of maternal in-
heritance in green plants. The main rea-
sons for selecting B. maxima were, 1) this
species shows extreme anisogamy and is
dioecious, 2) female gametes possess a large
chloroplast with an eyespot and a pyrenoid
while male gametes possess a reduced chlo-
roplast with fewer thylakoids and neither
eyespot nor pyrenoid, 3) behaviour of both
male- and female-derived chloroplasts in a
zygote can be easily followed by light and
electron microscopy. A part of the studies
showing that both male chloroplast-DNA
and male mitochondrial-DNA of this alga
are preferentially digested during the late
period of gametogenesis has already been
reported (Kuroiwa and Horr 1986). In
contrast to this, in isogamous species of
Chlamydomonas, the preferential degradation
of male chloroplast-DNA occurs in young
zygotes after gamete conjugation (Kurorwa
et al. 1982, KuroiwaA et al. 1985, TsuBo and
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Matsupa 1984, CorLemMAN and MAGUIRE
1983).

This paper presents the fine structure of
gametes and the early stage of zygote for-
mation.

Materials and Methods

Bryopsis maxima is dioecious. Gameto-
phyte fronds were collected a few nights
before full and new moon at Kimiga-hama,
Chyoshi, Chiba and brought back to the
laboratory, where they were kept in a tank
of seawater provided with aeration. Close
to full or new moon, the fronds become
fertile and change colour to orange (male)
and dark-green (female). At this stage the
female and male fronds were separated and
maintained as above.

In gametic fusion experiments two vol-
umes of a suspension of female gametes and
one volume of male gametes were mixed
and fixed for electron microscopy at 0.5, 2,
5, 10, 15 and 25 minutes after mixing.

Initial fixation was done by adding 50%
glutaraldehyde to gamete suspensions, giv-
ing a final glutaraldehyde concentration of
0.5%. The fixed cells were stored no lon-
ger than 12 hr before further processing.
After centrifugation the zygotes were fur-
ther fixed in 3% glutaraldehyde (made up
in 0.28 M sucrose in 0.1 M cacodylate buf-
fer, pH 7.1) for 1 hr at room temperature.
The cells were then washed in a series of
0.1 M cacodylate buffer solutions contain-
ing 0.28, 0.14, 0.07 M sucrose and no su-
crose, each step taking 15-20 minutes.
Post-fixation was made in 1% OsO, (pre-

pared as a 2% solution and mixed with
equal volumes of 0.2 M cacodylate buffer,
pH 7.1) overnight at 4° C. The fixed cells
were centrifuged and stained for 8 minutes
in a saturated solution of uranyl acetate in
distilled water. After dehydration through
a graded series of ethanol, the cells were em-
bedded in Spurr’s resin. Sections were cut
with a diamond knife and stained with lead
citrate. Observations were made using a
JEOL 100 CXII electron microscope.

Observations

Dioecious fronds of Bryopsis maxima pro-
duce different types of gametes which can
be clearly distinguished from each other by
cell size and intracellular structure. The
fine structure of these gametes is quite dif-
ferent and their components are useful as
definitive morphological markers for ana-
lyzing the behaviour of cell organelles in
zygotes.

I. Male gamete

The biflagellate male gametes of B. max-
ima are pear-shaped, measuring 4-7 ym in
length and around 2 um in width. The
cell anterior differentiates into a papilla in
which two basal bodies overlap at their
most proximal ends (Fig. 2). They con-
tinue with the flagellar proper, which are
15-17 ym in length, slightly shorter than
the female flagella (mean length 18 ym).

The fine structure of the male flagellar
apparatus has already been described in
detail for B. maxima (Hori 1977) and B.
lyngbyei (MELKONIAN 1980a) and will not be

Figs. 1-3. Male gamete of Bryopsis maxima.

1. Median longitudinal section showing relative positions

of organelles; mitochondrion (m), Golgi-body (g), nucleus (n) and a reduced chloroplast (c). The posterior

end of the cell body is overlain by one of four ridges that extends down from the papillae. x19,000. 2.
Cross-section of the flagellar apparatus showing the overlapping basal bodies which are displaced in a
counter-clockwise direction. % 52,000. 3. Cross-section just under the flagellar apparatus showing four
ridges. In the upper left and lower right ridges a two-membered microtubular root can be seen; and a
five-membered root can be seen in the upper right and lower left ridges (arrows). x40,600.

Figs. 4-5. Female gamete of B. maxima. 4. Near-longitudinal section of the cell showing relative
positions of organelles; the putative mating structure (arrow), many electron dense granules, Golgi body (g),
nucleus (n), mitochondrion (m), a large chloroplast with pyrenoid (p) and eyespot (¢). Note the location
of the mating structure and eyespot on the same side of the cell. x19,000. 5. Enlargement of the
putative mating structure (arrows). X 48,000.
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described here.

Fig. 3 is a section just under the flagellar
apparatus in which are discernible the basal
part of a cruciform papilla composed of four
ridges. The ridges originate from this point
and extend downward. Some of them ta-
per at an uncertain point in the posterior
half of the cell before they reach the cell
end, but others reach it (Fig. 1). Along
the whole length of each ridge overlies
a meniscus-shaped membranous material
which is connected to the cell membrane
by regularly-shaped bridges (Fig. 3). Mi-
crotubular flagellar roots pass along the
bulge of each ridge (Fig. 3 arrows, Fig. 11b
small arrows). In the upper left and lower
right ridges of Fig. 3 (arrow) a two-mem-
bered root can be seen, and a five-membered
root can be seen in the upper right and lower
left ridges (Fig. 3, arrows).

A longitudinal section of a male gamete
(Fig. 1) reveals relative positions of major
cell organelles; under the flagellar appara-
tus is the cross profile of a giant U-shaped
mitochondrion, the bottom of which is close
to the posterior surfaces of the basal bodies.
Two mitochondrial arms extend downwards
beneath the cell membrane. In the cyto-
plasm surrounded by these mitochondrial
arms are one or two Golgi-bodies and small
vacuoles (Fig. 1). The posterior half of the
cell body is occupied by a nucleus with con-
densed chromatin material (compare to fe-
male gamete in Fig. 4) and a small chloro-
plast. The chloroplast has a few thylakoids
but no pyrenoid or eyespot.

II. Female gamete

The biflagellate female gametes measure
about 8-14um in length and 4-7 ym in
width. Two isokont flagella, being 17.5-
19.5 um in length, extend from the papilla.
Two basal bodies lie in exactly the same way
as those in male gametes. The flagellar ap-
paratus of female gametes has a pair of
unusual crescent-shaped bodies (Fig. 6)
(see MEeLkoNIAN 1981, ROBERTS ef al.
1982); a two-membered root is associated
with each crescent-shaped body (Fig. 7).
These are absent from male gametes and
other green coenocytes. Another compo-
nent associated with the two-membered
root is the electron dense material which
overlies the root for some distance (Fig. 7).
MELkoNIAN (1981) demonstrated that in
female gametes of B. lyngbyei this material
forms a cylinder and suggested that it re-
presents a mating structure. Such a con-
figuration is not discernible in the female
gametes of B. maxima. At the shoulder re-
gion under the basal portion of the papilla
is an area of thicker cell membrane under-
lain by an electron-dense material (Figs. 4,
5), which may represent the putative mating
structure of this alga. Longitudinal serial
sections through this area revealed that it
measures 500 nm in length and 240-350
nm in width. The cytoplasm between the
flagellar apparatus and nucleus contains
four to five Golgi-bodies, small vacuoles and
many granules filled with electron-dense
material (Fig. 4). Individual granules
measure 100 to 300 nm in diameter and
sometimes a single limiting-membrane is
discernible. These granules are present
only in female gametes, and disappear in

Fig. 6. Part of a longitudinal section of conjugating gametes showing the female flagellar apparatus
(@) with crescent bodies (arrows) and one basal body of the male (&). x40,600.

Fig. 7. Part of a longitudinal section of the cell anterior of a female gamete showing the electron dense
material (arrows) lying over the emerging roots. x 33,500.

Figs. 8-10. Early stage of gametic fusion fixed 2 minutes after copulation. 8. Section illustrating the
distinct individuality of each papilla from both female (left) and male (right) gametes. x49,400. 9. A
slightly later stage of gametic fusion than that shown in Fig. 8. Note a vesicle (arrow) that stemmed from
the cell gap originally formed between the two conjugating gametes. n, nucleus; c, chloroplast. x 12,000.
10. A more advanced stage than that shown in Fig. 9, showing that the cell anterior becomes more round
due to the disappearance of the groove between male and female gamete papillae (compare to Fig.
8). Arrow indicates the flagellar root of the female apparatus extending down along the fusion site.

% 16,200.
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the zygote cytoplasm after conjugation (Fig.
16).

The female chloroplast contains a pyre-
noid and an eyespot (Fig. 4). The eyespot
is composed of a layer of granules 80 nm
in diameter and is located on the same side
of the cell body as the putative mating
structure (Fig. 4).

The whole cell surface is covered by a
fuzzy material similar to the male gamete
(Fig. 4).

III. Gametic fusion

Early zygote fixed 2 minutes after mixing:

The most general mode of gametic fusion
is initiated at the anterior of female gam-
etes, including the area of the putative
mating structure located near the basal
bodies (Figs. 8, 9). In many cases the
fusion site of the male gamete is restricted
to the cell anterior, but sometimes the pos-
terior half or posterior two thirds of the
male gamete fuses to the cell anterior of
the female body (Fig. 12). The initial
fusion process appears to be a quick event,
since neither the initial fusion nor activa-
tion of the mating structure were detected.
At a very early stage of conjugation, papil-
lae from both female (left in Fig. 9) and
male (right in Fig. 9) gametes can be dis-
tinguished. At a slightly later stage the
groove between the two papillae (Fig. 8)
rises up as the cytoplasmic fusion proceeds,
resulting in a rounded dome (Fig. 10).
Fig. 9 shows the two sets of basal bodies
close together. The original arrangement
of cell organelles found in each unfused
gamete is maintained even at this stage
(Figs. 9, 10).

Fig. 11 is a set of serial sections which
show the initial fusion event of the gametes,
the left half being female and the right
male. The female gamete cytoplasm is

continuous with that of the male gamete,
but a cylindrical lumen formed by the cell
membranes of both gametes can be seen
along the fusion site (Fig. 11b-f). The
lumen is open to the cell exterior at the
posterior end of the male gamete (large
arrow in Fig. 11g), but it is closed again in
the next section (arrow in Fig. 11h). Itis
possible therefore that when the anterior
portion of two ridges of the male gamete
attaches to the female cell surface, the
initial coalescence of gamete membranes
begins both around the outer most margin
of the male gamete body, which tightly at-
taches to the female body and to the margin
of the lumen formed by the cell surface of
the female gamete and the inter-ridge con-
cave cell surface of the male gamete (Fig.
4). The continuity of the cytoplasm ex-
pands inwards, resulting in a reduction of
lumen size and the formation of vesicles.
These vesicles are released into the zygotic
cytoplasm (Fig. 9) and later released out-
side the zygote. Along the cytoplasmic sur-
face of the lumen two flagellar roots extend
down, one from the female flagellar appa-
ratus (large arrows in Figs. 11a-c) and one
from the male (small arrows in Fig. 1le-g).
Fuzzy material on the inner side of the
lumen indicates the origin of the lumen
membrane from the gamete cell membranes
engaged in the cell fusion. The presence
of electron-dense granules specific to female
gametes was not observed near the fusion
site.

Apart from this common mode of gametic
fusion, other modes were observed in B.
maxima. The first type is shown in Fig. 13,
where a male gamete has fused to the pos-
terior half of a female gamete. The second
type is where the posterior half of a male
gamete attaches to or near the posterior
end of the female gamete (Fig. 14). The

Fig. 11. Eight sections (numbers 1, 3,4, 6, 7,8, 10, 13) from a series through a young zygote fixed
two minutes after mixing. Note a long lumen formed along the fusion site due to the incompleteness
of cytoplasmic continuity. It is open to the cell exterior at the posterior end of the male gamete (large
arrow in Fig. 11g). Flagellar roots extend down from the female flagellar apparatus ( ) (large arrows
Fig. 11a-c) and from the male (3 ) (small arrows in Fig. 11a-b, and small arrows in Fig. 1le-g). See details

in the text. X 16,000.
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15

Figs. 12-15. Conjugating gametes fixed two minutes after mixing. Iigures showing atypical modes of
gametic fusion. b, basal bodies; &, male nucleus; @, female nucleus. 12, x 14,500. 13, x13,000. 14,
% 11,000. 15, x8,300.
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third type is where both gametes fuse to
each other at their posterior ends (Fig. 15).

Zygotes fixed 25 minutes after mixing:

Zygotes are spherical at this stage (Fig. 16),
but new cell wall has not been formed yet.
The most prominent feature of zygotes at
this stage is the appearance of variously-
sized vacuoles containing small vesicles of
about 60 nm in diameter. These vesicles
are not present in unfused gametes. The
flagellar apparatuses from both gametes
are present as separate entities in the peri-
phery of the zygotic cytoplasm (Fig. 16).
The origin of each flagellar apparatus is
identified by the presence of the crescent-
shaped bodies specific to female gametes.
The composition of the flagellar apparatus
is the same as in unmixed gametes, except
that the microtubular roots appear to dis-
solve as the cytoplasmic coalescence pro-
ceeds. The two sets of paired basal bodies
are still continuous with their flagellar ax-
onemes, indicating that they are absorbed
into the cytoplasm through the cell surface
(Fig. 17), similar to Ulva mutabilis (BRATEN
1971). Another event characteristic to
this stage is nuclear fusion. Once the con-
tinuity of the outer nuclear membranes of
both nuclei is established (Fig. 17), then
the inner membranes coalesce (Fig. 18).
The fusion or disintegration of chloroplasts
and mitochondria was not observed. These
events occur in this alga at a later stage of
zygote maturation (Horr and Kuroiwa in

prep.).
Discussion

The mating reaction of the isogamous,
biflagellate alga, Chlamydomonas reinhardti,
is initiated by an agglutination between the
flagellar tips of mating type plus (mt*) and
minus (mt~) gametes (SAGER and GRANICK
1954, GoopenouGH and WEiss 1975), and
then the extension of the fertilization tubule
from the mt* cell surface to the mt™ cell,
an event mediated by a mating structure
of specialized cell membrane (FRIEDMANN
et al. 1968, CavaLier-SmitH 1975, Go-

oDENOUGH and WEIss 1975, TRIEMER and
Brown 1975, WEiss et al. 1977).

The multicellular green alga, Hydro-
dictyon reticulatum, produces isogamous gam-
etes. One of the mating pair has a spe-
cialized structure of cell membrane (apical
cap) which mediates gametic fusion (MaARr-
cHANT and PickeTrT-HEAPS 1972).

BRATEN (1971) described Ulva mutabilis as
isogamous and no morphological difference
can be found between the two sex types of
gametes even at the ultrastructural level.
Another species, U. lactuca, produces a fe-
male gamete slightly larger than the male,
but their ultrastructure is similar to that of
U. mutabilis gametes (MELKONIAN 1980Db).
The mating structure of both gamete types
of U. lactuca is a special region of the cell
membrane. This region is oval-shaped (1.1
—0.7 ym) and is a rather complicated struc-
ture composed of four different elements
(MELKONIAN 1980Db).

Another more conspicuous feature com-
mon to this isogamous group of algae is
that their gametes can germinate without
fertilization (MARCHANT and PICKETT-
Heaps 1971, Kocuert 1982, KoEmaN
1985).

In the oogamous alga, Prasiola stipitata,
the membrane of one of the two spermato-
zoid flagella coalesces with the membrane
of the egg, and the axoneme of that flagel-
lum is incorporated into the egg protoplast
(ManToN and FriEpMANN 1960).

Male gametes of the coenocytic, anisoga-
mous green algae, Bryopsis maxima (Hori
1977) and B. lyngbye: (MELKONIAN 1980a)
have no mating structure. In female gam-
etes of B. lyngbyei a cylindrical structure
which is linked to the basal bodies overlies
the two-membered microtubular root for
some distance. This cylinder is suggested
to represent a mating structure (MELKONIAN
1980b), but it has yet to be confirmed that
it functions as such during gametic fusion
because of an insufficient number of gamete
pairs studied by electron microscopy (MEL-
KONIAN 1980b). In the posterior region of
the cylindrical structure, however, there is
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an area of thickened cell membrane (which
measures 300400 nm in cross section) ad-
jacent to the cell membrane oveilaying the
cylindrical structure. This specialized area
of cell membrane resembles the mating
structure found in the isogamous algae dis-
cussed above and in B. maxima (as well as
in other ulvalean algae).

The gametic fusion of B. maxima usually
occurs in a certain area of the female gam-
ete membrane, which corresponds to the
putative mating structure. In this alga,
however, gametic fusion also occurs else-
where on the female cell body. The male
gametes do not have a putative mating
structure and their fusion with the female
gametes commonly occurs at an area near
the basal part of the papilla, though it does
occur at other areas of the male cell body
too. This is conspicuously different from
that in isogamous algae described above.
Female and male gametes of B. maxima are
not able to germinate without fertilization
(TaTewakt 1973).

Light microscopists have shown that
anisogametes of coenocytic green algae can
fuse with each other at any site as well as
at the cell anterior; examples are found in
Pseudobryopsis sp. (Figs. 262-3, 5a in Ovrt-
MANNS 1922), Codium tomentosum (Fig. 258
in Ort™Manns 1922), C. fragile (Fig. 1-7 in
ARrasaxi ¢t al. 1956), Halimeda cuneata (Figs.
4M, N, P in CHiHARA 1956) and some other
halimedean algae (Plate II-I in Kamura
1966).

It has been observed by electron micro-
scopy that female gametes of Pseudobryopsis
sp. possess a dense staining region at cell
membrane, and an electron-dense tubular
extension along one of the outer microtubu-
lar roots (ROBERTs et al. 1982). These
structures correspond to the features which
MEeLkONIAN (1981) considered to be a puta-

tive mating structure in the female gamete
of B. lyngbyei. The male gamete does not
have these structures. Derbesia is also an-
isogamous, but both gamete types lack the
mating structure and eyespot (ROBERTS et
al. 1981). MEeLkoNIAN (1981) suggested
that the absence of a mating structure in
the female gamete of Derbesia might be due
to its lack of an eyespot.

The genus Halimeda is anisogamous and
from light microscope studies female gam-
etes are known to have an eyespot, but not
male gametes (CHIHARA 1956, KaMmura
1966). Gorr (1979) studied Halimeda tuna
by electron microscopy, but he mentioned
nothing about the presence or absence of
a mating structure in the male gamete. If
MELKONIAN’s suggestion mentioned above is
correct, the female gametes of Halimeda pos-
sess a putative mating structure as in other
green siphons having eyespots. The male
gametes of coenocytic green algae have no
mating structure (ROBERTS et al. 1982), and
no species is known in which the male gam-
etes have an eyespot.

The putative mating structure has since
been found in many other green algae by
electron microscopy (O’KeLLy and Frovp
1983, Froyp and O’KEeLrLy 1984, O’KELLY
et al. 1984, Mrvajt and Hor: 1984). 1In all
these cases the structure is similar to an area
of thickened cell membrane as found in U.
lactuca and Chlamydomonas. The position of
the structure is restricted to a region close
to the flagellar apparatus. At present,
there is no evidence that the mating struc-
ture can move freely in the cell membrane.
It has also been suggested that the mating
structures are fixed at a certain position in
the cell by the flagellar roots (GoobENOUGH
and WEiss 1978, MELkoNIAN 1980b). If the
conjugation property of the mating struc-
ture of the coenocytic or anisogamous green

Figs. 16-18. Zygotes fixed 25 minutes after mixing. 16. Female (2) and male (&) nuclei (n),
chloroplast (c) and basal bodies are present. Arrows indicate vesicles which specifically appear in the
zygote cytoplasm after copulation. Xx25,000. 17. Part of a zygote illustrating the uptake of the flagellar

axonemes (small arrows) through the cell surface.

Note nuclear fusion where the outer nuclear membrane

is continuous, but the inner one (large arrow) is still intact. X20,900. 18. A later stage of nuclear fusion
than in Fig. 17. Arrow indicates remnants of the inner membrane. X 52,200.
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algae functions properly as in isogamous
algae, their gametes will fuse only at the
cell anterior, at least in the female gametes.
However, note that gamete fusion of ani-
sogamous algae often occurs at a region far
away from the putative mating structure of
female gametes. Thus, it may be conclud-
ed that the mating structure, even if it oc-
curs, does not function properly in the green
siphons, or more generally, in anisogamous
green algae. The mating structure found
in female gametes of these algae probably
represent a vestigial sexual organ.

The young zygotes of U. lactuca contain
two sets of flagellar apparatuses originated
from both sexes of gametes. They lie side
by side within the zygote (see Fig. 29 in
MEeLkONIAN 1980b). This arrangement in-
dicates that the gametes fuse parallel to
each other by using their mating structures.
As the process ensues, zygotes become
spherical. At present, the fate of these two
sets of flagellar apparatuses at a much later
stage of zygote maturation in U. lactuca is
not known.

The two flagellar apparatuses in the early
zygote of B. maxima lie in the same way as
in U. lactuca. However, they soon separate
in the zygote cytoplasm of B. maxima and
later disappear. According to preliminary
observations on early zygotes of Monosiroma
latissimum (unpublished observation) and U.
nitidum (MOTOMURA personal communica-
tion) (both were fixed 30 minutes after mix-
ing), four basal bodies originated from the
two gamete types are arranged in the same
manner as in quadriflagellate zoospores of U.
lactuca (MELKONIAN 1979). At a very early
stage of zygotic fusion (20 seconds after mix-
ing) two sets of the flagellar apparatuses in
M. latissimum lie in the same way (unpublish-
ed observation) as in the early zygotes of B.
maxima and U. lactuca, that is, gamete pairs
lie side by side with their longitudinal axes
parallel to one another. These observa-
tions strongly suggest that the arrangement
of the two sets of basal bodies is changed
and rearranged as the zygotic maturation
proceeds. Although the basal body ar-

rangement in quadriflagellate zoospores of
M. latissimum and U. nitidum has not been
observed, they probably have the similar
arrangement as that of the zoospores of U.
lactuca.
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Smrry, C.M. and Norrss, J.N. 1988. Structure and occurrece of spermtangia in Caribbean Bostrychia
montagnei HARVEY and B. binderi HARvEY (Rhodomelaceae, Ceramiales). Jpn. J. Phycol. 36: 123-137.

Plants of Bostrychia montagnei Harv. and B. binderi Harv. in culture conditions show different
patterns of spermatangial development, and are described here for the first time. Male thalli of B.
montagnei produced spermatangia continuously over a fertile branch, from the third to at least the 44th
axial cell. Four primary parent cells were found per axial cell of recurved, fertile branches. Each
primary parent cell (PPC) was pit-connected to at least three spermatium producing, secondary parent
cells (SPCG). A PPC bore as many as 19 cells in a dense aggregate, 4 of which were SPCs, and 15
immature and mature spermatia.

Male thalli of B. binderi produced spermatangia from the second to at least the 23rd axial cell.
Four to five PPCs were observed borne from each axial cell of fertile areas on straight branches. Each
PPC was pit-connected to a single secondary parent cell, which in turn was pit-connected to two SPGCs
and formed a row of cells. A PPC bore as many as 24 cells, 8 of which were SPCs, and 16 spermatia.
For B. binderi, spermatangia produced by an individual branch could occur in as many as four distinct
areas.

Spermatangial structures also differed among the closely related species group of B. montagnei,
B. arbuscula Hoox. et HARv., B. scorpioides (Hups.) MonT. ex Ktirz. Similarly, spermatangial for-
mation differed between closely related species, B. binderi and B. tenella (Lamour.) J. Ac. These
differences among male reproductive structures suggest that they may be important in the sys-
tematics of Bostrychia MonT. The simple nature of spermatangial construction among species of
Bostrychia suggests that this is a primitive genus in the Rhodomelaceae.

Key Index Words: Bostrychia—mangrove algae—Rhodophyta—Rhodomelaceae—species concepts—

spermatangia

The taxonomy of the red algal genus
Bostrychia MonTaGNE (1842) (Rhodomel-
aceae, Ceramiales) is based exclusively on
vegetative morphology, and includes several
subgeneric groups (Post 1936). For ex-
ample, within the group “Flagellifulcratae”
(PosT 1936:7) is a subgroup of B. scorpioides
(Hups.) Monr. ex Kurz.,, B. arbuscula
Hook. et Harv. and B. montagnet Harv.
that has 1) haptera derived from pericen-
tral cells, 2) two pericentral cells per axis
cell when viewed laterally, 3) at least one
layer of cortication, 4) no differentiation
between upright and prostrate axes, and 5)
only polysiphonous ultimate branchlets.

These species differ in the extent of cor-
tication, and form of main axes (Post 1936).

Another subgroup of “Flagellifulcratae”
(Post 1936:6) is composed of B. binderi
Harv. and B. tenella (Lamour.) J. AG., which
share haptera derived from pericentral cells,
and have one to three layers of cortication,
but B. calliptera Mont. differs from the latter
two in having a cortex of rhizoidal filaments
(Post 1936). The siphonous nature of
branchlets differs among these species (Post
1936; Tsenc 1943).

These taxonomic characters given by
Post (1936) have been widely accepted and
used to identify species of Bostrychia (e.g.,
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Tsenc 1943; Dawson 1954; Jory 1954;
TavLor 1960; WoMeERsLEY and BAILEY
1970; Tsubpa and Wray 1977; CorDEIRO-
Marino 1978; Kumano 1979; LawsoN and
Joun 1982; ScHNETTER and Bura-MEYER
1982; TaNnakA and CHiHARA 1984 a, b;
Kine and Purrock 1986 ; LEwis and Norris
1987; SiLva et al. 1987). Use of vegetative
morphology for species definitions, possibly
because of the apparent rarity of reproduc-
tive thalli in field collections, has resulted in
few detailed descriptions for gametangial
and tetrasporangial stages of Bostrychia
species. About one third of the known
species have spermatangial plants described
in detail (FALKENBERG 1901 ; NEwTON 1931
HomMmersanp 1963; Prup’HomMME vaN
REINE and Srpumvan 1980; Tanaka and
CHiHARA 1984; Kinc and Purrock 1986).

Reproductive structures used as taxo-
nomic characters, as are so widely employed
in the taxonomy of other algae, have been
rarely employed in the systematics of Bos-
irychia. Here, we describe spermatangial
development in B. montagnei Harv. (1853)
and B. binder: Harv. (1848), species which
represent different subgroups in the genus.
Our work indicates that male thalli are not
only useful to the taxonomy of Bostrychia, but
represent phylogenetic markers for the
family Rhodomelaceae.

Materials and Methods

Isolates for culture of B. moniagnei were
collected in February and March 1986 from
red mangrove prop roots (Rhizophora mangle
L.) growing at Twin Cays, Belize (Lat.
16°48" N, Long. 88°05" W) and Big Pine
Key, Florida, U.S.A. (Lat. 24°39’ N, Long.
81°20" W). Whole plants were cleaned of
contaminants and placed in 100 mls of 0.22
#m Millepore-filtered seawater, enriched to
19% of Enriched Seawater Recipe (PES)
(McracHLAN 1973) at 32%, salinity,
under culture numbers CMS -10011,
—10040, -10079 and -10086. Cultured
isolates of B. binderi from Puerto Rico were
obtained from John A. West, University of

California, under culture number JAW
2514. Thalli of both species were allowed
to grow under a 14:10 L:D at <100 xmol
quanta from fluorescent cool white bulbs, at
a temperature of 25°C.

Media was changed approximately every
two months. At the end of the first interval,
nutrient levels were elevated by a 109,
increase in PES; all other conditions were
held constant.

Specimens for morphological study were
stained with aniline blue, and permanently
mounted on microscope slides (Tsupa and
ApBoTrT 1985). Voucher specimens and
microscope slides are deposited in the Algal
Collection of the U.S. National Herbarium
(US), National Museum of Natural History,
Smithsonian Institution, Washington D.C.,
U.S.A.

Results

Spermatangia of Bostrychia montagnei.

By the end of the third month in culture,
fertile areas developed from newly de-
veloped branches as cortical tissues became
reproductive (Figs. 1, 2). A greater rate
of cell division on ventral (adaxial) sides of
fertile areas was evident at the third to fifth
axial cells, and resulted in curved branches
which frequently rebranched (Figs. 1, 2).
Spermatangial areas developed behind a
prominent dome-shaped apical cell and a
small, plate-like, second axial cell. Fre-
quently by the third axial cell, immature
spermatangia were present (Fig. 3). Sper-
matangial areas extended over as many as
44 axial cells, with X=31.3 cells +8.11
S.D., n=12.

Bases of spermatangia were larger than
adjoining vegetative areas, and axial cells
were shorter cells than cells in vegetative
areas (X=31.7 s#m 48.06 S.D. for re-
productive axial cells versus 53.2 um
414.70 S.D. for vegetative axial -cells,
n=12). Because axial cells were equivalent
i width (X¥=6.1 #um 41.55 S.D. vs. 6.4
um +1.25 8.D., n=12, respectively), axial
cells in spermatangial areas appeared more
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Figures 1 to 4. Male thalli of Bostrychia montagnei. Fig. 1. Fertile curved branches of a
mature male thallus. Scale bar=250 mm. Fig. 2. Young male branch showing branching.
Scale bar=100 #zm. Fig. 3. Immature spermatangia are present at the third axial cell. Scale
bar=10 zm. Fig. 4. Details of primary parent cell (PPC) and secondary parent cells (SPCs),
and spermatia (Sp) focused near the plane of the axial cell. Note empty spermatangium (S) and
an opening (O) in the cell wall (W) through which spermatia are released. Scale bar=10 zm.
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prominently than cells in vegetative areas.

From the third and to the end of a sper-
matangial area, four primary parent cells
(=mother cells)! were found per axial cell.
A primary parent cell (PPC) was adaxially
pit-connected to the axial cell, and abaxially
pit-connected to two or three secondary
parent cells (SPC) (Figs. 4, 10). In con-
trast to mature ovoid spermatia, parent cells
were larger, darkly stained, had dense
cytoplasm, and were somewhat star-shaped
(Figs. 4, 10). These cells produced multiple
spermatia. In several, a third row of cells
was also observed to produce multiple sper-
matia. Empty spermatangia remain after
release of spermatia (Fig. 4).

Thus, one PPC produced as many as 19
cells in a dense aggregate, four of which
were SPCs, and 15 of which developed into
spermatangia. Lengths of parent cells
ranged from 5.2 to 9.9 u#m on the longer
axis, with a mean length, X=7.4 um +1.61
S.D., and mean width, X=4.7 um -+0.87
S.D., n=12.

Production of spermatangia was prolific
by B. montagnei, with every major growing
point producing spermatia, including newly
developed monosiphonous filaments which
were re-growing from an excised end of the
main axis. Mature spermatia were nearly
ovoid, highly vacuolate cells, each with a
single large nucleus (Fig. 4). Sizes of
spermatia ranged from 6.4 to 9.9 um with
a mean length, X¥=6.9 um +1.47 S.D. and
a mean width, X=4.3 #m 40.76 S.D.,
n=12. As mature spermatia were released
from the overlying cell wall, they lacked
conspicuous wings or projections.

1 The term “mother” in botany is ‘‘usually used in
the sense of ‘parent’ ” (Jackson 1928); herein we
follow Scumip (1977) in an effort to avoid inac-
curacies and bias in anatomical and morphological
terminology.

Spermatangia of Bostrychia binderi.

Fertile areas on branches of B. binderi
occurred either apically or distally on
otherwise unmodified, corticated, vegeta-
tive branches, and about half of all fertile
branches in this isolate had discontinuous
areas of spermatangial production (Figs. 5,
8). One branch for example, had four
discrete areas where spermatangia were pro-
duced, an apical area and three other
spermatangial regions separated by regions
of three to as many as nine vegetative axial
cells (Fig. 5). Spermatangial production
began at the third to the seventh axial cell
in apical patch, and continued to as many as
the 23rd axial cell. Axial cells in re-
productive portions were as long as cells in
vegetative branches of similar length (38.1
um +3.48 S.D. versus 39.7 um 4+8.40 S.D.,
n=12, respectively, Fig. 6). Lateral, par-
tially monosiphonous branchlets never bore
spermatangia.

In five fertile branches, spermatangia
were produced predominantly on one side
for as many as six axial cells (Figs. 7, 8).
These asymmetric developments of sper-
matangia were distal to a branch apex, and
were usually less than four axial cell long.

In apical areas, four PPCs were observed,
while at distal regions, up to five PPCs were
found. A PPC was pit-connected to a SPC
which in turn was pit-connected to other
SPCs in an uniseriate row; a row was com-
posed of two to three SPCs (Figs. 9, 10). A
PPC was larger than SPCs, and ranged in
length from 6.4 to 11.6 um, with a mean
length, X=8.6 #m +5.57 S$.D., and a mean
width, X=6.3 #zm 41.84 S.D., n=12.

One PPC supported as many as 24 cells,
8 SPCs, and 16 developing spermatia. The
ovoid spermatia of B. binderi ranged in
length from 5.2 to 7.5 um with a mean

Figures 5 to 9. Male thalli of Bostrychia binderi. Fig. 5. Fertile portions separated by vegetative
cells on a mature branch. Scale bar=100 #gm. Fig. 6. Enlarged base of a fertile area. Scale bar=
100 um. Fig. 7. Asymmetric development of a fertile patch on a branch. Scale bar=100m.
Fig. 8. Asymmetric and disjoint developments of spermatangia on a branch. Scale bar=1.00 pm.
Fig.9. Details of primary (PPC) and secondary (SPC) spermatangial parent cells and spermatia (Sl?)
focused on the plane of the axial cell. Note an opening (O) in the cell wall (W) through which spermatia

are released. Scale bar=10 gm.
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Fig. 10. Comparison of male reproductive structures showing (10A) the branched
relationship of a primary parent cell (PPC) to secondary parent cells (SPCs) in a di- or
trichotomous arrangement for B. montangnei, and (10B) the linear arrangement of a
single primary parent cell (PPC) connection to chains of secondary parent cells (SPGs) -

for B. binderi. Scale bar=10 ym.

length, X=6.4 um +0.63 S.D., and a mean
width, X=4.3 um +0.63 S.D., n=12.

Discussion

The goal of this research was to describe
spermatangia for two species of Bostrychia
(sensu Post 1936) which, on vegetative
grounds, belong to two species groups
(sensu Post 1936). Even though B. mon-
tagnei and B. binderi are not apparently
closely allied species, we found that sperma-
tangia developed in ordinary branches, and
spermatangia supplanted superficial cortical
cells in fertile branches. Both species had
similarly sized, ovoid, vacuolate spermatia
which lacked the conspicuous wings as seen
in Agloathmnion neglectum (MAGRUDER 1984).
Thus, certain characteristics of sperma-
tangial development appear to be conserved
in this genus.

However, these species did differ in the
shape of thallus branches which bear
spermatangia, and details of primary and
secondary parent cell arrangements (Table
1). For B. montagnei, the tissues which
produced spermatangia recurved, and entire
branches were dedicated to prolific sper-
matangial production. For B. binderi under

similar growth conditions, there was little
modification of polysiphonous vegetative
branches which ultimately bore sperma-
tangia. Bostrychia binderi had as many as
four distinct areas which produced sper-
matangia on a branch, and some areas
developed asymmetric fertile regions. In
comparison to B. montagnei, spermatangial
production by B. binderi was less regular,
with less differentiation of specialized
branches.

Because B. binderi was able to produce
spermatangia in small, unmodified areas,
this species and its close relative B. tenella
may produce small numbers of sperma-
tangia under a wide range of environmental
conditions. In contrast, because whole
branches were dedicated to spermatangial
production for B. montagnei, that species may
produce large numbers of spermatangia,
infrequently. This hypothesis would help
explain why males had not been reported
before for B. montagnei and why they are
rare for its closest relative B. scorpioides
(Pru’HoMME vaAN REINE and SrLumman
1980). By comparison, males for B. fenella
have been described since 1901 (FALKEN-
BERG 1901).

Other differences existed among these
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two species. For B. montagnei, a PPC was
directly pit-connected to several SPCs in a
di- or trichotomy of cells, while for B. binder:,
a PPC was pit-connected to a uniseriate
filament of parent cells, and not directly pit-
connected to each parent cell (Figs. 4, 9,
10). Pit-connections of PPC to axial cells
were centrally located for B. montagne: while
somewhat more basally located for B. binder:
as well as for B. tenella as described by
FaLkenerc (1901) based on Tongan
specimens, not type-locality material.

Comparison of spermatangia of B. montagnei, B.
arbuscula and B. scorpioides.

Some similarities exist in the production
of spermatangia among B. montagne: and its
morphologically similar species, B. arbuscula
and B. scorpioides. Similar to B. moniagnet,
spermatangia in B. arbuscula and B. scor-
pioides develop in ordinary branches (Howm-
MERSAND 1963, PrRun’HomMME vAN REINE and
Srumman 1980), and spermatangia replace
cortical cells in a branch. Spermatangial
branches of B. arbuscula coil to the ventral
side, as a result of the development of a two-
layered cortex on the dorsal side of these
branches (HomMmERsanDp 1963). Sperma-
tangial branches of B. montagnei coil to the
ventral side because of a multiplication of
cells in the existing layer on the dorsal side
of a branch. Though no curve is reported
in male branches of B. scorpioides (PruD’-
HomMe vanN REINE and Svrumvan 1980),
those branches studied may have been
relatively straight, mature branches which
secondarily developed spermatangia. An
illustration of mature spermatangial
branches for B. scorpioides (Fig. 206-E,
Newton 1931) shows inflated, somewhat
curved branches, only slightly similar to
those pictured for B. arbuscula by Howm-
MERSAND (Plate 5, HoMMERSAND 1963).

Some of the differences between B.
arbuscula and B. montagnei are found in
analysis of fertile branch construction. In
B. arbuscula, fertile portions are found at the
morphological point in a branch where six
pericentral cells occurred per axial cell

(Table 1, HomMmERsaND 1963). With con-
tinued growth of these branches, the number
of pericentral cells reduces to four per axial
cell, i.e., the number per axial cell observed
here for fertile branches of B. montagnei. For
B. arbuscula, fertile apices cease branching at
that time, and tips grow to lengths of 50 or
more segments (HoMMERsanD 1963); sper-
matangia are formed at the sixth or eighth
segment behind the apex, and continue for
the next 10 to 15 segments; beyond that
region, empty spermatangia are found
(HomMERsaND 1963). For B. montagnei, we
found spermatangia produced at the third
axial cell, to at least a length of about 30
segments of fertile tissue. In this species,
branching of fertile branches occurred at
many stages of spermatangial production.

Mature branches are found to produce
spermatangia in B. scorpioides (Prup’HoMME
vaN REINE and Srpuman 1980), and in
NewrtoN’s (1931) illustration they bear a
resemblance to some branches seen here for
B. montagnei. Further comparisons between
B. montagnei and B. scorpioides are limited
(Table 1) because B. scorpioides did not
produce males in culture (PRUD’HOMME VAN
REINE and SrumiMan 1980).

Bostrychia arbuscula and B. montagne: were
similar in many aspects of spermatangial
tissues. Geographical distributions of these
related species, however, does not overlap
(Table 1). Supplemental investigations are
needed to test if Atlantic isolates of the
widespread species B. scorpioides and B.
montagnei are closely related by providing
missing details of male development for B.
scorpioides. These data may also identify
interesting population-based differences for
Australian individuals of B. scorpioides, and
help clarify the relation between B. arbuscula
and B. montagner.

Comparison of spermatangia of B. binderi, B.
tenella and B. calliptera.

FALKENBERG’s illustration of a cross-
section through male tissues of B. tenella
from the south Pacific island of Tonga (Fig.
11, FALKENBERG 1901) shows a very similar
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Table 1. Comparison of vegetative morphology, spermatangial characteristics and dis-
tribution for species of Bosirychia where spermatangia have been described.

MORPHOLOGY DISTRIBUTION
Species Vegetative Spermatial Type locality & Range
B. arbuscula several layers cort! 4 to 6 pcfax? Otago, New Zealand!»?
haptera: no ax 6 to 50 segs endemic to New Zealand
habit: flattened ? spcfax
3 sp/spc
ventral diff
B. montagnei several layers (<7) cort! 4 pcfax Key West, Florida®4
haptera: no ax 3 to >44 segs Caribbean, W Africa
habit: radial 16 to 20 spc/ax
2 to 3 sp/spc
ventral diff

1 to 2 layer cort!

haptera: no ax

habit: distichous
branching

B. scorpioides

B. binderi 1 to 3 layers!s®
haptera: no ax
habit: tripinnate

branching

B. tenella 1 to 3 layers cort!,?
haptera: no ax
habit: distichous

branching

no cort!
haptera: w/ ax
habit: short branches

B. kelanensis

no cort8’?

haptera: w/ ax

habit: pinnate
branching

B. pinnata

6 (?) pcfax510
? segs

? spcfax

2 to 3 sp/spc
no ventral diff

4 to 5 pcfax

1 to 23 segs

12 to 45 spcfax
3 to 4 sp/spc
no ventral diff
4 (?) pclax®

8 to ? segs

? spcfax

2 (?) spfspc

no ventral diff
5 to 6 pcfax®

6 to 26 segs

14 to 19 spcfax
1 to 2 sp/spc
diff not noted
5 pcfax?

9 to 15 segs

40 to 60 spcfax
1 to 4 sp/spc
ventral diff

Selsey, England345
Australia, So. Africa
Europe, New Zealand
S America,

Durban, So. Africal
Caribbean, S America
Indian, Australia

W tropical Pacific

Christiansted, St. Croix!»?
Caribbean, Africa
Indian, China

W tropical Pacific

Kelana, New Guineal
India, Sumatra
Australia

Okinawa, Japan®’
Japan, Australia

Key to Terms: ax=axial cell; segs=length of fertile area in numbers of axial cells; cort=
cortication; diff=fertile branch differentation; pc=pericentral cell; spc=spermatangial parent

cell; sp=spermatium (a).

References: !Post 1936; 2HoMMERSAND 1963 ; 3TavLor 1960; 4SLuiMan 1979; *PRUD’HOMME
vAN REINE and SrLuiMaN 1980; STANAKA and CHiHARA 1984a; 7KinG and PurTock 1986 ; 8FALKENBERG

1901; *Bércesen 1918; 1°NewTon 1931.

shape of spermatangial branches and ar-
rangement of primary and secondary parent
cells as reported here for B. binderi. FALKEN-
BERG depicts a PPC pit-connected to the
base of an axial cell, which in turn is pit-

connected to a SPC. Both types of parent
cells have two associated spermatangia. For
B. binderi, two or more SPCs were pit-
connected in a row (Fig. 10B) with one or
more rows of SPCs pit-connected to a single
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primary parent cell. Primary parent cells
were typically pit-connected near the base
of axial cells. For B. binderi, no PPC was
observed producing spermatangia, while for
B. tenella, our interpretation of FALKEN-
BERG’s illustration suggests that spermatan-
gia are produced by PPC. In contrast
with two or more SPCs observed here for B.
binderi, B. tenella (FALKENBERG 1901) had
only one SPC attached to each PPC.

Bostrychia tenella and B. binderi are pan-
tropical (Table 1), with nearly complete
overlap in distribution, and vegetative habit
(Post 1936, Tsenc 1943). While these
species are similar in details of construction
of spermatangial tissues, how much these
details may vary with biogeographical dis-
tribution is unknown. Comparisons with
the other species of this subgeneric group
such as B. calliptera, are not possible because
no description for its males exists. De-
scriptions of males from Pacific and Atlantic
populations of B. calliptera might help test
recognition of this group.

Among related species of Bosirychia, there
are distinctions in the spermatangial de-
velopmental processes. Comparisons with
details of males for other, less related
species, B. kelanensis Grunow (TaNAkA and
CHiHARA 1984b), and B. pinnata TANAKA et
CHiaara (Kine and PutTock 1986), dem-
onstrate that numbers of pericentral cells
per axial cell, numbers of fertile segments,
as well as spermatangial parent cells per
axial cell differ (Table 1).

Comparison of spermatangia among genera.

A comparison of spermatangial tissues
among genera of the Rhodomelaceae dem-
onstrates that Bostrychia has the least com-
plex spermatangia. Spermatangia of Mur-
rayella Scamitz and some species of Poly-
siphonia GREV. are strikingly similar in gross
morphology to those of B. binderi and B.
tenella (GrusB 1924; AronNTE and BaL-
LANTINE 1987). In contrast, many genera
have highly modified spermatangia, such as
those derived from trichoblasts for some
species of Herposiphonia NAEGLI (BgRGESEN

1918; Norris and Bucaer 1982) and
Polysiphonia GReEv. (BérGESEN 1918), con-
ceptacle-like terminal pockets in branchlets
of Laurencia Lamour. (Sarto 1967), kidney-
shaped appendages for Digenia C. Ac.
(BgrGESEN 1920), or plate-like forms for
Chondria C. Ac. and Acanthophora LAMOUR.
(BgrGESEN 1918). These comparisons sug-
gest that based on anatomy of spermatangial
tissues, Bostrychia is a relatively primitive
genus in the Rhodomelaceae, as suggested
by HoMMERSAND (1963).

For species of Bostrychia, these studies
show the details of spermatangial develop-
ment, reveal similarities and differences
between different subgeneric groups associat-
ed on vegetative grounds. Additionally,
comparison with other genera in the Rhodo-
melaceae suggests that Bostrychia is a primi-
tive genus of relatively simple, undifferentiat-
ed reproductive structures.
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The holotype specimens of Polysiphonia senticulosa HARVEY and P. pungens HOLLENBERG were
examined. These specimens have the following features in common: the thallus is slender and pro-
fusely branched; it has four pericentral cells; it lacks cortical cells; axillary branches are formed endog-
enously from the central axial cells; and ultimate branchlets are sharply pointed. The similarity
between the two species warrants the reduction of P. pungens to a synonym of P. senticulosa. This
species is similar to P. morrowii HARVEY in many of the above features. However, P. morrowii is dis-
tinguished from P. senticulosa by its thicker thalli and greater number of axillary tetrasporangial

branchlets.

Key Index Words: Ceramiales—Polysiphonia—P. morrowii—P. pungens—P. senticulosa—

Rhodomelaceae— Rhodophyta—taxonomy.

Polysiphonia senticulosa was first described
by Harvey (1862) on the basis of materials
collected at Orcas Island, Washington,
U.S.A. Since then, it has been reported
from several localities in the north-eastern
and north-western Pacific (Kvyrin 1941,
Secr 1951), although its reported occur-
rence in Japan was discounted later by
Kupo and Masupa (1981).

Kvyrin (1941) described a new genus,
Orcasia, based on P. senticulosa. He be-
lieved that the presence of endogenously
derived indeterminate axillary branches
separated species in the genus Orcasia from
those in Polysiphonia, though this distinc-
tion has not been recognized at the generic
level (Sear 1951, Kupo and Masupa 1981,
LinpsTrROM et al. 1986). The occurrence of
axillary branches arising endogenously from
central axial cells is characteristic of two
additional species: Polysiphonia morrowii
Harvey (KyrLin 1941, Secr 1951, Kupo
and Masuba 1981, Yoon 1986) and P.
pungens HoLLENBERG (WOMERSLEY 1979).

P. morrowii was originally described by
Harvey (1856) from specimens collected
at Hakodate, Hokkaido, Japan. This spe-
cies is characterized by thick main axes
and tufts of axillary tetrasporangial branch-
lets (Secr 1951, Kupo and Masupa 1981).

P. pungens was first described by HoLLEN-
BERG (1942) on the basis of materials col-
lected from Gravina Island, Alaska. This
species is characterized by slender main axes
and sharply pointed determinate branchlets.
WoMEeRsLEY (1979) reported the presence of
axillary branches in the holotype specimen,
although HorrLENBERG (1942) did not men-
tion this feature.

The geographical range of P. pungens
overlaps that of P. senticulosa except in Aus-
tralia, where P. pungens may have been in-
troduced on the hulls of ships (WOMERSLEY
1979). Similarities between P. senticulosa
and P. pungens have been noted by LiIN-
DsTROM et al. (1986). In this paper we
demonstrate the conspecificity of these two
species based on an examination of the
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holotype specimens.

Materials and Methods

The holotype specimen of Polysiphonia
senticulosa collected from Orcas Island (48°
40'N, 122°55'W) in April 1858 by D.
Lvair and now preserved in the British
Museum (Natural History) (BM) was ex-
amined on loan with the kind help of Mrs.
L.M. IrviNE and Mr. S.I. Honey. Three
herbarium specimens of P. pungens deter-
mined by G.]J. HoLLENBERG and now de-
posited in the Herbarium of the University
of California, Berkeley were examined on
loan with the kind help of Dr. P.C. SiLva:
1) the holotype specimen (tetrasporangial)
collected at Vallenar Rock, Gravina Island
(55°20°N, 131°45'W), Alaska in May 1913
by R.B. Wyrie (UC 314925); 2) tetraspo-
rangial specimen collected at Qualicum,
Vancouver Island, British Columbia by J.
Macoun (without date, UC 90940); and
3) vegetative specimen collected from Van-
couver Island by J. Macoun (No. 93, with-
out date; UC 276575). The latter two
specimens are also cited in the original de-
scription (HOLLENBERG 1942).

In addition, the following herbarium spec-
imens of Alaskan P. senticulosa collected by
S.C. LinpsTroM and deposited in the Phy-
cological Herbarium, the University of
British Columbia were examined on loan
with the kind help of Mrs. J.C. OLIVEIRA:
1) tetrasporangial specimens from Campsite,
Sea Otter Sound (55°48'40"N, 133°29'36"
W) on June 1, 1981 (UBC Al8303); 2)
cystocarpic and tetrasporangial specimens
from Southern Sea Otter Sound (55°47'54"
N, 133°28'52"W) on June 1, 1981 (UBC
A32726, 32727); and 3) cystocarpic and
tetrasporangial specimens from Bridget Cove
(58°38'N, 134°57'W) on July 24, 1979
(UBC A66021).

The specimens cited above were examined
under a dissecting microscope. Small por-
tions were mounted in 509, glycerol-sea-
water on microscope slides.

Results and Discussion

The holotype specimen of Polysiphonia sen-
ticulosa is fragmentary and lacks a discerni-
ble main axis (Fig. 1). The diameter of
branches at the lowest part of the specimen
(45 mm below the apex) are 200-215 ym.
Ultimate branchlets are sharply pointed
(Fig. 2). Each axillary branch develops
from a central axial cell (Fig. 3). Adven-
titious rhizoids may arise from lower peri-
central cells without septations. Young
tetrasporangia are formed in the ultimate
order of ordinary branches (Fig. 4).

The holotype specimen of P. pungens is
also a fragment (Fig. 5), although it is
much larger than that of P. senticulosa.
Well-developed branches are 235-240 um
wide at the lowest portion and 190-200 ym
wide at 45 mm below the apex. Ultimate
branchlets are sharply pointed as shown in
the original illustration (HOLLENBERG 1942).
One to three axillary branches develop from
a single central axial cell (Fig. 6). Some
of these axillary branches are indeterminate
and bear 7-8 laterals in a spiral manner.
Rhizoids were not observed on the holotype
specimen, but were present on MAcouUN
No. 93 specimen (UC 276575), where they
developed without septations in a manner
similar to that described for P. senticulosa.
However, since this specimen lacks ultimate
branch tips and axillary branches, it cannot
be identified as P. pungens with certainty.
The other Macoun specimen (UG 90940)
is more complete and referable to the spe-
cies concerned.

The holotype specimen of P. pungens bears
tetrasporangia in the ultimate and penulti-
mate orders of ordinary branches as well as
in one of unbranched axillary branches.
Mature tetrasporangia are borne in series
of 2-12 in ordinary branches (Fig. 7) and
are 65-85 um in diameter (mean=73 um,
n=44). Immature tetrasporangia in series
of 2-7 were observed in axillary branches.

The entire holotype specimen of P. sen-
ticulosa resembles the upper portion of the
holotype of P. pungens. The more profuse
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Figs 1-4.  Polysiphonia senticulosa HarvEY. 1. Holotype specimen collected at Orcas Island
in April 1858 by D. Lvarr and deposited in BM. 2. Sharply pointed ultimate branchlet. 3.
Young axillary branch arising endogenously from a central axial cell. 4. Young tetrasporangia
(arrows) formed in an ordinary branch of the ultimate order. Figs 2-4 from the holotype speci-
men shown in Fig. 1. Scale in Fig. 3 applies also to Fig. 4.

Figs 5-7. Polysiphonia pungens HoLLENBERG. 5. Holotype specimen collected at Vallenar Rock,
Gravina Island in May 1913 by R. B. WyLIE and deposited in UC (90940). 6. Axillary branch arising
endogenously from a central axial cell. 7. Mature tetrasporangia formed in an ordinary branch of the
ultimate order. Figs 6, 7 from the holotype specimen shown in Fig. 5.
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development of axillary branches in the
May specimen of P. pungens suggests that
the specimen represents more mature plants
than the April specimen of P. senticulosa.
The Alaskan specimens of P. senticulosa in
UBC, collected in June and July near the
type locality of P. pungens, show a develop-
ment of axillary branches similar to that of
the holotype of P. pungens.

The Alaskan specimens examined appear
to be damaged, their uppermost portions
were lacking. Adventitious branches are
developed from some of the injured branches
and from other positions on the plants.
These Alaskan specimens are 130-150 ym
wide at the lowest portion and have sharply
pointed ultimate branchlets. One to three
axillary branches originate from the central
axial cell and are 320-750 gm long. Ad-
ventitious rhizoids develop from some of
lower pericentral cells which are not cut
off by septa from their parent cells. Tet-
rasporangia are formed both in ordinary
branches in 2-9 series and in axillary
branches in 2-7 series (sometimes individ-
ually). June tetrasporangial specimens
bear three axillary branches, but only one
of them form tetrasporangia. The majority
.of tetrasporangia in ordinary branches have
already released their spores, but those in
axillary branches bear both mature and
immature sporangia. Mature sporangia
are 65-80 ym in diameter. The matura-
tion of tetrasporangia and occurrence of
adventitious branches suggest that the Alas-
kan specimens examined were older than
the holotype specimens of P. senticulosa and
P. pungens.

Cystocarps of the Alaskan specimens are
formed on the upper portions of ordinary
branches. They are usually individually
formed 24 segments apart. Mature cysto-
carps are urceolate and 430-560 ym long x
300-460 gum wide. Their ostiolar rims are
140-230 gm wide and almost equal to the
diameter of necks (Fig. 8). Cystocarpic
plants also bear single axillary branches
(Fig. 9). These axillary branches are 250-
550 gum long and bear procarpic trichoblasts

and young cystocarps. They also form
vegetative trichoblasts. Scar cells (the
basal cells of fallen trichoblasts) are found
at their proximal end.

Figs 8, 9.  Polysiphonia senticulosa collected at
Southern Sea Otter Sound, Alaska on June 1,
1981 by S. C. LinpstroM and deposited in UBC

(A32726). 8. Mature cystocarp. 9. Axillary
branch bearing young cystocarps. Scale in Fig.
8 applies also to Fig. 9.

All the specimens examined, except
Macoun No. 93 (UC 276575), possess the
following features in common: (1) the thal-
lus is slender and profusely branched; (2)
it has four pericentral cells; (3) it lacks
cortical cells; (4) axillary branches originate
endogenously from the central axial cells
and contribute to reproductive activity;
and (5) ultimate branchlets with limited
growth are sharply pointed. The holotype
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specimen of P. senticulosa is youngest among
the specimens examined and bears young
tetrasporangia only in ordinary branches.
With age tetrasporangia may be formed in
axillary branches as found in the holotype
specimen of P. pungens. These specimens
can be referred to a single entity, Poly-
siphonia senticulosa HARVEY. P. pungens HoL-
LENBERG should be reduced to a synonym
of P. senticulosa.

P. senticulosa is similar to P. morrowii
HARvVEY in many of features stated in the
preceding paragraph. Kupo and Masupa
(1981) concluded that P. senticulosa auct.
japon. is included in the circumscription
of P. morrowii, and pointed out that the
status of genuine P. senticulosa is uncertain
whether it is an independent species or syn-
onymous with P. morrowii. YooN (1986),
however, reduced P. senticulosa to a synonym
of P. morrowii without examining the respec-
tive holotype specimens or specimens from
their type localities. Our examination of
P. morrowii from Hokkaido, including the
type locality, has shown that the two spe-
cies are distinguished as follows. P. morro-
wii differs from P. senticulosa in having
thicker thalli (320-550 um wide at the
lower portion and 280-370 um wide at 45
mm below the apex) and 7-8 axillary
branchlets, all of which bear tetrasporangia.
The greater number of axillary tetrasporan-
gial branchlets is the most prominent fea-
ture of fully mature plants of P. morrowii,
although their number varies according to
season and ontogeny (Kupbo and Masuba
1981). On the other hand, the number of
axillary tetrasporangial branchlets is 3 or
less for fully mature plants of P. senticulosa

and one of such branchlets is functional.
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Ito. H. 1988. Scale-bearing chrysophytes in the south basin of Lake Biwa, Japan. Jpn. J. Phycol.

36: 143-153.

In the south basin of Lake Biwa, 42 taxa of scale-bearing chrysophytes belonging to Mallomona-
daceae and Paraphysomonadaceae; 14 species of Mallomonas, 5 of Synura, 1 of Chrysosphaerella, 5 of
Spiniferomonas and 15 species, 1 subspecies and 1 forma of Paraphysomonas were found. Among them,
17 taxa; Mallomonas portae-ferreae, M. pseudocoronata, M. striata var. striata, Spiniferomonas takahashii,
Paraphysomonas caelifrica, P. capreolata, P. circumvallata, P. coronata, P. corynephora, P. glandiata, P. poteriophora
ssp. manubriata, P. punctata, P. quadrispina, P. runcinifera, P. stelligera, P. subquadrangularis and P. undulata

were new to Japan.

Key Index Words: Chrysophyceae—Chrysosphaerella—Lake Biwa—Mallomonadaceae—Mallo-
monas—Paraphysomonadaceae—Paraphysomonas—Spiniferomonas—Synura—Synurophyceae.

Lake Biwa, with the surface area of 674
km? and the maximum depth of 104 m, is
the largest lake in Japan and classified as
the mesotrophic lake (Tezuka 1984). Itis
composed of two parts; a large and deep
north basin, and a small and shallow south
basin.

Of the scale-bearing chrysophytes only 3
species; Mallomonas fastigata, M. helvetica and
Synura uvella have been recorded by a light
microscopical study (Mor: 1945; NEGoro
1968). The scale-bearing chrysophytes
such as Mallomonas and Synura (Mallomona-
daceae) and Paraphysomonas (Paraphysomo-
nadaceae) possess their charactaristics of
species on their minute scales and bristles
as well as their lorica form, therefore the
electron microscopy is the most useful
method to identify them accurately. Of
the scale-bearing chrysophytes 55 taxa have
been recorded from about 100 lakes and
ponds excepting Lake Biwa in Japan by
TakanuasuI (1978). Ito et al. (1981) found
12 taxa of scale-bearing chrysophytes by the
electron microscopical investigation of one

water sample which was collected from the
south basin and they concluded that further
study must give more new knowledge on
the chrysophyte flora of this lake. There-
after the author has carried out the floristic
study on the scale-bearing chrysophytes in
Lake Biwa. This paper deals with results
of survey in the south basin of Lake Biwa
during the period from 1980 to 1984.

Materials and Methods

Twenty five water samples were collected
in 1 [ bottles from the surface at 10 stations
of the south basin of Lake Biwa (Fig. 1) in
four seasons between January 1980 and July
1984 (Table 1). The water temperature at
sampling sites ranged from 3.0 to 30.6°C
and the pH from 7.0 to 9.5 throughout the
study period. 0.5! of each unfixed water
sample was centrifuged at 3,000 r.p.m. for
10 min. and then concentrated to 1ml.
For transmission electron microscopy, 10 ul
of each concentrated water sample was
mounted on collodion-carbon coated grids,
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Fig. 1. Map showing Lake Biwa and ten
sampling stations in the south basin.

Table 1 Sampling stations and dates in the
south basin of Lake Biwa (1980-1984).

Stations Dates

Sta. 1 May 26, 1981 May 25, 1982
Jul. 2, 1982 Aug. 20, 1982
Sep. 3, 1982 Jan. 21, 1983
May 20, 1983 Aug. 19, 1983
Sep. 16, 1983 Oct. 21, 1983

Apr. 2, 1984

Sta. 2 Jul. 6, 1984

Sta. 3 May 29, 1981

Sta. 4 Jan. 25, 1980 Oct. 24, 1980
Jan. 23, 1981 Mar. 26, 1981
Jan. 22, 1982 Mar. 19, 1982

Sta. 5 Oct. 16, 1981

Sta. 6 Aug. 21, 1981

Sta. 7 Sep. 22, 1981

Sta. 8 Sep. 22, 1981

Sta. 9 Sep. 22, 1981

Sta. 10 May 29, 1981

desiccated in an oven, and then shadowed
at about 20 degrees with Pt-Pd alloy.
These samples were examined with a
transmission electron microscope (JEM-
100B). For scanning electron microscopy,
20 m! of each unfixed water sample was
filtered with nuclepore filter (25 mm in

diameter, 0.4 um in pore size) and some-
times millipore filter (47 mm in diameter,
0.45 pm in pore size), desiccated in an oven
and then coated with gold. These samples
were examined with a scanning electron
microscope (JEM-T200).

Results and Discussion

Out of 42 taxa found in the south basin
of Lake Biwa;

Total 42 taxa; 14 species belonged to
Mallomonas, 5 to Synura, 1 to Chrysosphaerella,
5 to Spiniferomonas and 15 species, 1 sub-
speci€s and 1 forma to Paraphysomonas (Table
2). The species whose distribution is not
shown are widely distributed in the world.

Family Mallomonadaceae Diesing (1866)
Genus Mallomonas PErTY (1851)

Three species; M. portae-ferreae, M. pseu-
docoronata and M. striata var. striata were
new to Japan.

M. acaroides PERTY emend. Ivanov (1899)
Figs. 2, 3

Cells and scales were found in summer.
This species generally occurs in summer
(CronNBERG and KRisTIANSEN 1980).

M. akrokomos RUTTNER in PascHER (1913)
Fig. 4

Cells were found in winter and spring,
and scales in summer. Although this spe-
cies is classified as eurythermal (TAKAHASHI
1978), it has a preference for a low tem-
perature (HArr1s 1958; KrisTiansEn 1985;
Rorjackers 1986; TakaHasHI 1978).

M. alpina PascHER et RUTTNER in PASCHER
(1913) Fig. 5

Syn. M. monograptus HARRIS et BRADLEY
(1960).

Cells and scales were found in spring.
This species has also occurred during Feb-
urary and April in a pond in The Nether-
lands (Rorjackers 1984).

M. annulata (HARRIS et BRADLEY) HARRIS
(1967)

Cells were found in winter, and scales in
spring.

M. caudata Ivanov emend. KrRIEGER (1930)
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Table 2. Scale-bearing chrysophytes collected from the south basin of Lake Biwa (1980-1984).

Season | W. Spring Summer Autumn

Month and
sampling
stations
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Sta. 2
Sta. 6
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Taxa

May Sta. 1
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Fig. 6
Syn. M. fastigata ZacHArIAs (1903).
Cells were found in winter, and scales in
autumn. This species has been recorded
as M. fastigata in the previous papers (ITo,
Yano and Harimmava 1981; Morr 1971;
Necoro 1968). Mor: (1971) reported
that it was a dominant species in the north
basin of Lake Biwa in Feburary 1968.
M. crassisquama (AsmunDp) ForT (1962)
Scales were found in winter and spring.
M. elongata REVERDIN (1919)
Cells were found in winter and summer,
and scales in spring.
M. heterospina Lunp (1942) Fig. 7
Scales were found in winter.
M. parvula DUrrscamiDT (1982) Fig. 8
Scales were found in spring.
M. portae-ferreae PETERF1 et Asmunp (1972)
Fig. 9
Scales were found in spring and autumn.
M. pseudocoronata PrescotT (1944) Fig. 10
Cells were found in summer.
Distribution: Canada, USA (Asmunp
and KRisTianseN 1986), Panama (Wujek
1986).

M. punctifera KorsHikov (1941)

Syn. M. reginae TEILING (1946).

Scales were found in winter and spring.
This species has been recorded as M. reginae
in the previous paper (ITo, Yano and
Harmava 1981).

M. striata Asmunp (1959) var. striaia Figs.
11, 12

Cells were found in spring. Var. striata
differs from var. serrata in having smooth
bristle. Var. serrata has been recorded
from NE Japan (Takanasui 1978).

M. tonsurata TEILING emend. KRIEGER
(1959)

This species occurred in four seasons.
Cells were found in winter, spring and
summer, and scales in autumn. This spe-
cies has also occurred almost all the year
round in a pond in Tsuruoka Park, Yama-
gata Prefecture, Japan (Takanasm 1978).
Genus Synura EHRENBERG (1835)

S. curtispina (PETERSEN et HANSEN) AsMUND
(1968) Fig. 13

Scales were found in spring and autumn.
S. glabra H-PEstarozzi (1941) Fig. 14

This species occurred in four seasons.
Cells were found in winter and spring, and
scales in other seasons.

S. petersenii KorsHIkOV (1929)

Scales were found in winter and spring.
S. sphagnicola (KorsHIKOV) KORSHIKOV
(1929)

Scales were found in autumn.

S. spinosa KorsHikov (1929)

Scales were found in winter.

Family Paraphysomonadaceae PRE®IG et
Hisserp (1983)

Genus Chrysosphaerella LAUTERBORN (1896)
C. brevispina KorsHikov emend. HARRIS et
BrabrLey (1958) Fig. 15

Dissociated cells were found in summer,
and scales in winter and spring.

Genus Spiniferomonas TakanAsHI (1973)

A species; S. takahashii was new to Japan.
S. bourrellyt Taxanasur (1973) Fig. 16

This species occurred in four seasons.
In a pond on Mt Rokko, it has also occurr-
ed all the year round (ITo and TAKAHASHI
1982).

S. cornutus BaLonov (1978)

Cells were found in winter and spring,
and scales in autumn. In a pond on Mt.
Rokko, it has also occurred between these
seasons (ITo and Takanasur 1982).

S. coronacircumspina (WUJEK et KRISTIANSEN)
Nicuorrs (1984) Fig. 17

Syn. Chrysosphaerella coronacircumspina
Wujek et KrisTiansen (1977), C. solitaria
Premsic et TakanasHr (1978).

Scales were found in spring, summer and
autumn.

S. takahashii Nicuorrs (1981) Fig. 18

Cells were found in summer, and scales
in winter and spring.

Distribution: Canada (NicHorLs 1981;
Kring and KRrisTianseN 1983), Norway
(SkogsTap 1986).

S. trioralis Taxanasu1 (1973) Fig. 19

This species occurred in four seasons.
Cells were found in winter and spring, and
scales in other seasons.

Genus Paraphysomonas DE SAEDELEER (1929)
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Thirteen taxa; P. caelifrica, P. capreolata,
P. circumvallata, P. coronata, P. corynephora,
 P. glandiata, P. poteriophora ssp. manubriata,
P. punctata, P. quadrispina, P. runcinifera, P.
stelligera, P. subquadrangularis and P. undulata
were new to Japan.

P. bandaiensis TaxanasH1 (1976) Fig. 20

This species occurred in four seasons.
Cells were found in spring, summer and
autumn, and scales in winter.

P. caelifrica Premsic et HiBBERD (1982) Fig.
21

Scales were found in spring, summer and
autumn.

Distribution: Denmark, England (Prer-
sic and HiBperp 1982a).

P. capreolata Preisic et HiBBErD (1982) Fig.
22

Scales were found in autumn.

Distribution: England (Premsic and His-
BERD 1982a), Greece (KrisTiansen 1983).
P. circumvallata TroMseN (1981) Fig. 23

Scales were found in spring, summer and
autumn.

Distribution: Canada (Kring and Kri-
STIANSEN 1983), Denmark (THOMSEN et al.
1981), England (Presic and HiBBERD
1982b), Greece (KRrisTIANSEN 1983).

P. coronata MOESTRUP et ZIMMERMANN (1981)
Fig. 24

Cells were found in winter.

Distribution: Canada (NicHoLLs 1984),
Denmark (KrisTianseN 1985; THOMSEN el
al. 1981), England (Preisic and HIBBERD
1982b), Greece (KRrisTIANSEN 1983).

P. corynephora PrEIsiG et HiBBERD (1982) Fig.
25

Scales were found in winter and summer.

Distribution: Canada (NicHorLs 1984),
England (Premsic and HiBBErRD 1982a).

P. diademifera (TakanasHI) PrEmsic et HiB-
BERD (1982) Fig. 26

Syn. Ochromonas diademifera TAKAHASHI
(1972), Lepidochromonas diademifera (TAKAHA-
sur) Kristiansen (1980).

Cells were found in autumn, and scales
in spring and summer.

P. glandiata PrEISIG et HiBBERD (1982) Figs.
27, 28

Scales were found in winter and spring.

Distribution: Canada (Nicuoris 1984),
Denmark (KristianseNn 1985), England
(PrEmsiG and HiBBErD 1982a).

P. imperforata Lucas (1967) forma No. 2

sensu TakanasHur (1978) Fig. 29
This species occurred in four seasons.

Cells were found in winter, spring and au-

tumn, and scales in summer. This forma

differs from the type in having the spine
with acutely pointed tip, and Premsic and

HisBerp (1982a) and Takanasur (1987)

suggested that it may be a separate taxon.

P. poteriophora ssp. manubriata PREISIG et

Hiseerp (1982) Fig. 30
Cells were found in winter and spring.
Distribution: Denmark (THOMSEN et al.

1981), England (Premsic and HIBBERD

1982b), Greece (KRrisTIANSEN 1983).

P. punctata ZtMMERMANN (1981) Fig. 31
Scales were found in winter.
Distribution: Canada (NicrHoLLs 1984),

Denmark (THOMSEN et al. 1981), England

(Pre1sic and HisBerD 1982b).

P. quadrispina  THOMSEN et KRISTIANSEN

(1981) Fig. 32
Scales were found in spring and summer.
Distribution: Denmark (THOMSEN et al.

1981), England (Premsic and HiBBERD

1982b), Greece (KRISTIANSEN 1983).

P. runcinifera Presic et HiBBerp (1982)

Fig. 33
Scales were found in autumn.
Distribution: Denmark, England (Preisic

and HisBerD 1982b).

P. stelligera PrEsIG et HiBBERD (1982) Fig.

34
Cells were found in spring, and scales in

winter.

Distribution: Denmark (THOMSEN et al.
1981), England (Premsic and HiBBERD
1982b), Greece (KristianseN 1983), The
Netherlands (Rorjackers and KESSELS
1981).

P. subquadrangularis PrEsic et HIBBERD

(1982) Fig. 35
Cells were found in winter, and scales in

summer.

Distribution: England (Preisic and His-
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BERD 1982b), Greece (KRISTIANSEN 1983).
P. undulata PresiG et HisBERD (1982) Fig.
36

Cells were found in autumn, and scales
in summer.

Distribution: Denmark, England (PrEisic
and HiBeerp 1982b).
P. vestita (STOKES) DE SAEDELEER (1929)
Fig. 37

This species occurred in four seasons.
Cells were found in winter, spring and
autumn, and scales in summer.

By the present study, 42 taxa of scale-
bearing chrysophytes and the seasons of oc-
currence of them in the south basia of Lake
Biwa were revealed, and 30 taxa among
them, 17 new to Japan and 13 previously
recorded, were added to the algal flora of
this lake. These 17 taxa might be also
distributed widely in Japan and occur in
the same season as that in Lake Biwa.

Almost all taxa of scale-bearing chryso-
phytes previously recorded in Japan are
widely distributed in the world (Asmunp
and KRISTIANSEN 1986; Preisic and His-
BERD 1982a, 1982b; StarmacH 1985; Ta-
KAHASHI 1978). Among 17 taxa new to
Japan, 2 species of Mallomonas; M. poriae-
Sferreae and M. striata var. striata have been
recorded from many countries of the world
(Asmunp and KRisTIANsEN 1986), whereas,
M.  pseudocoronata, Spiniferomonas takahashii
and 13 taxa of Paraphysomonas from a few
countries of Europe andfor N America.
Recently 22 new taxa of Paraphysomonas
were discovered in the Cambridge area,
England by Presic and Hieerp (1982a,
1982b). This fact shows that these taxa
have been overlooked for a long time be-
cause their cells are very small and easily
broken by fixatives. Finding of these 17
taxa new to Japan which is far away from
Europe, N America, SE Asia (Bangladesh)

and W Africa (Cameroun) indicates that
they are widely distributed in the world
as well as other scale-bearing chrysophytes.

The north basin of Lake Biwa has less
eutrophic waters and volume about 140
times larger than the south one (IcHISE
and WakaBavasur 1985; Trzuka 1984).
The species composition and the seasons of
occurrence of scale-bearing chrysophytes in
the north basin has not yet been clarified,
therefore such floristic study in this basin is
necessary and will produce many interest-
ing results.

PALMER (1959) has pointed out that naked
and scale-bearing chrysophytes are the most
significant cause of the fishy odor in waters.
As Lake Biwa is the most important water
resource for 13 million people living in four
prefectures; Shiga, Kyoto, Oosaka and
Hyogo, the multiplication of these chry-
sophytes in this lake is a great concern for
waterworks at present. Actually a bloom
of Uroglena americana (Ochromonadales,
Chrysophyceae) has appeared during the
period from late spring to early summer in
both south and north basins since 1977 and
done much damage to both the water supply
and fresh-water fishery (Yosuipa et al.
1983). Recently, a great bloom, not so
great, of Mallomonas tonsurata has appeared
in the south basin and produced fishy odor
(NEGorO and Takacr 1985). Accordingly
it is an important and urgent subject to
elucidate their quantitative seasonal fluc-
tuation as well as to make clear the chry-
sophyte flora in this lake.
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Figs. 2-13. Scales and bristles of Mallomonas and Synura: Figs. 2, 3. M. acaroides. Fig. 4. M.
akrokomos. Fig. 5. M. alpinn. Fig. 6. M. caudata. Fig. 7. M. heterospina. Fig. 8. M. parvula. Fig. 9.
M. portae-ferreae.  Fig. 10. M. pseudocoronata. Figs. 11, 12. M. striata var. striata. Fig. 13. S. curtispina.
(Scales: 1 um).
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Figs. 14-25.  Scales of Synura, Chrysosphaerella, Spiniferomonas and Paraphysomonas: Fig. 14. S. glabra.
Fig. 15.  C. brevispina. Fig. 16. S. bourrellyi. Fig. 17. S. coronacircumspina. Fig. 18. S. takahashii. Fig.
19. S. trioralis.  Fig. 20. P. bandaiensis. ~ Fig. 21.  P. caelifrica.  Fig. 22. P. capreolata. ~ Fig. 23. P.
circumvallata. — Fig. 24.  P. coronata. ~ Fig. 25.  P. corynephora. (Scales: Figs. 14-19, 1 z#m; Figs. 20-25,
0.5 pm).
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Figs. 26-37. Scales of Paraphysomonas:  ¥ig. 26.  P. diademifera. Figs. 27, 28.  P. glandiata. Fig. 29.
P. imperforata forma No. 2. Fig. 30. P. poteriophora ssp. manubriata.  Fig. 31.  P. punctata. Fig. 32. P.
quadrispina. ~ Fig. 33.  P. runcinifera.  Fig. 34 P. stelligera. Fig. 35. P. subquadrangularis. ~ Fig. 36. P.
undulata. Fig. 37. P. vestita. (Scales: 0.5 #m).
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Spatial differences in Cyclotella comta populations in the
Nishina-sanko Lakes, Nagano Prefecture, Japan

Kho MARUYAMA

Institute of Applied Microbiology, University of Tokyo, Tokyo 113, Japan

Maruvama, K. 1988. Spatial differences in Gyclotella comta populations in the Nishina-sanko Lakes,
Nagano Prefecture, Japan. Jpn. J. Phycol. 36: 154-165.

The horizontal and seasonal variations in the cell size distribution and standing crops of C. comta
populations on coastal surface water in the Nishina-sanko lakes were examined during 1972 and 1973.
KoLMoGOROV-SMIRNOV two-sample test (KTT) in summer populations revealed that the subgroups
have different distribution at 0.1, 0.5 and <0.1 per cent levels of significances in Lakes Aoki,
Nakatsuna and Kizaki, respectively. The differences in population within each lake were,
however, below that among lakes. The population in Lake Aoki exhibited a slight deviation from
the normal trend and had a small size of location of distribution and higher cell density, while the
case was the opposite in all the above aspects in Lake Kizaki. The populations in Lakes Nakatsuna
and Aoki resembled each other in the form and location of distribution and the standing crop, be-
cause the water in Lake Aoki had direct effect upon the surface water in Lake Nakatsuna during
summer. The cell size in summer populations in these three lakes was smallest as compared to that
in other seasons. On the other hand, the standing crop, water temperature and electric conduc-
tivity were high.

Key Index Words: Aoki Lake—cell size distributions—Cyclotella comta—horizontal changes—intra-
specific variation—Kizaki Lake—local populations— Nakatsuna Lake— Nishina-sanko Lake—seasonal

changes—spatial differences—standing crops.

The plankton species flourish in open
water bodies and often develop into blooms.
Except a few situations, considerable inter-
and intraspecific variations occur in their
populations. The existence of intra-specif-
ic variation of plankton species has been
suggested by Knubsen (1955 in Rounb,
1965), GuiLLarp and RyTHEr (1962),
CarpeENTER and GuirLarp (1971) and
FisHER et al. (1973). The clones isolated
by them may be part of a widespread
population having a number of intergrad-
ing morphological and physiologiacl types,
while the spatial differences and their ex-
panses are still obscure (WIMPENNY, 1936,
1946, 1966; Namik: et al., 1985) and not
verified genetically.

Diatom Cyclotella comta (Exr.) K1z, and
its synonyms have been included in Van
LanpingHAM (1969). The taxonomic posi-

tion, the morphological biometrics, and ul-
trastructure of valves of this taxon have
begun to receive some critical attention
(PLaNas, 1972; Lowe, 1975; MaHoOD et al.,
1984; Genkar, 1984). Fresh and slightly
brackish water is the habitat of C. comta
(Ar-Karsi, 1974). C. comia exhibits one or
two pulses in annual fluctuation (WEsT and
WEest, 1912; Dorgero et al., 1981; FLix,
1986) and appears in the latest diatom of
phosphate-limited sequnece (DoORGELO et
al., 1981; Van Donk, 1984). Successional
pathways in lakes of different trophic status
are also generalized by Raynorps (1984).
The presence of this taxon indicates deep
oligotrophic types of lakes (Brucam, 1983)
and is found only in small numbers in meso-
trophic lakes (HorrLanp and CrAFLIN, 1975;
DoRGELO et al., 1981 ; JOHANSEN et al., 1982;
FLik, 1986). In small manmade lakes rich
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Table 1. The loccations, areas, and depths of the Nishina-sanko lakes (Tanaka, 1930;

Hortg, 1956; HoriucHi et al., 1963)

Lake Longitude Latitude Sea(.nfsvel (‘I'\(x;;az) Maxinztrxnrgl depth Meazlmc;ep th
Aoki 137°51" 36°37’ 822 1.863 58.0 29.0
Nakatsuna 137°51” 36°36’ 815 0.141 12.0 5.7
Kizaki

137°50"

in nutrients, the cell number reaches 55 x
10*/m! for C. comta and C. stelligera (TIEFEN-
BRUNNER and RotT, 1975).

The Nishina-sanko Lakes are situated in
the east side of the Japan Alps. Mt. Sano-
zaka forms the watershed from where the
Hime-kawa River flows to the north and
the Nogu-gawa River in the Nishina-sanko
valley southward. The locations, areas,
and depths of the Nishina-sanko lakes are
shown in Table 1 (Tanaka, 1930; Horig,
1956; HorrucHr et al., 1963). Since 1954,
the water depth in Lake Aoki has decreased
markedly to a minimum depth of 37 m, be-
cause of the water-intake for the power
plant. It would take about eight months
to recover from a drop. Gradual decrease
of transeparency from north to south in
Lake Kizaki was also observed (Horruchi
et al., 1963). Lakes Aoki, Nakatsuna, and
Kizaki have been defined as oligo-, eu-,
and mesotrophic types, respectively by Sarjo
(1956), Yasuba et al. (1975) and MaEeDpA
and Tomioka (1977), while according to
Krracawa (1973) Lakes Aoki and Kizaki
belong to meso- and’ eutrophic types, re-
spectively. C. comta group in the Nishina-
sanko valley are described by HusTEDT
(1927), Kawamura (1928), SkvorTzow
(1936), Ko-Bavasur et al. (1971), and
Yasupa et al. (1975).

Materials and Methods

Forty-one sampling stations were chosen
along the shore, »iz. 16 in Lake Aoki (Sta-
tions A1-A16), 10 in Lake Nakatsuna (Sta-
tions NI1-N10), and 15 in Lake Kizaki
(Stations K1-K15) (Figs. 1-3). Surface
water samples were collected five times

36°33° 764

1.413 29.5 17.9

druing 1972-73 in 500 m! polyethylene
bottles (November 4-5, 1972; December
10, 1972; January 3, April 2, and July 31
to August 1 or August 26, 1973). The pH
and electric conductivity (EC) were meas-
ured by using both portable pH (Toa DM~
1A) and EC (Toa CM-3M) meters.

For the estimation of the standing crops
and cell size distributions, 30, 50, 100, 200
or 300m! water samples were filtered
through a membrane filter (Millipore
RAWP 04700, 1.2 yum pore size and 47 mm
diam.) reducing the pressure by using a
miniature vacuum pump (Millipore XX61
00000), and cells on a filter fixed with a 10
per cent neutral formalin solution and
stored in a petrislide (Millipore PDI15
04700).

Population estimates were based on the
cell counts of 10 to 70 block samples drawn
at random from imaginary 910 occular
quadrates and expressed as number of
cells per ml. The means and the standard
error of the means (SEM) were estimated.
The diameter of the frustles were measured
in 200 cells in each population by using a
video-writer (FOR.A FVW300) connected
to a computer (FM-11). The point and
95 per cent confidence interval of popula-
tion means and medians, SEM, and the
point and 90 per cent confidence interval
of the standard deviation were estimated.
KoLMOGOROV-SMIRNOV one sample test
(KOT) for detecting the departure from
normality, BARTLET’s test (BT) for homo-
geneity of varinace, and KoLMOGOROV-
Smirnov two sample test (KTT) for the
detection of difference in form and location
of distribution were also employed (Buiss,
1967; CamMPBELL, 1974).
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Results
Environmental conditions: a. Horizontal
changes. The water temperature, pH and

EC of the surface water in Lake Aoki on
July 31 are shown in Fig. 1. The water
temperatures were 21.2 to 23.2°C, pH 6.8
to 7.4 (except 8.2 and 8.4 at stations 1 and
16 respectively), and EC between 31.0 and
33.0 4 mhof/cm (except 38.0 4 mho/cm at
station 16).

The water temperatures (°C) in Lake
Nakatsuna were 12.5 to 12.6 (except 13.0
at station 6), 6.3 to 6.8 (except 5.7 at sta-
tion 6), 3.3 to 3.7, 4.4 to 6.0, and 23.2 to
23.8 (except 21.7 and 24.4 at stations 6 and
7 respectively), on Nov. 4, Dec. 10, Jan. 3,
Apr. 2, and Aug. 1, respectively (Fig. 1).
The water temperatures were almost the
same at fixed times, except slight deviation
found at stations 6 and 7 and a contrast
between east and west shores on April 2.
The pH was 6.8 to 7.2, 6.8 to 7.4, and 6.2
to 8.0 on Nov. 4, Dec. 10 and Aug. 1, re-
spectively. The pH on Aug. 1 largely
depends on the station. In other seasons
the values were fairly neutral. The EC (u
mho/cm) were 30.0 to 34.0, 27.5 to 29.0
(except 35.0 at station 6), 28.0 to 31.0
(except 41.0 at station 6), 29.0 to 34.0,
and 35.5 to 38.0 (except 33.0 at station 6)
at five different times. The EC were con-
stant, although the value at station 6 de-
viated from the rest and fluctuated consid-
erably on April 2. The Upper-Nogu-gawa
River which flowed out from Lake Aoki
drains into the station 6 in Lake Nakatsuna.
The flow ceased from Dec. to July.

Fig. 1 also shows the situation in Lake
Kizaki-on August 26. The water tempera-
tures were 25.3 to 26.8°C , pH 6.8 to 7.1
(except 6.4 at station 2), and EC 45.0 to
48.0 4 mho/cm (except 59.0 at station 2),
which did not change with the station mark-
edly except station 2.

Fig. 1 further shows the water tempera-
ture, pH, and EC at different times at the
stations 10 and 12 in Lakes Aoki and Kizaki,

respectively. The water temperatures (°C)
were 12.6, 4.8, 5.9, and 21.6 on Nov. 5,
Jan. 3, Apr. 2, and Jul. 31, respectively in
Lake Aoki, and 12.9, 6.0, 7.1, and 25.5 on
Nov. 5, Jan. 3, Apr. 2, and Aug. 26, re-
spectively in Lake Kizaki. The pH was 7.6
and 6.8 on Nov. 5 and July 31, respectively
in Lake Aoki, and 7.4 and 7.0 on Nov. 5
and Aug. 26, respectively in Lake Kizaki.
The EC (x4 mho/cm) at the same dates men-
tioned in the case of water temperature were
30.0, 26.0, 23.0, and 32.0 respectively in
Lake Aoki, and 32.0, 27.0, 26.0, and 46.0
in Lake Kizaki. The water temperatures
at Lake Nakatsuna at the same dates men-
tioned above were —O0.1 to 0, —1.1 to
—1.5, —1.5 to 0.1 and 1.6 to 2.2°C higher
respectively than those in Lake Aoki. EC
at the same dates were respectively 0 to 4.0,
2.0t0 5.0, 6.0 to 11.0, and 3.5 to 6.0 4 mho/
cm higher in Lake Nakatsuna than those in
Lake Aoki. The water temperatures at the
same dates in Lake Kizaki was 0.3, 1.2 and
1.2°C higher than those of Lake Aoki. The
EC in the same series were 2.0, 1.0, and 3.0
mho/cm higher in the former lake than those
in the latter. As for the pH, there was no
appreciable difference between these three
lakes.

b. Seasonal changes. The seasonal changes
of the water temperature, pH, and EC
at stations 10 and 12 in Lakes Aoki and
Kizaki, respectively, and all the stations in
Lake Nakatsuna are shown in Fig. 1. In
Lakes Aoki and Kizaki, the temperature
dropped through Nov. to Jan. and rose
through Apr. to Jul. or Aug., and the EC
decreased from Nov. through Jan. to Apr.
and increased in Jul. or Aug. In Lake
Nakatsuna, situation of the temperature
was similar to that in Lake Aoki. The pH
remained unchanged except in Aug. and
the EC was the minimum in Dec. and in-
creased reaching a maximum in Aug.

Population density: a. Horizontal changes.
Fig. 2 depicts the cell population at each
station in Lake Aoki on July 31, showing a
rather uniform number from 1155+37 to
2139+ 34 cells/ml. Relatively large num-
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bers of cells (2088 and 2139 cells/ml) at
stations 1 and 2 of north-northeastern shore,
and small numbers (1155 and 1357 cells/
ml) were observed at stations 16 and 15 of
northeast-eastern.

The time-course of population density in
Lake Nakatsuna is also shown in Fig. 2.
At the five different sampling times, the
cell numbers were 536 to 676 (65523 at
station 10)/mi (except 856 at station 6), 70
to 120 (703 at station 10)/m! (except 9
at station 6), 19 to 37 (252 at station 10)/
m/ (except 4 and 116 at stations 6 and 8
respectively), 15 to 26 (1542 at station 10)
/ml (except 1, 47 and 89 at stations 6, 8
and 9 respectively), and 624 to 891 (891+
24 at station 10)/m! (except 1582 station 6).
The cell number at station 6 deviated from
the uniform number and increased in Nov.
and Aug., but decreased in Dec., Jan.
and Apr.. The Upper-Nogu-gawa River
flowed out from Lake Aoki and drained
into station 6 in Lake Nakatsuna, and the
flow ceased from Dec. to July. Deviations
were also toward large at stations 8 and 9
on April.

Fig. 2 also shows the situation in Lake
Kizaki on August 26. The cell numbers
in all stations ranged from 10046 to 191+
6/ml. The minimum and maximum num-
bers were observed at stations 1 and 2 re-
spectively.

Fig. 2 also depicts the cell population at
five different times of collection at stations
10 and 12 in the Lakes Aoki and Kizaki,
respectively. The cell number per m/ was
95147, 123+5, 154+9, 545129, and
184380 on Nov. 5, Dec. 10, Jan. 3, Apr.
2, and Jul. 31, respectively in Lake Aoki and
261+16,49+3, 41+3,50+5, and 111+6
on Nov. 5, Dec. 10, Jan. 3, Apr. 5, and
Aug. 26, respectively in Lake Kizaki. The
cell densities in Lake Kizaki at the same
dates were respectively 690, 74, 113, and
495 cells/ml lower than those in Lake Aoki.
At the same dates, the cell densities at Lake
Nakatsuna were 257 to 415, 3 to 53, 117 to
135, 519 to 530, and 952 to 1219 cells/ml
lower than those in Lake Aoki.

b. Seasonal changes. The seasonal changes
in cell number at stations 10 and 12 in
Lakes Aoki and Kizaki, respectively and
at all the stations in Lake Nakatsuna can
also be seen in Fig. 2. The population
density in Lake Aoki decreased from Nov.
to Dec.—Jan. and then increased through
Apr., reaching a maximum of 1843 cells/
m! on July. In Lake Kizaki, the density
decreased from the maximum of 261 cells/
ml in Nov. to Dec., Jan. and Apr. and then
increased by Aug. In Lake Nakatsuna,
the density decreased from Nov. through
Dec. to Jan. and Apr., then increased and
reached the maximum of 624 to 891 cells/
m! on August.

Cell size distributions of the populations. a.
Horizontal changes. The frequency distribu-
tions of living cell diameter of each
population in Lake Aoki on Jul. 31 were
different from each other in form, positive
skew or symmetry, and location. KOT

Table 2. The observed largest differences of
KoLMOGOROV-SMIRNOV one-sample test (KOT) for
detecting the departure from nomality in the
Nishina-sanko lakes in summer. In these cases the
value for 5 per cent significance is 0.0964. If the
difference exceeds this value the distributions can-
not reasonably be regarded as normal.

Lake Aoki Lake Nakatsuna  Lake Kizaki
Station Station Station
No. No. No.
3 0.1001 6  0.0931 8 0.0612
4 0.0817 7 0.1142 9  0.0584
5  0.0957 8 0.1099 10  0.0604
6  0.0879 9 0.0877 11 0.0820
7  0.0999 10  0.1011 12 0.0638
8  0.0884 5 0.0711 13 0.0726
9  0.0629 4 0.0935 14 0.0603
10 0.0708 3 0.1439 15 0.0677
11 0.0642 2 0.1096 7 0.0497
2 0.0954 1 0.1037 6 0.0593
1 0.0762 5 0.0477
16  0.0622 4 0.0705
15  0.0749 3 0.0575
14 0.0656 2 0.0631
13 0.0777 1 0.0604
12 0.1003
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was used for detecting the departure from
normality of the observed distribution.
The largest value of the differences in
each population are shown in Table 2.
Since the observed differences exceed or are
close to the value of 0.0964 for 5 per cent
significance, the distributions cannot rea-
sonably be regarded as normal at many
stations. Thus it is inadequate to com-
pare the population means. Fig. 3 expresses
the point and interval estimates of popula-
tion medians in Lake Aoki. The popula-
tion medians and their 95 per cent con-
fidnence limits were 9.88 (9.59, 10.14)
to 10.67 (10.41, 11.01) um as shown in Fig.
3. The population medians increased in
the following order: stations 2, 12, 5, 3, 1,
10, 13, 7, 15, 9, 11, 4, 6, 8, 14, and 16.
Table 3 shows the values of KTT in Lake
Aoki by combining the population medians
of stations arranged in ascending order.
The KTT values over 5 per cent level of sig-
nificance are indicated by a quadrate. In
this case, the populations at stations 7, 15,
11, 4, and 6 were the same as others; those
at stations 13 and 9 were different from
station 14 only; those at stations 5 and 3
were different than the populations at sta-
tion 16. The population at station 1 was
different from those of station 8 and station
16. The populations at stations 2, 12 and
10 were greatly different. The populations
at stations 8, 14, and 16 had the highest
population medians, ranging from 10.56 to
10.67. The difference in the distribution
at 0.1 per cent level of significance was
found by KTT between stations 2 and 16.

The frequency distributions of living cell
diameter in Lake Nakatsuna on Aug. 1 were
rather positively skewed. The observed
values of KOT exceeded at stations 1-3, 7,
8 and 10 and most distributions differed
from normal. The population medians
and their 95 per cent confidence limits
were 9.37 (9.07, 9.86) to 10.01 (9.63, 10.36)
um as shown in Fig. 3. The population
medians in summer increased in the follow-
ing order: station 8, 7, 10, 6, 3, 9, 2, 1, 4,
and 5. The differences in the distribution at

0.5 per cent level of significance were re-
cognized by KTT between the population
at station 8 and that at station 2. The
population medians (um) in other seasons
were 10.88 (10.65, 11.21) to 11.21 (10.66,
11.48) except 11.59 (11.21, 12.07) at sta-
tion 6, 11.30 (10.97, 11.79) to 11.76 (11.32,
12.10), and 10.99 (10.67, 11.25) to 11.66
(11.42, 12.04) on Nov. 4, Dec. 10, and Jan.
3, respectively (Fig. 3).

The frequency distributions in Lake
Kizaki on Aug. 26 were rather symmetric.
The observed differences of KOT were
lower than 0.0964 for 5 per cent significance
and the distributions are hence normal.
The BT for homogeneity of variance was
taken in this case. The observed value
was 61.720 and higher than 24.996 for 5
per cent probability, hence the comparison
of population mean was not feasible here.
The population medians and their 95 per
cent confidence limits were 10.43 (10.26,
10.98) to 11.48 (11.21, 11.73) ym as shown
in Fig. 3. The population medians in-
creased in the order, stations 11, 4, 14, 13,
7,15, 8,10, 6, 9, 5, 3, 12, 1, and 2. The
difference in the distribution at <0.1 per
cent level of significance were determined
by KTT. Small population medians were
observed in stations 4, 14 and 15 and
others having large ones were stations 14
and 2.

Fig. 3 also depicts the population medians
at five different times at stations 10 and 12
in Lakes Aoki and Kizaki, respectively.
The median (um) was 11.44, 11.75, 11.27,
10.95, and 10.12 on Nov. 5, Dec. 10, Jan.
3, Apr. 2, and Jul. 31, respectively in Lake
Aoki and 11.36, 12.28, 12.01, 11.61, and
10.97 on Nov. 5, Dec. 10, Jan. 3, Apr. 5,
and Aug. 26, respectively in Lake Kizaki.
The median at the same times in Lakes
Kizaki was —0.08, 0.53, 0.74, and 0.66,
higher than that in Lake Aoki. The down-
grades, such as a head (um) of 0.23 to 0.56,
—0.01 to 0.45, —0.39 to 0.28, and 0.11 to
0.75 in the same series, were indicated in
Lakes Nakatsuna and Aoki. In Lake
Kizaki, the medians were higher in all
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Fig. 3. Sampling locations and the horizontal and seasonal changes of the point and interval
(bold line) estimates of population medians of cell diameter in the Nishina-sanko lakes on November
4-5 (open diamond), December 10 (solid triangle), January 3 (open triangle), April 2 (solid circle),
and July 31 to August 1 (Lakes Aoki and Nakatsuna) and August 26 (Lake Kizaki) (open circle}
from 1972 to 1973.
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(KTT) in Lakes Aoki (upper),

bining the population medians of stations arranged in ascending order.
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Table 3. The observed largest differences of KoLMOGOROV-SIMIRNOV two-sample test

Nakatsuna (middle), and Kizaki (lower) in summer by com-
In the present case
the significance at 10, 5, 2.5, 1, 0.5 and 0.1 per cent level are 0.122, 0.136, 0.148, 0.163, 0.173
and 0.195, respectively. At various levels of significance two populations cannot reasonably
be regarded as having the same distribution.
are indicated by a quadrate.

The values over 5 percent level of significance

ST 16 14 8 6 4 11 9 15 7 13 10 1 3 5 12
2 [.195][.175|[.165].135 .125 .115 .120 .115 .120 .125 .060 .050 .095 .080 .070
12 |.180](.140 [{.140|.105 .095 .085 .095 .090 .090 .090 .055 .050 .060 .095
5 |.160| .125 .135 .090 .090 .080 .090 .100 .130 .095 .110 .095 .090

3 |.150] .100 .120 .085 .055 .055 .085 .085 .075_.080 .075 .070

1 [.170] .135 [.150].105 .105 .090 .100 .115 .120 .080 .040

10 [.185([.140][.140].115 .095 .080 .110 .110 .115 .075

13 .130 {.145] .130 .110 .105 100 .065 .085 .120

7 .110 .070 .065 .070 .055 .085 .120 .110

15 .130 .120 .105 .085 .080 .070 .065

9 .115[.150] .125 .090 .095 .080

11 .135 .095 .085 .080 .050

4 .120 .070 .110 .070

6 .080 .075 .065

8 .075 .065

14 .095

ST 5 4 1 2 9 3 10 7

8 .125 [.155] .135 [.165] .110 .135 [.150] .130 .110

7 .080 .09 .075 .095 .065 .075 .080 .060

10 .065 .075 .090 .080 .070 .055 .070

6 .070 .055 .075 .065 .080 .070

3 .060 .050 .080 .055 .060

‘9 .050 .075 .085 .100

2 .065 .045 .075

1 .085 .060

4 055

ST 2 1 12 3 5 9 0 8 15 7 13 14 4
11 [.220].115 .110 .090 .09 .070 .065 .070 .055 .120 .050 .075 .060 .055
4 [.215][.140].105 .0%0 .085 .075 .060 .070 .075 .135 .065 .055 .075
14 [.200][.150 |.110 .105 .075 .080 .075 .095 .080 .080 .065 .100

13 [.210] .130 .100 .095 .035 .060 .065 .075 .075 .090

7 [.200] .110 .115 .105 .070 .095 .055 .060 .055 .085

15 |.230 mfﬁm 095 [(140] .115 .115 .110

8 [.185].095 .090 .075 .060 .080 .075 .050

10 [.170] .080 .080 .060 .050 .050 .060

6 |.185].130 .095 .075 .060 .065

9 [.185]| .120 .080 .065 .070

5 [.175] .105 .085 .080

3 .130 .075 .050

12 .125 .070

1 .15
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Table 4. The population means and their 95 per cent confidence limis, the standard
errors of the means (SEM), and the standard deviations (SD) and their 90 per
cent confidence limits in the Nishina-sanko lakes in summer, 1973. Table 4
also shows the population minimum (MIN) and maximum (MAX) in summer.
Cell diameter (#m)
Mean SEM SD MIN7 71\/TAX
L. Aoki 10.22 (9.95, 10.49) 0.12 1.70(1.57, 1.85) 5.81 15.92
—10.91(10.63, 11.19) —0.15 —2.11(1.95, 2.31) —7.41 —19.68
L. Nakatsuna 9.89 (9.62, 10.16) 0.13 1.80(1.99, 2.35) 6.15 15.59
—10.35(10.16, 10.61) —0.15 —2.15(1.99, 2.35) —7.12 —19.75
L. Kizaki 10.65(10.37, 10.93) 0.12 1.59(1.47, 1.74) 6.29 14.93
—11.47(11.22, 11.72) —0.14 —2.05(1.89, 2.23) —7.72

163

seasons except Nov. compared with those
in Lakes Aoki and Nakatsuna (except sta-
tion 6).

Other estimates such as the population
means and their 95 per cent confidence lim-
its, the standard errors of the means, and
the standard deviations and their 90 per
cent confidence limits in three lakes in sum-
mer are shown in Table 4, which also shows
the population minimum and maximum.
The range of the valve diameter in the pre-
sent study was 5.61 to 24.33 ym.

b. Seasonal changes. At all the stations
in Lakes Aoki, Nakatsuna and Kizaki the
population medians increased from Nov. to
a maximum in Dec. or Jan., followed by a
decrease to a minimum in summer (Fig. 3).

Discussion

A wide range of variation in the valve
diameter exists among the different eco-
types of C. comta. The type species C.
comta has been reported to have valves of
1/96""" (Kurzing, 1849), 15 to 50 um
(HustepT, 1930), 8 to 16um (PLANAS,
1972) or 14 to 20 um diam. (Ar-Karsi,
1974). The range is 9-17.5 yum (n=15) in
var. comta and 21.2-53 ym (n=13) in var.
glabriuscula (GENKAL, 1984). C. comta var.
paucipunctala GRUN. from Lake Aoki is de-
scribed by HustepT (1927) and SkvorTzow
(1936). This variety differs markedly from
the type species in its central area with scat-
tered beads forming a star. SkvOrRTzZOwW

—23.79

(1936) described a new form of C. comta (f.
parva) from Lake Kizaki, based on its smaller
valve size of 4.2 to 6 ym, but this form is a
synonym of the type (VAN LANDINGHAM,
1969). The populations in the present
study showed a range from 5.61 to 24.33
pum. The specimens in the Nishina-sanko
valley are either a local population having
small valve or the type recorded by Pra-
Nas (1972), Ar-Kast (1974) and GENKAL
(1984).

The population at station 16 in Lake Aoki
showed structural and ecological peculiari-
ties in the difference at low level of signifi-
cance by KTT, the largest location of dis-
tribution, and the minimum population
density. The water in this station also had
maximum temperature, pH, and EC. In
Lake Kizaki the population at station 2 has
similar characteristics.

Although there was such a peculiar pop-
ulation in each lake, the difference in cell
size distributions as well as in population
densities and in environmental conditions
within lakes were below that among lakes.
In Lake Aoki, C. comta population on coastal
surface water in summer was exhibited slight
deviation from normal trend, smaller loca-
tion of distribution and higher standing crop
and it had a relatively low water tempera-
ture and EC, while it was the opposite in
Lake Kizaki.

The form and location of cell size distri-
bution in this diatom seemed to depend on
the population density. The positive skew
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form, slight deviation from normality, and
smaller location in distribution might be due
to cell division specific to diatoms.

The existance of C. comta indicates deep,
low phosphorus, high transparent (BrRuGaw,
1983), oligotrophic (HorLaND and CLAFLIN,
1975) types of lakes. As the lake became
enriched C. comta decreased (Lunp in Hot-
LaND and Craruy, 1975). In the meso-
trophic lake, the number of C. comta was
low (DoRGELO ¢t al., 1981 ; JOHANSEN et al.,
1982; VAN Donk and RINGELBERG, 1983;
Frix, 1986). Lakes Aoki and Kizaki cor-
respond to the former and the latter, re-
spectively.

A structural and ecological similarity was
found between the populations in Lakes
Nakatsuna and Aoki. The water in Lake
Nakatsuna which is a small river-lake is af-
fected considerably by Lake Aoki close to
it (Sarjo, 1956). The water temperature
was lowered by the inflow of water in sum-
mer (Tanaxa, 1930). The water in Lake
Kizaki registered the highest temperature
among the three lakes in summer because
the water stayed long in the large and long
river-lake. The upper temperature limit
might also influence the growth of C. comta,
other than eutrofication.

Differences in population densities and in
environmental conditions could be seen
among the lakes. They are constant in
large areas and unique in each lake, as
against the structural differences in cell
size ditsributions. C. comia seems to be
sensitive to environmental condition. A-
bundance of the cells appears in a limited
sphere such as deep oligotrophic lakes.
This seems to be a general global pattern.
But the direct relation between environ-
mental condition and cell number as well
as cell size cannot be fixed. The intra-
specific variation of this taxon will become
clear by further studies on its population
dynamics in other lakes, mating frequency,
fine structure and biochemical characters.
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Ecklonia cava KJELLMAN usually occupies deeper water than does Eisenia bicyclis SETCHELL in sub-
littoral rocky areas. Young fronds of these species are growing under considerably low light condition
on the community floor. Ciritical light intensity for young Ei. bicyclis and Ec. cava observed on the
community floor was respectively 1.0-1.5% and 0.5-1.0% of the light intensity at water surface.
Photosynthetic rate of young fronds of both species was saturated at 200 4E/m?/s, and the saturated rate
was higher in Ei. bicyclis than in Ec. cava. Under light lower than 50 4E/m?[s the net photosynthetic
rate was higher in Ec. cava than in Ei. bicyclis, and the compensation light intensity was 4.8 uE/m?/s for
the former and 8.2 4E/m?[s for the latter. Daily net production was calculated with the mathematical
model based on photosynthesis-light equations and natural light conditions. The estimated daily
compensation light of young Ee. cava was 0.6%, (0.24 E/m?/day) and that of young Ei. bicyclis was 1.19%,
(0.42 E/m?/day) of the water surface light intensity on the day of average solar radiation for the period

of the present study (April-July). The estimated daily compensation light intensity agreed well with
the observed critical light intensity for both species on the community floor. It is clear that young
Ec. caua fronds can grow under the lower in situ light intensity in deeper water as compared with young

Ei. bicyclis fronds.

Key Index Words: compensation point—critical light intensity—Ecklonia cava—Eisenia bicyclis—

Phaeophyta—photosynthesis—seaweed.

The two species of brown algae, Eisenia
bicyclis SETcHELL and Ecklonia cava KJELL-
MAN, are widely distributed along the
Pacific coast of central Japan, and are
important algae both ecologically and
economically. Ei. bicyclis usually grows in
shallow water down to 5m in the sublit-
toral zone, while Ec. cava occupies deeper
water of 3-25 m or more, both species form-
ing dense marine forests. A considerable
knowledge has been accumulated on their
distribution and population structure from
the ecological point of view (HavasHIDA

Contribution No. 481 from Shimoda Marine Re-
search Center, University of Tsukuba.

1977, Twauasu1 1968, IwaHAsHI ef al. 1979,
Kipa and Maecawa 1982, 1983, 1985,
OnNo and IsHikawa 1982, TanicucHr and
Karo 1984, Makcawa and Kipa 1984a,
b). There are, however, few studies on
their photosynthesis and respiration which
are important for estimating the primary
production (SAKANISHI et al. 1988a, b) and
for production ecology (MAEGAwA et al.
1987).

A large part of the biomass and produc-
tion of Ei. bicyclis and Ec. cava is accounted
for by the adult fronds forming the canopy
(HavasHipa 1986, TANARA ef al. 1984,
YokoHAMA et al. 1987, MAeEcawa and
Kimipa 1987). However, young fronds on
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the community floor play an important
role as major constituents of the coming
generation. The main external factor in-
fluencing the productivity of the algal com-
munities might be an incident solar radia-
tion. On their community floor, however,
light intensity is very low (HavasHipA 1986,
Maecawa and Kipa 1987), because the
light is absorbed by the blades in the can-
opy and by water column. It is necessary
for young fronds of these species to receive
light greater than their compensation light
intensity for their growth. Thus, the light
condition in the communities is the most
important factor allowing young fronds to
survive and grow up to adults. In addi-
tion, it is important to know accurately the
photosynthetic rate at light levels near the
compensation point for estimating the daily
light requirements. Furthermore, the dis-
tribution and diurnal changes in solar ra-
diation are important for determining daily
net production and daily compensation
point.

The present study was undertaken to
determine the critical light conditions for
young fronds of Ei. bicyclis and Ec. cava
with reference to the characteristics of
photosynthesis and the natural light con-
ditions in the communities, following the
previous study (MAaEGawa et al. 1987).
This kind of information will be useful in
determining the factors governing the dif-
ference in vertical distributions of the two
species.

Materials and Methods

Measurements of light distribution on the
community floor were carried out at 5m
depth in Nabeta Bay, Izu Peninsula, Shi-
zuoka Prefecture, on June 21, 1985, for Ec.
cava community, and at 4m depth off
Iwaizaki, Shima Peninsula, Mie Prefecture,
on June 13, 1986, for Ei. bicyclis commu-
nity. To determine the light distribution
on the community floor where young fronds
were growing, light intensity was measured
at 121 points 10 cm apart from each other

in the community with a quantum meter
(LI-COR 185B/192SB). Light in the com-
munity and on the sea surface was simul-
taneously monitored by a recorder (TOA
EPR-152A) on a boat, and the relative
light intensity was calculated.

Photosynthesis and respiration of young
Ei. bicyelis and Ec. cava were measured from
April to July 1986. Intact young fronds
less than one year old (cf. MAEGAwWA and
Kma 1984a, b) with frond area of 15-35
cm?® and dry weight of 60-250 g were col-
lected from the communities at depths of
3-4m for Ei. bicyclis and 7-10m for Fc.
cava around the coast of Shima Peninsula,
Mie Prefecture. When samples were col-
lected light intensity at the growing site was
measured. The collected samples were
transported to the Fisheries Research Lab-
oratory of Mie University and were rinsed
with seawater to make them free of obvious
epiphytes with careful handlings not to
wound the fronds. After keeping the sam-
ple fronds in running seawater overnight,
photosynthesis and respiration were mea-
sured with a differential gas-volumeter
(YokoHaMA and IcmmMmura 1969, Yoko-
HAMA el al. 1986, YokoHAMA and MAEGAWA
1988). Twenty-one fronds of Ei. bicyclis
and thirteen fronds of Ec. cava were used
for photosynthesis and respiration measure-
ments. The methods of measuring photo-
synthesis and respiration were essentially
the same as those described in the previous
paper (MAEGAWA et al. 1987).

Photosynthetically active radiation (PAR)
on the horizontal plane was measured with
a quantum meter (LI-COR 192SB) from
April to July 1986 at the campus of Mie
University about 70 km to the north of the
sampling site. Values were integrated ev-
ery 0.5 sec. and recorded at 10 min. in-
tervals to the data-logger (LI-COR LI-
1000).

Results

Fig. 1 shows the distribution of relative
light intensity on the community floor as
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Fig. 1. Distributions of the relative light intensity (isopleths, % of the water surface value) and of
individuals on the community floor of Eisenia bicyclis (a) and Ecklonia cava (b). The size of circles indicates
the length of stipes: large open circles, >30 cm; small open circles, 10-30 cm; small solid circles, <10 cm.

H, higher; L, lower.

well as the distribution of individual fronds
for both species. Relative light intensity
varied from 0.6 to 2.29, for Ei. bicyclis, and
from 0.2 to 1.89, for Ec. cava. Most of the
young fronds less than 10 cm of stipe length
were found growing in the places where
light intensity was higher than 1.09, for
Ei. bicyelis and 0.5%, for Ec. cava. It should
be noticed that the critical light condition
for survival and growth is between 1.0 and
1.59, for the former and between 0.5 and
1.09, for the latter. It is thus clear that
young fronds of the two species were grow-
ing under very low light intensity on the
community floor. Relative light intensity
of 19, corresponds to about 20 uE/m?[s at
local noon on a fine day from April to July
in the region investigated.
Photosynthesis-light curves on frond area
basis of young Ei. bicyclis and Ec. cava are
shown in Fig. 2. Photosynthetic rate of
both species was almost saturated at 200
HE[m?[s, and the saturated rate was higher
in Ei. bicyclis than in Ec. cava. Under light
intensities lower than 50 yE/m®/s, however,
the net photosynthetic rate was higher in
Ec. cava than in Ei. bicyclis and it increased

50

({02 /cm2/h)

Photosynthesis

-5 1

0 100 200 300 400

Photon Flux Density (uE/m?/sec)

Fig. 2. Photosynthesis-light curves at 20°C of
young Eisenia bicyclis (a) and Ecklonia cava (b).
Vertical bars indicate SD.

Table 1. Photosynthesis-light equations on
frond area basis, weight basis and chl. a basis in
young Eisenia bicyclis and Ecklonia cava. P, net
photosynthetic rate; I, photosynthetically active
radiation (0S1=25 yE/m?[s).

Basis Ei. bicyclis Ec. cava
Area P=0.411-3.38 P=0.381—-1.82
Dry weight P=0.0591—0.50 P=0.0631—0.29
Chl. a P=0.291—-2.48 P=0.321—-1.56

linearly with increase in light intensity in
both of the species. Table 1 shows the
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Fig. 3. Relationships between the relative
light intensity at growing site and the compensa-
tion light intensity for young Eisenia bicyclis (@)
and Ecklonia cava (Q).

linear photosynthesis-light equations repre-
sented on frond area basis, dry weight basis
and chl. a basis, which were calculated by
the squares linear regression method in the
light intensity range lower than 25 yE/m?/s.
Photosynthetic rate was clearly different be-
tween the species, but the slope of each line
was almost the same (no significant differ-
ence at 959, confidence level). Average
respiratory rate of FEc. cava (1.82ul O,/
cm’/h) was almost half that of FEi. bicyclis
(3.38 ul O,/cm?/h). The compensation light
intensity was 8.2 uE[m?s for Ei. bicyclis and
4.8 uE[m?[s for Ec. cava.

Fig. 3 shows the relationships between
the light condition (relative light intensity)
at growing sites and the compensation light
intensity of young FEi. bicyclis and Ec. cava.
The compensation light intensity was cal-
culated from each photosynthesis-light equa-
tion in the range lower than 25 uE/m?’fs.
There are no significant correlations be-
tween the light condition at growing sites
and the compensation light intensity in
both species, although the compensation
light intensity of both species is clearly dif-
ferent.

Fig. 4 shows the diurnal changes in pho-
tosynthetically active radiation (PAR) un-
der 3 types of weather conditions, fine,
cloudy and rainy day. Solar radiation on
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Fig. 4. Diurnal changes in photosynthetically
active radiation (PAR) under 3 types of weather
conditions. The broken lines show the sine curves
fitted. (a) Iy=2130 Xsinl3 (z-t/D); (b) I,=1250 X
sinl? (z-t/D), and (c) I,=150 xsin!-3 (z-t/D).

the water surface (I,, uE/m?®/s) at a given
time t hours after sunrise is approximately
given by:

I, = I,.., sin*® (z- /D), (1)

where I, is the maximum I, during the
daytime and D is the length of daytime
(from sunrise to sunset). Table 2 sum-
marizes the results obtained in April, May,
June and July. The average I, in this
period was 1440 yE/m?[s, which was 65.8%,
of the maximum solar radiation on fine
day. The average length of daytime was
13.9 hours.

The photosynthetic rate of young Ei.
bicyclis and Ec. cava when irradiated from
both sides of the blade was twice as high
as that when irradiated from one side of
the blade in the laboratory (MAEGAWA et
al. 1987). In addition, the relative light
intensity on the blade was 809, of that of
the horizontal plane immediately above the
blade tip in the community (MAEGAWA et
al. 1987). Thus, the gross photosynthetic
rate (Pg, ulO,/cm?(h) on a frond area basis
in the community can be written as follows:

P, =2x0.8%x0.41 xI

(for Ei. bicyclis), (2)
P, =2x0.8x0.38x1

(for Ec. cava), (3)
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where I is the light intensity (uE/m®[s)
measured on the horizontal plane above
the young frond tip in the range lower
than 25 yuE[m?[s.

Based on the above equations, the daily
production and daily compensation light
level of young Ei. bicyclis fronds were es-
timated as follows. The light intensity on
the water surface at a given time t hours
after sunrise can be calculated by eq. (1).
Relative light intensity on the community
floor (Z) is given by:

Z = 1/I,.

Hence, the gross photosynthetic rate (Pg,
eq. (2)) at a given time t hours after sunrise
is given by:

Py = 0.66 X Z X I,y Xsin"?(z+t/D). (4)
Thus, the daily gross production (Qg, ul
O,/cm?/day) is given by:

D
Q= | 10.66%Z X Ty xsin'*
0
(m+t/D)} dt
=1.21 XZ X I X Dfz (5)

as a function of 3 parameters, the relative
light intensity on the community floor (Z),
maximum light intensity during the day-
time (I,..) and the length of daytime (D,
13.9 h in the present case).
The daily net production (Q ., ul O,fcm?
day) is also given by:
Q.=121XZxI . xDjr—3.38 x24.
(6)
The daily compensation light level (Z,)
is given by:
Z.q= (3.38%x24xm)[(1.21 X I, X D).
7
The daily production and daily compen-
sation light level of young Et. cava was cal-
culated in the same way starting with eq.
(1) and eq. (3). The gross photosynthetic
rate (P,) at a given time t hours after sun-
rise is given by:
P, = 0.61 X Z X I,,, Xsin**(z+t/D). (8)

The daily gross production (Q g, ul O,/cm?/
day) is given by:

D
Q= || 10.61XZ x Lpge xsin®*
0
(z-t/D)}dt
= 112X Z X I gy X D/x. (9)

The daily net production (Q,, ul O,fcm?/
day) is also gien by:

Q, = 1.12XZx I, xDjz—1.82 x 24.
(10)

The daily compensation light level (Z,) is
given by:
Zeq = (1.82%x24 xm)[(1.12 X I, X D).
(11)

The relationships between daily net pro-
duction (Q ) and light condition (Z and/or
I.ax) Of both species were examined in Fig.
5. Values of I, represent weather condi-
tions; e.g. 2190 uE/m?[s on fine day, lower
than 150 uE/m?/s on rainy day and 1440
UE/m?[s on the day with average solar ra-
diation (Table 2). Net production will
equal zero at a particular daily light com-
pensation point which depends on the rela-
tive light intensity. It is expected that
young fronds of Ei. bicyclis and Ec. cava can
grow when their net production exceeds
the daily respiratory loss at light intensities
greater than their compensation point, 1.1
% (Ei. bicyclis) or 0.6%, (Ec. cava) at 1440
uE[m?[s of I_.. on an average day during
the present study (Fig. 5). These values
agree well with the observed critical light
for the species on the community floor (Fig.

1).

Table 2. The monthly maximum (Imax) of
photosynthetically active solar radiation (PAR) on
fine and average days, and the average length of
daytime in April, May, June and July 1986.

Imax (E[m?[s)

Month Dayﬁimc
fine day average day (h)
April 2066 1350 13.1
May 2193 1600 14.0
June 2235 1430 14.4
July 2217 1380 14.2
Mean 2178 1440 13.9
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Fig. 5. Relationships of the daily net production to the maximum light intensity of daytime for young
Eisenia bicyclis (a) and Ecklonia cava (b) in relation to different relative light intensities (figures on the lines).

Discussion

Solar radiation is an ultimate source of
biological production which is initiated in
the conversion of its radiant energy into
chemical energy in organic matter through
photosynthesis of plants, the primary pro-
ducers. Primary production in the coastal
areas of the sea is carried out mainly by
macroalgae. Distribution and diurnal
changes of the solar radiation, especially
of the photosynthetically active radiation
(PAR), are important for algal photosyn-
thesis in the sea (RyTHER 1956, RYTHER
and YENTscH 1957, IcHIMURA et al. 1962).
In spite of its important ecological signifi-
cance, only a little attention has so far been
paid to the light distribution within under-
water plant communities (IxusiMa 1965,
1966, GeErarD 1984, 1986, HavasHIDA
1986, MaEcawa and Kipa 1987), probably
because of the difficulty of light measure-
ments under natural conditions. On the

community floor of Ei. bicyclis and Ec. cava
the light intensity is critical for the survival
and growth of young fronds. Photosynthe-
tic characteristics of young fronds of sea-
weed species under dim light condition will
provide a key to understand the difference
in vertical distributions of the species.

In the present study the improved dif-
ferential gas-volumeter (YokoHAMA and
Maecawa 1988) with large reaction and
compensation vessels (250 ml) was used to
measure photosynthesis and respiration in
intact young fronds of comparatively large
area (15-35cm?®) of Ei. bicyclis and Ec.
cava, and it was possible to obtain detailed
photosynthetic oxygen changes even near
the compensation light level. The saturat-
ed light intensity, light compensation point
and respiratory rate of young FEi. bicyclis
and Ec. cava in the present study were well
in agreement with those of adult fronds
(SakaNIsHI et al. 1988a, b) and almost the
same as reported in a previous paper
(MaEGAwA et al. 1987). The light com-
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pensation point estimated by the linear
photosynthesis-light relationship of young
fronds irradiated from one side was 8.2
uE/m?[s for Ei. bicyclis and 4.8 yE[m?[s for
Ec. cava. These values were higher than
those of adult or young Macrocystis pyrifera
(CLEnDENNING 1971, Fain and MUuRrray,
1982) and young Laminaria japonica (N1-
marA 1980), although the saturated light
intensity was almost similar.

It was reported that mature blades of
Macrocystis pyrifera from different depths ex-
hibited different photosynthetic character-
istics; i.e. the photosynthetic capacity of
canopy blades was higher under saturating
irradiance and their photosynthetic effi-
ciency was higher at low irradiance as com-
pared with those of deeper blades (GERARD
1986). These differences in photosynthetic
characteristics of blades collected from dif-
ferent depths were primarily attributable to
acclimation to light conditions. For young
Ei. bicyclis and Ec. cava in the present study,
the compensation light intensity varied with
various light conditions of the growing sites
from where they were collected, even though
no significant correlations were found be-
tween the light condition at growing sites
and the compenastion light intensity (Fig.
3). However, the level of compensation
light intensity was distinguishable between
the two species. The photosynthetic capac-
ity under saturating irradiance could also be
distinguished clearly between young FEi. bi-
¢yclis and Ec. cava regardless of the light con-
ditions at their growing sites in the present
study as well as in the previous study
(MAEGAWA et al. 1987).

The difference of photosynthesis-light
curve in relation to light quality was re-
markable in green and red algae (Yoxo-
HAMA 1973a, b). However, KaAGEvAMA
and YokoHAMA (1974) reported that the
photosynthesis-light curve was slightly dif-
ferent with the light quality in three species
of Phaeophyta, Ishige sinicola, Sargassum ring-
goldianum and Undaria pinnatifida, collected
from shallow water, but was not different
in Undaria peterseniana from deeper water.

In the present study it was assumed that
there is no significant difference in photo-
synthetic rate of Ei. bicyclis and FEc. cava in
relation to light quality.

The estimation of the critical light in-
tensity for young Ei. bicyclis and FEc. cava
was carried out in the present study with
special reference to the mathematical model
of community photosynthesis for submerged
aquatic plants by Ixusiva (1970). In his
report the light intensity on the water sur-
face (I, klx) at a given time t hours after
sunrise was approximately given by:

I =1, sin*(z-t/D),

where I, is the maximum I during the
daytime and D is the length of daytime (hr).
In the present study, however, the diurnal
change in solar radiation (I, uE[m?fs) is
represented by:

I = I, sin*?(z-t/D).

It is thought that the discrepancy among
the equations may be due to the difference
of measuring methods and units which are
illuminance (lx) in the former and photon
flux density (uE/m?fs) of PAR in the latter.

The estimated critical light level was 1.1%,
for Ei. bicyclis and 0.69, for Ec. cava in
reference to the light intensity at the water
surface (Fig. 5). These values correspond
to about 0.42 E/m?/day and 0.24 E/m?*/day
respectively, which are almost the same as
the daily compensation light of phytoplank-
ton (Parsons et al. 1984). Photosynthetic
characteristics of Ei. bicyclis and Ec. cava
respectively represent characters of the sun
and shade types of photosynthesis in ter-
restrial plants (Boarpman 1977). It is
clear that young E¢. cava fronds can grow
under the lower in situ light intensity in
deeper water as compared with young FEi.
bicyelis fronds. This difference in critical
light cnodition is considered to be one of
the most important factors to determine
the difference in their vertical distributions,
particularly the lower limit of distribution
of the two species. The estimated daily
compensation light of both species agreed
well with the observed critical light condi-
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tions on the community floor. This indi-
cates that the present measurements of light
conditions in the field and photosynthetic
rate in the laboratory were accurately car-
ried out.
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stolonifera Oxamura (Phaeophyta, Laminariales)

Key Index Words: Ecklonia stolonifera Okamura—Phaeophyta—tissue culture.
Masahire Notoya, Aquaculture Center Aomori Prefecture, Hiranai, Aomori-ken, 039-34 Japan

As shown in Table 1. seven species have
been used for the tissue culture in Lami-
nariaceae. The present study shows the
growth of tissues of Ecklonia stolonifera Oxa-
MURA in several culture media under various
temperatures.

The material used was collected at Tano-
sawa, Aomori Prefecture, in April, 1986.

The tissues removed from the portions of
meristematic zone, stipe or holdfast were
quickly cleaned up by paper towels, then
the surface was cut off. After treatment
with absolute ethanol, the surface was
burned in clean bench (Fig. 1). Explants
were cut into 3-4 mm segments and placed
on the following culture media solidified

BURNED

N N

DIPPED IN ABSOLUTE
ETHANOL FOR A FEW SECOND

Fig. 1. Sterilization procedure for the preparation explant used in the present tissue culture experiment.

CUT INTO SMALL PIECES

Rresent address: Laboratory of Phycology, Tokyo
University of Fisheries, Konan-4, Minato-ku, Tokyo,
108 Japan.
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Table 1. The species in Laminariales previously used for tissue culture.

Nortova, M.

Culture Medium

Species Tissue
Laminaria angustata  Blade
L. digitata Blade
L. hyperborea Blade
L. angustata Stipe
L. japonica Blade
L. saccharina Stipe
Undaria pinnatifida  Blade
Macrocystis pyrifera  Stipe
Ecklonia stolonifera  Blade, Stipe,
Holdfast

PESI
ASP6F2
ASPGEF2

ASP 12-NTA

Result

L Callus=>>Sporophyte

S Callus=> & @ =>Sporophyte
S Callus=> & 2 ==>Sporophyte

S Callus

MS+B,+C-751 L Callus= > Sporophye

ASP6F2, PESI,
SWA

S,L Callus=> & @ =>Sporophyte

MS+Bj,+C-751 L Callus= > Sporophyte

PESI

S,L Callus

PES, PESI, MG-]JS,

PESL-JS

S Callus

Reference

Saga et al. 1978
Fries 1980

Fries 1980

Saga & Sakai 1983
Fang et al. 1983

Lee 1985
Fang et al. 1983

Polne-Fuller et al. 1986

Present study

Fig. 2.
B; Stipe, C; Holdfast.
the upper left side.
500 pm.

Callus tissues developed into various parts of the frond of Ecklonia stolonifera Ok AMURA.

Aj; Blade,

Callus forming portion is noticed in the part which is weakly stained at the margin on
D; Longitudinal section extending callus mass from medullary part of stipe.

Scale bar=



Tissue culture of Ecklonia stolonifera

with 1.5%, agar in 50 X 15 mm Petri dishes,
viz., PES (Provasor: 1968), PESI (TAtE-
wakl 1966), PESI-JS (natural seawater
changed by Jamarin S in PESI) and MG-
JS (natural seawater changed by Jamarin S
in modified GRuND medium). The cul-
tures were conducted at 10°C, 15°C, 20°C
and 25°C, in 14h light and 10h dark cycle
under 2000 lux by cool white fluorescent
lamps. All the tissues gave rise to callus
formation in PESI medium under 15°C
(Fig. 2), of which those from the stipe grew
excellently. The callus occurred mainly at
the medullary part; they consisted of col-
ourless or pale yellow branched filaments
(Fig. 2C). The callus derived from the
stipe tissue showed the best result in PESI-
JS at 20°C (Table 2). The tissue cultures
previously reported (Table 1) had been per-
formed only at 10°C or 15°C. I guess that
20°C, a relatively high temperature, would
be suitable for culture growth of the species
of Laminariaceae such as Ecklonia stolonifera
growing in the temperate region.

Acknowledgement

The author wishes to express his sincere
thanks to Professor H. Yasu of Hokkaido
University for his critical reading of the

177
manuscript and useful suggestions.
References
Fang, Z., YaN, Z. and Wang, Z. 1983. Some pre-

liminary observations on tissue culture in Lami-
naria japonica and Undaria pinnatifida. Kexue
Tongbao 28: 247-249.

Fries, L. 1980. Axenic tissue cultures from the
sporophytes of Laminaria digitata and Laminaria
hyperborea (Phaeophyta). J. Phycol. 16: 475-477.

Leg, T. 1985. Aposporous gametophyte formation
in stipe explants from Laminaria saccharina
(Phaeophyta). Bot. Mar. 28: 179-185.

PoLNe-FUuLLER, M., Saca, N. and GiBor, A. 1986.
Algal cell, callus, and tissue cultures and selec-
tion of algal strains. Beihefte zur Nova Hedwigia
83: 30-36.

Provasorr, L. 1968. Media and prospects for the
cultivation of Marine algae. In: A. WATANABE
and A. HaTtToRI [eds.] Cultures and collections
of algae. Japanese Society of Plant Physiologists.
pp. 63-75.

Saca, N., Ucnipa, T. and Saxkar, Y. 1978. Clone
Laminaria from single isolated cell. Bull. Jap.
Soc. Sci. Fish. 44: 87.

Saca, N. and Sakar, Y. 1983. Axenic tissue culture
and callus formation of the marine brown alga
Laminaria angustata. Bull. Jap. Soc. Sci. Fish.
49: 1561-1563.

Tatewaki, M. 1966. Formation of a crustaceous
sporophyte with unilocular sporangia in Scyto-
siphon lomentaria. Phycologia 6: 62-66.
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In mid-August 1987 attached wakame,
Undaria  pinnatifida  (HARVEY) SURINGAR
(Phaeophyta), growing on a breakwater at
Oriental Bay, Wellington, New Zealand
(Fig. 1), was identified by Dr. Penny
Luckens, a D.S.I.R. (Department of Sci-
entific and Industrial Research) marine bi-
ologist. Dr. Luckens had spent 2 years in
Japan and had seen wakame cultivation, so
was easily able to identify the species. An
article in the Evening Post newspaper, Wel-
lington, September 2, 1987, shows a photo-
graph of Dr. Luckens holding a specimen
of wakame with holdfast attached to a bottle
(Fig. 2).

The wakame is growing on rocky surfaces,
especially on recently made artificial sub-
strates. The largest population is near the
Freyburg swimming pool with other popu-
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Fig. 1. Map of New Zealand (left) showing lo-
cation of Wellington. Map of Wellington Harbour
arca (right) showing the distribution of wakame:
Light shading at southern end of Overseas Con-
tainer Terminal (O.C.T.) in Lambton Harbour
(L.H). and extending as far as Point Jerningham
(Pt. J.) indicates scattered populations of wakame.
Dark shading near Freyburg Swimming Pool
(F.S.P.), location of heaviest population.

lations between Point Jerningham and the
Wellington Overseas Container Terminal
(Fig. 1). The species has not been re-
corded from any other sites in New Zealand.

This occurrence of wakame in New Zea-
land is the first time it has been recorded in
the southern hemisphere. It was suggested
in the Wellington newspaper articles (Zven-
ing Post, September 2, 1987; Dominion, Sep-
tember 3, 1987) announcing the discovery

T NEWS e ——

Aery wiih ¢ a(ody apechien sl s
In Vew Zealand. ¢ thoonands of tanasy of 111t eovsamacd ta Japan and

; Asian seaweed
invades
inner harbour

The -

| Breakwaler

Fig. 2. Newspaper article in the “Evening
Post” (Wellington), September 2, 1987, with a
photograph of Dr. Penny Luckens holding a speci-
men of wakame found in Lambton Harbour, Wel-
lington, New Zealand.
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that the species might have arrived in New
Zealand as a gametophyte on the hull of
Japanese or Korean fishing vessels many of
which frequently berth in Lambton Har-
bour, Wellington. However it seems that
it would be difficult for the gametophyte
to survive the high temperatures of the
tropical seas through which ships from the
northern hemisphere must pass to reach
New Zealand. Another hypothesis is that
the species arrived as a gametophyte in ship
ballast water. CarrLTON (1985) reviews
transoceanic and interoceanic dispersal of
coastal marine organisms, including sea-
weeds, in ship ballast water. However the
New Zealand authorities do not know how
the species arrived there or for how long
it has been growing in and near Lambton
Harbour, Wellington. The plants are
healthy, fertile and up to 1.5m long
(NELsoN, personal communication).

It is too early to know what effect the
wakame will have on the ecology of the
harbour in which it has been found.
Farnaam (1980) discusses accidentally in-
troduced species of seaweeds in British
coastal waters and the ecological effects of
the introduction of alien species in specific
parts of the English coast. Dr. Cameron
H. Hay, a D.S.I.R. Oceanographic Insti-
tute phycologist, will direct studies of the
Wellington wakame. It will be necessary to
survey the ecology of native seaweeds of
Port Nicholson immediately to find out if
the wakame is growing in any other locations
there. The D.S.I.R. is also interested in
the commercial potential of the species

(Hay, personal communication). There
are no plans to remove or destroy the
wakame.

The writer would like to thank Professors
A. Miura and Y. Aruca, Tokyo Universi-
ty of Fisheries, for suggesting that this in-
formation be communicated and for reading
and offering advice on the manuscript, Dr.
W. NEeLsoN, National Museum of New Zea-
land, for communicating news of the dis-
covery, Dr. M. GorpoN, Botany Depart-
ment, Victoria University of Wellington,
for sending newspaper articles and other in
formation, and Dr. C.H. Hay, D.S.I.LR,,
for helpful information on the Wellington
wakame.

Addendum

After submission of the manuscript of this
report the paper by Hay and Luckens
(1987) on the Wellington wakame was
published.
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Information for Authors (Revised March, 1988)

Members of the Society are invited to contribute original research reports, short communica-
tions, review articles and rapid communications in Japanese or English on all aspects of phycology.
Every research paper is read and criticized by reviewers on the basis of its originality and the
discussion presented. Where appropriate, reviewers other than those on the Editorial Board are con-
sulted. Final responsibility for selection and published order of papers rests with the Editor. Research
reports not longer than 10 printed pages in English and 6 printed pages in Japanese including
figures and tables, short communications within 3 printed pages and review articles within 15 printed
pages will be published without excess charge (exclusive of reprints); additional published pages
will be charged to the author (12,000 Yen per single printed page). Rapid communications
acceptable within 2 printed pages will be published in the possible earliest issue with charge at
12,000 Yen per single printed page.
The manuscript should conform exactly to the following instructions. The manuscript should
be typewritten, double-spaced in 65 letters per line and 28 lines, on thick paper of 21.5 X 28 cm or A4
size. Symbols, units and nomenclature should conform to international usage. The S.I. metric
system should be used for all numerical data. Words to be printed in italics should be underlined.
The original copy and two duplicates are required. The first page should have only the title, full
name(s) of the author(s) and institution with address, and any necessary footnote. A short running
title should be included. Acknowledgements preferably follow the text but precede the references.
Tables and legends for figures should be on separate pages and be placed after the references.
An abstract of not more than 200 words is required. At the end of the abstract, 5-10 Key
Index Words should be given alphabetically for aid in indexing. A Japanese abstract will be pro-
vided by the Editor from translation of the abstract.
References. Citations in the text should read thus: Liemic’s (1840 p. 23) ...... or
...... (WeLcH 1972, 1974). In the list at the end of the paper, references should be typed in alpha-
betical order. Each reference should be given in the following order: Name, Initials, Date, Title,
Journal Volume: first page-last page. Example:
Mikawmr, H. 1978. On Laingia hookeri (Rhodophyceae, Delesseriaccae) from New Zealand.
Jap. J. Phycol. 26: 65-68.

A book title should be followed by the name of publisher and place of publication. Example:
AsBotT, I.A. and HoLLENBERG, G.]. 1976. Marine algae of California. Stanford Univ.
Press, Stanford.

Tables should be numbered with Arabic numerals, have a title, and be referred to in the text.

Figures, whether line drawings or photographs, should be numbered consecutively in Arabic
numerals, and referred to in the text. The maximum size for a full page figure is 14X 20.5 cm. Line
drawings should be made with black ink on white paper or blue-lined graph paper. Letters and
numerals should not be made by hand, but should be made neatly with a lettering device (not a type-
writer) and be of such size that the smallest character will not be less than 1 mm high when reduced.
The original drawing and two sets of clear copies are required. Photographs must be of good quality.
They should be grouped to conform to the page style and format of the Journal and preferably be
submitted at a size that permits reproduction without reduction. Photographs should be submitted
in triplicate. Coloured plates may be printed at the expense of the author. The insertion of tables
and figures in the text should be indicated on the right-hand margin of the sheet.

Proofs should be checked carefully and should be returned by air mail to the Editor within
three days of receipt. The author will receive 50 offprints free of charge. Additional copies can be
ordered at cost on the reprint ordering form sent with the proofs.
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