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ABSTRACT: The composition of red tides in Tokyo Bay varied with season; those during summer
1986 and 1987 were comprised almost entirely of Skeletonema costatum. Primary productivity by
S. costatum ranged from 5.2 to 70.4 % of total productivity; on an annual basis, its contribution was
18.8 %, as revealed by species-specific photosynthetic rate (SSP), determined by the micromani-
pulation of "C-labeled cells under simulated in situ conditions, SSP of S. costatum normalized with cell
volume, an indicator of growth activity, showed temporal variations as the species composition of the
red tides changed. The volume-specific SSP was high in the initial phase of the bloom, then decreased
gradually with cell division, and reached a minimum at the peak of the bloom. However, the high

volume-specific SSP was rather short-lived.

INTRODUCTION

Skeletonema costatum (Greville) Cleve, a cosmo-
politan diatom, is distributed widely in coastal and
brackish waters and often constitutes a major com-
ponent of phytoplankton blooms. The importance of
S. costatum to total primary productivity in coastal
areas has been reported from many localities
(Hogetsu et al. 1959, Sakshaug & Andresen 1986,
Han 1988). To investigate the mechanism of such
blooms and the succession of species, population
dynamics have been studied in relation to the
physico-chemical conditions (e.g. Smayda 1973,
Braarud et al. 1974, Hitchcock & Smayda 1977).
Since inter- and intra-specific variability in photo-
synthetic or growth rates of phytoplankion can be
significant, examination of growth and/or photo-
synthetic rates of individual species is essential in
order to understand the succession. Many attempts
have been made in recent years to evaluate cellular
and species-specific properties (Rivkin et al. 1982,
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Boulding & Platt 1986, Carpenter & Chang 1988).

Tokyo Bay, Japan, is a semi-enclosed bay with a
narrow central part 6 km wide restricting the exchange
of the bay waters (Fig. 1). Eutrophication in the inner
bay has accelerated since the 1960s. Populations of
Skeletonema costatum, a dominant alga in Tokyo Bay,
have become highly important in phytoplankton dy-
namics in the inner bay, since they occurred as almost
mono-specific red tides or as important members of
multi-specific red tides (Marumo & Murano 1973,
Marumo et al. 1974),

The present paper aims to clarify intra- and inter-
specific variations of photosynthetic rate of Skeleto-
nema costatum and the species’ contribution to overall
production, and to elucidate the relationship between
temporal variations in growth activity of the diatom
and its bloom development.

MATERIALS AND METHODS

Field investigations were carried out at Harumi in
the inner bay from May 1986 to June 1987 (Fig. 1).
Water samples were taken once or twice a week
between May and October 1986 and in May and June
1987. Sampling from November 1986 to April 1987 was
biweekly or monthly. Samples were collected at dawn
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Fig.1. Location of sampling station in Tokyo Bay, Japan

at 0.5 m depth, where Skeletonema costatum was most
abundant. Plankton over 300 um were gently removed
by reverse filtration. To facilitate the subsequent
isolation procedure, density of cells smaller than 20 pm
was reduced by reverse filtration through 20 pm mesh
net. The > 20 pm fraction was incubated in a Teflon-
coated BOD bottle (250 ml) for 1 to 3 h with 7.4 MBq
NaH"“CO; (NEN, NEC-086H10) at simulated in situ
temperature. Irradiance was 300 to 355 umol m2 s~
of PAR (photosynthetically available radiation) (Bio-
spherical, QSL-100), a saturation intensity as deter-
mined by the photosynthesis irradiance (P-I) curve,
and thus the photosynthetic rates represent photo-
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synthetic capacity. Following incubation, each individ-
ual cell or chain of S. costatum and of other dominant
species was picked out at random under a dissecting
microscope at a magnification of X 100 and transferred
to scintillation vials. Number of cells was counted on
picking up a chain. A constant light intensity of 300 to
355 umol m? 57! was maintained from start of incuba-
tion through the single cell isolation under the micro-
scope. The samples of isolated cells were then acidified
with 20 to 100 pl of 0.5N HCI overnight to purge inor-
ganic C and the radioactivity was counted in Aquasol
II by a liquid scintillation counter (LKB Wallack
Rackbeta 1215). Quench correction was made by the
external standard channel ratio method. To determine
possible contamination by excreted materials and very
small cells, the incubation medium was taken as a
blank in the same manner as the cells and transferred
to scintillation vials which were assayed for radio-
activity in ftriplicate. All '“C measurements were
corrected for background which was negligible when
compared to the counts in cells. Carbon uptake for
each species was calculated by a regression analysis of
activity against number of cells (Fig. 2). The regression
was significant throughout the study (r> 0.99).
Species-specific photosynthetic rates (SSP) for each
species was determined using the slope of this
regression line. Primary productivity was calculated
from SSP and the numerical abundance in the mixed
population. Preliminary investigation showed that
when C-labeled cells were rinsed with a C-free
medium, there was occasional loss of activity, mostly
from fragile forms, probably due to leakage of assim-
ilated carbon caused by mechanical damage. There-
fore, the rinsing procedure as called for in the original
method (Rivkin & Seliger 1981) was excluded in the
present study. Instead, for the correction of possible
contamination by labeled dissolved compounds and
invisible small organisms in the selected populations,
labeled medium without target cells was analyzed in
vials serially in the same manner as the isolation. In
fact, no significant activity was detected above back-
ground levels of 20 to 30 dpm in the blank vials, and a
good linear relationship was obtained between the
corrected carbon uptake and number of cells (Fig. 2).
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Fig. 2. Examples of "*C uptake as a
function of the number of isolated
cells per scintillation vial



Han et al.: Species-specific productivity of Skeletonema costatum 269

Primary production of the total population was deter-
mined by the light and dark bottle method in 250 ml
Teflon-coated bottles with NaH"#CO; at 370 KBq. After
1 to 2 h of incubation under the same conditions as
described above, phytoplankton was harvested on
Whatman GF/F filters under a vacuum pressure of
<250 mm Hg, and transferred to scintillation vials.
After addition of 0.5N HCI to purge unused NaH"CO,
overnight, activities were assayed as described above.
Daily production was calculated using continuous
records of solar irradiance as follows: uptake values
were taken as instantaneous productivity at incident
irradiance equal to or exceeding 160 pmol m? s —a
mean value of saturation light intensity (SD = 19 pmol
m* s') derived from the P-1 curves obtained. At
lower light intensities, instantaneous productivity was
assumed to be linearly proportional to "“C uptake for
the light intensity.

Salinity was measured with a salinometer (Guildline,
Autosal 8400A). Phosphate, nitrate, nitrite and ammo-
nium were analyzed with an AutoAnalyzer AA-II
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Fig. 3. Seasonal variation in cell numbers of total phyto-
plankton and Skeletonema costatum
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Fig. 4. Seasonal variation in total primary productivity and
that of Skeletonema costatum

(Technicon). Total inorganic carbon in sea water was
determined by carbonate alkalinity (Parsons et al.
1984) and used for calculation of carbon uptake.
Chlorophyll a was fluorometrically measured in a 90 %
acetone extract of cells collected on Whatman GF/F
filters (Sato et al. 1981). Cell size (average of 30
measurements) was measured under an inverted
microscope. The cell volume of each species was
calculated from cell shapes and dimensions obtained
from microscopic examination of preserved sea waler
samples (Kovala & Larrance 1966). Cell organic carbon
was calculated by the equations of Strathmann (1967)
based on cell volume.

RESULTS
Numerical abundance

From late spring through early autumn, Skelefo-
nema costatum was the most dominant species,
frequently forming blooms with densities higher than
10% cells ml~! (Fig. 3) and accounting for 28 to 98 % of
total cell numbers, The term bloom is used here when
total chlorophyll a exceeded 30 pg 1°'. Heterosigma
akashiwo, a raphidophycean, was the next most domi-
nant species in spring and summer. The abundance of
the 2 species seemed to be temporally in phase during
spring and summer: H. akashiwo was low during S.
costatum blooms and high between the diatom blooms.
However, they occasionally occurred together in
blooms from late spring to early autumn (Han 1988),
From late autumn through early spring, total cell
numbers declined significantly and S. costatum was
only a minor constituent in the phytoplankton com-
munity, accounting for less than 20 % of the total.

Productivity

Total primary production varied widely from 0.04 to
9.91 mgC1-'d~! between May 1986 and January 1987
(Fig. 4). Productivity of Skeletonema costalum also
fluctuated considerably, from 0.7 % 10°? (14 October
1986) to 3.5 mgC 17! d~' (10 June 1986), and accounted
for 5.2 to 70.4 % of total productivity. On an annual
basis S. costatum contributed 18.8 %. Productivity of
S. costatum was lowest in winter,

Variation of volume-specific SSP in
Skeletonema costatum

Cell volume and SSP of Skeletonema costatum cells
showed considerable seasonal variations. Both tended
to be high from November to March and low from May
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to October, Cell volume ranged from 320 to 2840 pm?*
and SSP from 1.84 to 24.07 pgC h™! cell ! (Fig. 5). The
elevation of SSP in winter was due to large cell size.
Volume-specific SSP, which was considered an indi-
cator of growth activity, exhibited little dependence
on season; e.g. its summer and winter values, when
separated arbitrarily by water temperature into groups
above and below 17 °C, showed no significant differ-
ence (p <0.01, Student's f-test). Volume-specific SSP
fluctuated between 1.92 x 107% (14 May 1986) and
16.64 x 10 pgC um 3 h™! (7 November 1986) with an
exceptionally high value of 35.74 X 10~*pgC pm~* h™!
on 6 August 1986 when salinity declined abruptly to
6 %o due to heavy rainfall.

Although volume-specific SSP was rather stable on
time scales of a season or a year, it showed consider-
able variations on short time scales: volume-specific
SSP of Skeletonema costatum was inversely correlated
with blooms (Fig. 6). There was a significant negative
relationship between volume-specific SSP and cell
numbers (r = -0.59, p <0.05). Volume-specific SSP
tended to be higher when population density was
lower, and decreased to a minimum around the maxi-
mum abundance period. As the bloom progressed
towards its peak, volume-specific SSP decreased by a
factor of 12,

Table 1 shows the SSP of dominant species and their
relative contribution to total production during bloom
and non-bloom periods. Maximum abundance of
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Fig. 5. Skeletonema costatum. Fluctuation of cell volume,
species-specific photosynthetic rate (SSP) and SSP/cell
volume

Table 1. Biomass and productivity of Skelelonema costatum and co-occurring species during blooming and non-blooming

periods
Date Species SSP Cellular Growth Cell Carbon Relative Total Total
(1986) (pgCh'  carbon rate® number biomass production production chla
cell™!) (PgC) () (m) (mgClh) (%)  (wgCl'hY) (uglT)
Blooming
10 Jun S. costatum 2.03 59.0 0.034 172615 10.18 40.7 862.3 163.8
1 Aug S. costatum 5.30 69.5 0.073 10120 0.70 10.2 610.2 2159
Heterosigma akashiwo 37.41 139.6 0.237 7520 1.05 546.1 610.2 215.9
Dunaliella sp. 14.64 40.4 0.309 8084 0.33 19.4 610.2 215.9
12 Aug S. costatum 4.74 73.2 0.063 20335 1.49 14.9 646.9 94.1
Crichosphaera sp. A 15.89 125.9 0.119 5514 0.69 13.6 646.9 94.1
Non-blooming
3 Jun S. costatum 5.28 100.4 0.051 19192 1.93 70.4 143.9 241
22 Jul S. costatum 2.05 28.8 0.069 5908 0.17 14.0 86.4 16.7
Eucampia zodiacus 103.54 1186.6 0.084 390 0.46 46.8 86.4 16.7
20 Aug S. costatum 1.84 61.6 0.029 1870 0.12 52 66.8 13.3
Crichosphaera sp. B 11.84 361.2 0.032 386 0.14 10.8 66.8 13.3
“p=In(1 + SSP/cellular carbon)
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Skeletonema costatum was recorded on 10 June,
1 August and 10 August 1986 during separate blooms
(Fig. 6). However, this species accounted for only a
small fraction of total production during the peak of the
multi-species bloom in early August, which was com-
prised primarily of flagellates such as Heterosigma
akashiwo, Dunaliella sp. cf. salina and Cricosphaera
sp. cf. carterae,

The growth rate of Skeletonema costatum, as cal-
culated from carbon biomass and SSP (Table 1), was
relatively low during both bloom and non-bloom
periods, ranging from 0.029 to 0,073 h™!, compared to
rates for co-occurring species. The difference in
growth rate between S. costalum and co-occurring
species was in the region of a factor of 4 (Table 1).
These results were in good accordance with the fact
that S. costatum accounted for only a small portion of
the total carbon production.

There was no significant relationship between
volume-specific SSP and any of following parameters:

temperature, salinity, nitrate, nitrite, ammonia and
phosphate (Fig. 7). Thus, growth of Skeletonema
costatum did not appear to be controlled by these
factors; nutrients were abundant throughout the year.

Cellular chlorophyll a content

Chlorophyll a per cell of Skeletonema costatum
during the bloom from 24 April to 1 June 1987, was
lower than that of Heterosigma akashiwo by one order
of magnitude (Table 2). Chlorophyll a per cell volume
also showed a similar difference, and the ratio of
carbon to chlorophyll a was consistently higher in
S. costatum.

DISCUSSION

The start of Skeletonema costatum blooms always
coincided with a high but short-lived volume-specific

SSP. Since cell numbers increased following such a

40r
| ®:Summer L] L o L .
3l]_t:l:Winter L i
L ° L e [ .

- 20 . & 4

~ E . i ° B ’

mE "]' 2 Dn a &0.‘...' B .u “: L o B 'fn $.:. 5 . O

gL 7, R | PRl 'l .

S 4 12 0 i} n 30 80 110 40 120 200 280 360

2 Temperature (°C) NO3 (uM) NH4 (pM)

t

g | e K i °

. - .

[

3 L L L

a b e |} . - .

w o o [=}
Fig. 7. Relationship between @ - ° r = - r
temperature, salinity, nitrate, LIS eete ] eapte ¥ S LD % . .
S 5 ® O L] ® ep
nitrite, ammonia, phosphate 'fmd e ® "::..‘. .‘u‘j‘; L o fuv % y 3 s ' -o-..ﬂﬂ:.p
volume-specific SSP  (species- 0 A L L . L : . L ! .
specific photosynthetic rate) of 4 1 n B 3 S 15 1 74 b b0 nu

Skeletonema costatum Salinity ( %o ) NO2 (pM) PO4 (pM)



272

Mar. Ecol. Prog. Ser. 79: 267-273, 1992

Table 2. Skeletonema costatum and Heterosigma akashiwo. Variation in cellular chlorophyll a content and carbon: chl a ratios
during a bloom from 24 April to 1 June 1987. Cellular carbon content was converted from cell volume using Strathmann (1967)

Skeletonema costatum Heterosigma akashiwo

Date Total Chl a Chl a:cell vol. C:chl a Chl a Chl a:cell vol. C:chla
(1987) chl a content content

(hg 1) (pg cell™’) (X 10%pgum™) (pgpg) (pgcell’)) (X107 pgum™) (pgpy ')
24 Apr 140.5 - - - 21.97 13.48 9.6
1 May 226.8 2.08 2.06 34.5 38.32 23.22 55
8 638.2 4.51 4.34 16.1 33.27 34.66 4.0
15 103.8 - - - 26.32 31.71 4.4
22 73.6 - - - 9.20 10.45 13.3
29 176.8 1.7F 2.08 35.7 - - -
1 Jun 32.8 2.61 3.14 23.8 6.85 10.70 13.5

period (Fig. 6), the volume-specific SSP may be used as
an index of growth potential. No factor was correlated
with the variations of volume-specific SSP. However,
volume-specific SSP invariably increased with a
decline in salinity following rainfall, and then S. costa-
tum blooms soon followed. Therefore, a reduced
salinity induced by rain was suggested as a trigger of
the blooms (Han et al. 1989). Reported values of opti-
mum salinity for S. costatum range from 12 to 29 %.
(Curl & McLeod 1961, Nishizima & Hata 1986),
although it is able to adapt to salinity as low as 5 %o
(Brand 1984). The photosynthetic rate of diatoms
including S. costatum was inhibited with decreased
salinity in continuous cultures in the range from 24 to
8 %o (Rijstenbil & Sinke 1989). However, a gradual
increase in salinity enhanced the rate (Miller &
Kamykowski 1986, Rijstenbil & Sinke 1989). Thus, the
inevitable restoration of salinity in diluted waters in
Tokyo Bay after rainfall may have provided a similar
enhancement, leading to a subsequent bloom.

The present study confirmed the importance of
Skeletonema costatum in the inner bay, contributing
about 19 % of total annual primary production.
However, volume-specific SSP, as growth potential,
was lower than other dominant species in the assem-
blage such as Heterosigma akashiwo. This relatively
low growth potential of S. costatum was difficult to
reconcile with the successful establishment of this
species in Tokyo Bay (Marumo & Murano 1973,
Marumo et al. 1974). Compared to H. akashiwo,
chlorophyll a per unit cell volume in S. costatum was
about 5- to 19-fold less and its C:chl a ratios were also
lower (Table 2). This may explain why the SSP of
S. costatum was lower than for H. akashiwo, but does
not explain the abundance of S. costatum in the bay.
There are 3 possible explanations: (1) S. costatum
somehow attains high photosynthetic capacity during
the initial phase of its blooms, (2) the asexual mode of
vegetative cell enlargement of S. costatum may have
provided a competitive advantage, and (3) there exists

selective grazing pressure favoring the proliferation of
S. costatum.

The first explanation is based on the distinctive
fluctuations of volume-specific SSP of Skeletonema
costatum which may enable it fo surpass the growth of
co-occurring species. Although we failed to find the
factors responsible for the high volume-specific SSP
(Fig. 7), temporal changes of environmental factor(s),
as discussed for salinity above, may have induced
enhancement of growth activity. At the initiation of
S. costatum blooms its growth rate can be elevated to a
one order higher magnitude than that in the peak
period of blooms (Fig. 6), and may exceed the rates of
co-occurring species (Table 1), which also must
fluctuate. This capability for rapid growth of short
duration likely brings about blooms of S. costatum,
Furthermore, this species comprised a substantial pro-
portion of the phytoplankton assemblage even during
non-bloom periods from spring through early autumn
(Fig. 3), and the development of blooms based on the
potentiality for rapid growth may have been supported
by the abundance of nutrients which never become
limiting (Fig. 7). The enhancement of growth activity
probably occurs patchily on rather small temporal and
spatial scales and was hard to detect with the method
used in the present study.

Asexual cell enlargement of vegetative cells would
be of ecological advantage if the environments lacked
necessary stimuli for auxosporulation (Gallagher
1983). Indeed, there is evidence that this may be the
case. The cell size of Skeletonema costatum fluctuates
considerably throughout the vear (Fig. 5). Gallagher
(1983) reported that the asexual mode of vegetative
cell enlargement (11.9 to 13.7 um in diameter) was
more common than auxosporulation in S. costatum
clones isolated from Narragansett Bay and New York
Bight (USA). In summer, S. costatum larger than 15 pm
were exceedingly rare in the inner bay even during
blooms (Han unpubl.). The cell sizes in the bay were
certainly comparable to enlarged vegetative cells, but
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smaller than auxospores produced by the clones
isolated from Nagasaki Bay and Narragansett Bay
(Migita 1969, Gallagher 1983). In Tokyo Bay, large
cells {about 17 to 22.5 um) were more frequently
encountered in winter than during summer. It seemed,
therefore, that the enlargement of S. costatum during
summer was primarily due to asexual processes.

There is insufficient information to evaluate whether
selective grazing has any effect on the proliferation of
Skeletonema costatum populations in the bay.

Volume-specific SSP values of natural populations of
Skeletonema costatum in our study fluctuated little
throughout the year (Fig. 5). This is inconsistent with
the findings of Gallagher (1982) who found that a
natural population of S. costatum was composed of
strains with different growth characteristics, and that
summer populations had higher growth rates than did
winter populations. Good correlations between cell
numbers and carbon uptake of isolated cells from a
given assemblage throughout the year in the present
study (Fig. 2) strongly demonstrated a small degree of
intra-specific variations of SSP in S. costatum, indi-
cating that clonal variation in natural populations of
this species was not pronounced in Tokyo Bay.
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