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Age and growth of mitre squid Photololigo chinensis
in the Tonkin Gulf of Vietnam based on statolith
microstructure
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Abstract: A total of 254 mitre squid Photololigo chinensis collected in the coastal area of
Tonkin Gulf was subjected to daily increment of statolith analysis to determine the ages. The
oldest individuals observed were 194 days old for specimens collected in the summer-autumn
season. Size—at-age relationship was best described by power function for both individuals
hatched in spring—summer and autumn-winter periods. P. chinensis exhibited sexual dimor-
phism in the relative growth of the mantle length: males grew faster in length compared with
females while weight growth rates were similar for both sexes. Seasonal factors strongly influ-
enced the growth of squid, and the growth rates in the warm water season was higher than

those in the colder season.
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1. Introduction

Mitre squid Photololigo chinensis is a neritic
species, occurring from the shallow coastal
area. The species is distributed in the western
Pacific, from the South and East China Sea to
Japanese waters, Gulf of Thailand, Arafura,
Timor Sea and northern Australia (DUNNING et

Y Research Institute for Marine Fisheries (RIMF),
170 Lelai, Haiphong, Vietnam

Department of Biology, University of Bergen
(UoB), High Technology Centre, 5020 Bergen,
Norway

Laboratory of Invertebrate Zoology, Faculty of
Marine sience, Tokyo University of Marine Science
and Technology (TUMSAT), Konan 4-5-7,
Minato, Tokyo 108-8477, Japan

Corresponding author:

SusuMmu SEGAWA: Laboratory of Invertebrate Zool-
ogy, Faculty of Marine Sience, Tokyo University
of Marine Science and Technology, Konan 4-5-7,
Minato, Tokyo 108-8477, Japan, Tel:81 — 3 — 5463~
0525 Fax:81 — 3 — 5463-0687 E-mail address:
segawa@kaiyodai.ac.jp

2)

al., 1998). Mitre squid has a wide range of dis-
tribution and high abundance in Vietnamese
waters especially in the Tonkin Gulf (Duc,
1991), and is considered one of the most impor-
tant species in the cephalopod fisheries in the
area with 40-50% of the total catch of all squid
species in the area (CHU et al., 1998).

The daily growth increments were first de-
tected in fish otoliths (PANELLA, 1971) and
statoliths analyses of squids have provided in-
formation on growth rates, hatching dates,
life-spans and even short term fluctuations in
growth performance (JACKSON and MOLTSCHA-
NIWSKYJ, 1999). Since the growth of statolith
increments of P. chinensis was validated daily
by JACKSON (1990), growth of tropical loliginid
squids have been reported from Australian wa-
ters (JACKSON and CHOAT, 1992; JACKSON,
1995) and the Andaman Sea (SUKRAMONGKOL
et al., 2007). The statolith increments and so-
matic growth of P. chinensis in Australian wa-
ter were influenced by seasonal factors, and the
growth rate of male squid was relatively
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Fig. 1. Sampling locations (solid circles represent fishing areas) in the depth zone from 20-50 m in the Tonkin

Gulf.

Fig. 2. Statolith increments of Photololigo chinensis (120 mm ML) observed under the light microscope. Li, Lo
are Statolith length and width. R, is rectangle area where every increment was counted and measured using
the Caliper tool in Image Pro Plus Software (lines annotations).
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Table 1. Size (ML mm) of male and female Photololigo chinensis specimens with readable statolith increments
in nearshore of the Tokin Gulf, Vietnam from April to October 2001.

Month of  Fishing gear Mesh ML of Male ML of Female
i .

Samping size (mm) No. Range Mean SD No. Range Mean SD
April oT* 25 8 76-197  130.7 41.2 7 84-191 1259 39.1
July OT, S.H.D.N.** 25,20 19 75-313  153.8 78.5 24 70-215 117.5 38.7
August OT, S.H.D.N. 25,20 24 95-200  127.0 31.4 27 74-155  109.2 18.8
September OT, S.H.D.N. 25,20 33 82-250 152.2 45.7 20 74-330 122.5 47.9
October S.H.D.N. 20 32 70-400  139.9 68.4 30 67-220 114.2 32.0

OT* (otter trawl) and S.H.D.N.** (stick held dip net).

higher than that of females at the same age
(JacksoN and CHOAT, 1992; JACKSON, 1995).

Although mitre squid is a valuable species in
the cephalopod fisheries in the Tonkin Gulf of
Vietnam, there have been no studies on the
growth and life history of this species in the
area. In the southern area of Vietnam, growth
parameters of L. formosana (referred as syno-
nym of P. chinensis) had been calculated by the
ELEFAN program (Electronic Length—Fre-
quency Analysis) (DINH et al., 1998) which
suggested that P. chinensis has a life span ex-
ceeding 3 years with a very fast growth in the
first year. However, this length frequency
analysis is an inadequate means of describing
growth for a rapid growing organism with
multiple cohorts like squids (JACKSON et al.,
2000).

The aim of this study is to estimate the age
and growth rates of P. chinesis in the Tonkin
Gulf of Vietnam to provide basic information
for the fisheries management of the squid in
the area.

2. Materials and methods

The Tonkin Gulf is located between 17°-22°N
and 105°~110°E, covering a total area of 150,000
km?® (TANG, 1997). There are two main seasons
in this area: winter—spring and summer—
autumn corresponding with northeast (No-
vember to April) and southwest monsoons
(May to October), respectively. In 2000-2001,
sea surface temperature (SST) of the Tonkin
Gulf in winter-spring (December-March) was
from 20 to 23°C (21.5°C in average) while those
in summer-autumn (May—October) ranged
from 26 to 30°C (28.6°C in average) (source of
data from NOAA, 2009).

Squid specimens for the statolith analysis
were obtained from the Tonkin Gulf (Fig. 1) in
April and July—October, 2001 by otter trawls
and stick held dip nets (Table 1). Dorsal mantle
length (ML) and wet body weight (BW) of the
specimens were measured to the nearest mm
and g, respectively. The maturity of 131 female
squid caught in July-October was classified
into 6 developmental stages following the de-
scription of LIPINSKI and UNDERHILL (1995).
Stage I and IT were defined as immature, stage
1T as maturing, stages IV and V as mature and
stage VI as spent.

Statoliths were extracted from fresh squids
following the method of NATSUKARI et al.
(1991). Statolith was mounted to glass slides
by Crystal Bond (Aremco Products, Inc) with
the anterior side of statolith pointing down-
ward. Before grinding, photograph of whole
statolith was taken under light microscope.
Statolith length (SL) and statolith width
(SW) were measured to the nearest 1 xm fol-
lowing CLARKE (1978) by the manual measure-
ment tool in Image Pro Plus Software (Media
Cybernetics) (L, and L. in Fig. 2A). A water-
proof abrasive paper # 2000 was initially used
to grind the statoliths on a Buehler machine,
then the paper was changed to a finer one until
the core was visible. The Caliper tool in Image
Pro Plus Software was used for counting and
measuring the increments (Fig. 2B).

All the statistical analyses were conducted
by STATISTICA (software version 5.5,
StatSoft, Inc). Differences in the regression
slopes of the length—weight relationship, man-
tle length and estimated age, as well as body
weight and estimated age between sexes and
seasons were linearized by log transforming
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(InML~InBW; £nML-estimated age; {nBW-es-
timated age). Tests and comparisions were con-
ducted by analysis of covariance (ANCOVA)
for squid ranging from 70 to 280 mm in ML
(because squid bigger than 280 mm in ML was
mainly males). The first step was to test the
homogeneity of slopes. If the slopes were not
significantly different from each other, the ho-
mogeneity of intercepts was tested. Statolith
width at estimated age was tested by ANCOV A
for any differences among seasons. Moreover,
to analyse the effect of sex and season on
statolith increment width, residuals from poly-
nomial estimation were used in ANOVA.
Power function as Y=aX’, where Y and X are
variables and a and b are constant, was used
for the analysis of the length-weight, length—
age and weight—age relationships.

Daily growth rates (DGR, mm d" or g d")
and instantaneous growth rates (G, %) were
calculated after Ricker (1958):

DGR = (W.— W) /T,
G =[ UnWo—InWy) /T < 100,

where Wi, W, are calculated mantle length or
body weights based on the length or weight
and estimated age relationships at the begin-
ning and end of the time interval (7' =10 days).

3. Results
3-1 Mantle Length and Body Weight

The length-weight relationships for males
and females were BW=1.80 X 10 *ML** (n=116,
p<0.01, %=0.95, size range 70-400 mm ML) and
BW=5.00 X 10"ML** (n=138, p<0.01, r*=0.95,
size range 67-330 mm in ML), respectively
(Fig. 3). Slopes of the regression equations be-
tween males and females were significantly dif-
ferent (InML-at—-inBW homogeneity of slopes
test, ML ranged 70-280 mm, F-=7.5, p<0.01).
Mean weight of females squid at the same ML
larger than 160 mm was significantly heavier
than males (ANCOVA test, F=12.8, p<0.01).

3-2 Age, hatching date and maturation
Estimated age of the squid based on the
statolith increments ranged from 63 (72 mm in
ML) to 190 days (400 mm in ML). Back calcu-
lation from the number of statolith increments
and catching dates showed that hatching dates

500 -

Py

(=3

(=]
.

300 BW = 5,00x10*ML 24

Cl
)
g r2=0l95 ® ° 4 216
2 200 ] n=138 BW = 12.80x10 ML*
8 r?=0.95
n=116
100 o male
e female
0 —_—
0 100 200 300 400

Mantle length (mm)

Fig. 3. Length-weight relationship of male (open cir-
cles) and female (solid circles) Photololigo
chinensis from the Tonkin Gulf in 2001.
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Fig. 4. Estimated hatching date of all individual
(n=254) of Photololigo chinensis collected from
the Tonkin Gulf in April (transparent back-
ground bars) and from July to October (grey
background bars).

of individuals sampled in July—October ranged
from March to August with a peak from April
to June (Fig. 4). Squid in spring—summer
hatching group which was a main cohort in the
Tokin Gulf was collected from July to October
and autumn-winter hatching group was col-
lected only in April. Based on the hatching and
sampling periods, P. chinensis hatched
throughout the year and the hatching groups
of P. chinensis in this study was classified into
two separate groups, namely spring—summer
hatching and autumn—winter hatching groups.

Observed maturation stages of female squid
varied from stage 1 to 5 for specimens ranging
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Fig. 5. Maturation of female Photololigo chinensis
hatched in spring—summer season.

from 67 to 330 mm in ML (n=131). All females
larger than 220 mm in ML were matured when
older than 126 days. The smallest squid in ma-
turing stage was 130 mm in ML (about 116 day
old), while the biggest immature specimen was
182 mm (124 day—old) (Fig. 5).

3-3 Size and estimated age

Estimated age of squid ranged from 63 (72
mm in ML) to 194 day—old (400 mm in ML) for
males, and 65 (78 mm ML) to 190 day—old (204
mm ML) for females (Fig. 6). The relationship
between ML and esimated age (7 days) was ex-
pressed as ML=0.327"* (#* =0.56, n=116,
p<0.01), and ML=0.497"* (*=0.59, n=138,
p<0.01) for male and female, respectively (Fig.
6). The ML and estimated age relationships
were significantly different between male and
female (ANCOVA test, p<0.003). Growth in
males varied considerably compared to females.
At the same range of age, from 65 to 190 day—
old (for both male and female), daily growth in
ML ranged from 1.35 mm to 1.82 mm for males,
and 1.22 mm to 1.47 mm for females (Equa-
tions in Fig. 6 were used for the estimations).

The relationship between BW and esimated
age was expressed as BW=8.00 x 10° 7*"
(r*=0.58, n=116, p<0.01), and BW=6.00 X 10°
T** (r*=0.62, n=138, p<0.01) for male and fe-
male, respectively (Fig. 7). Based on these
equations, daily growth rates of the body
weight were estimated to be from 0.7 g to 5.46
g, and 0.61 g to 5.18 g for male and female
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Fig. 6. Relationships between estimated age and
mantle length of male (open circles) and female
(solid circles) Photololigo chinensis.
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Fig. 7. Relationships between estimated age and body
weight of male (open circles) and female (solid
circles) Photololigo chinensis.

squid, respectively, at the age range from 65 to
190 day—old. There were no significant differ-
ences in BW and estimated age between males
and females of P. chinensis in this study
(ANCOVA test, F=3.37; p=0.067) (Fig. 7).

The ML and estimated age relationships
combining male and female were ML=6.60 10"
T' (n=15, r’=0.78, p<0.001) and ML=8.00>x10"
T'% (n=239, r’=0.73, p<0.001) for the autumn-—
winter and spring-summer hatching groups,
respectively (Fig. 8). There was a highly sig-
nificant difference between ML and estimated
age of the two hatching groups (ANCOVA
test, age ranging from 115 to 190 day—old, p
<0.001, Fig. 8).The ML growth of the squid of
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Fig. 8. Relationship between estimated age and man-
tle lengths of Photololigo chinensis in different
seasons.

spring—summer hatching group was faster
than that of autumn-winter group. Within the
same age range (115 to 190 day—old), instanta-
neous growth rates of spring—summer hatch-
ing squid decreased from 0.59% to 0.36% of the
mantle length compared with 0.34% to 0.15% of
the mantle length in the autumn—winter hatch-
ing group.

3-4 Statolith growth

The statolith width (SW) ranged from 632 to
1208 xm, and 657 to 1122 g m for male and fe-
male squids, respectively. However, there was
no significant difference in SW and estimated
age relationships between male and female
(ANCOVA test, p=0.09).
The relationships between the estimated age
and statolith increment width of the squid
from the same hatching group were not signifi-
cantly different between male and female
(ANOVA test on residuals from polynomial re-
gression estimation of increments, p=0.19; Fig.
9). As for spring-summer hatching group,
statolith increment width increased from a
mean of 3 £m at day 1to 3.5 ¢m at age 50-60
days. Then, increment width gradually de-
creased to the mean of about 2.8-3.0 xm at age
120-140 days. But for the autumn-winter
group, increment width decreased from a mean
of 24-2.6 um (at day 1) to 2.2 um at day 50—
60. Then, increment widths gradually increased
to the mean of about 2.8 um at age 120-140
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Fig. 9. Mean statolith-increment growth at esti-
mated age of male and female squid from spring
—summer and autumn-winter hatching groups.
Whiskers represent 95% confidence intervals.
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Fig. 10. Statolith widths and estimated age relation
for spring-summer and autumn-winter hatch-
ing groups

days (Fig. 9).

Regressions between the estimated age and
SW of squid hatching in spring—summer and
autumn-winter were SW=478.19In (T) — 1380
(r*=0.73; n=239; p<0.01) and SW=476.92in (T) —
1567 (°=0.64; n=15; p<0.01), respectively. There
was a highly significant difference in slopes of
SW and estimated age between these two
hatching groups (ANCOVA test in the esti-
mated age ranging from 115 days to 190 days,
p<0.001, Fig. 10).

4. Discussion

In the Tonkin Gulf, the relationship between
mantle length and body weight of male and fe-
male P. chinensis was significantly different,
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especially in larger squid (ML>160 mm) where
female was heavier than the male at the same
mantle length. This may be explained by sexual
dimorphism at maturity size and is agreed
with previous studies of P. chinensis in the Gulf
of Thailand (CHOTIYAPUTTA 1994), Amadan
Sea (SUKRAMONGKOL et al., 2007) and North
Queensland, Australia (JACKSON and CHOAT
1992; JACKSON 1993). Power coefficient (b) of
the length—weight relationships (ML=aW") for
female (b=2.42) was higher than that for male
(b=2.16) in this study, which is compatible
with this species in the Gulf of Thailand with
b=2.2-2.4 and b=2.0-2.1 for female and male, re-
spectively (CHOTIYAPUTTA 1994). While the re-
sults of P. chinensis from Andaman Sea was
comparable to our result for female (5=2.39),
the result for male squid was different (b=
1.79) (SUKRAMONGKOL et al. 2007).

In this study, the oldest squid was estimated
to be 194 day-old (400 mm ML). Our result
shows a remarkably shorter life span compare
to the previous study of P. chinensis in the
southern of Vietnam which exceeding 3 years
with maximum ML of 340 mm (DINH et al.
1998). The main reason for this difference of
previous study in Vietnam was base on the
length—frequency relationship, which was an
inadequate means of describing growth for a
rapid growing organism with multiple cohorts
like squids (JACKSON et al., 2000). The oldest
individual (400 mm ML) collected in October in
this study is estimated hatching in March and
grew up most of the time during the warm wa-
ter period, suggesting a faster growth rate
compared to that from cold period (Fig. 8).
Previous studies based on the statolith incre-
ment aging method in Andaman sea and North
Queensland, Australia reported that the life
span of many loniginid squids was estimated to
be less than 9 months (JACKSON 1993; J ACKSON
2004; SUKRAMONGKOL et al. 2007).

P. chinensis has power growth function in
sizes and estimated age relationships both in
spring—summer and autumn-winter hatching
groups (Fig. 8). At the age range of 115 to 190
days, the average daily growth rates varied
from 0.59% to 0.36% of mantle length for sum-
mer—autumn and 0.34% to 0.15% of mantle
length for the winter-spring season. There

have been a number of studies about the effects
of seasons on the growth of squid (RODHOUSE
and HATFIELD, 1990; JACKSON and CHOAT, 1992;
JACKSON et al., 1997, JACKSON and
MOLTSCHANIWSKYJ, 2002). FORSYTHE and
HANLON (1989) indicated that temperature has
a strong influence on growth rates of the
loliginid squids especially in the winter time.
Experimental studies on temperature effects
for growth in squids (L. vulgaris, L. opalescens
and L. pealeii) supported the idea that there
was a significant change in growth rate at dif-
ferent temperatures (TURK et al., 1986; YANG
et al., 1986; HATFIELD et al., 2001). In the
Tonkin Gulf, sea surface temperature from De-
cember to March in 2000-2001 ranged from 20
to 23°C (21.5°C in monthly average) while that
from May to October ranged from 26 to 30°C
(28.6°C in monthly average), which will be a
cause of the seasonal differences in growth of
seasonal hatching groups of the squid.

Increment growth patterns also give strong
support to the variations of the seasonal
growth of P. chinensis. Spring—summer hatch-
ing group had mean statolith increment width
ranging from about 2.2 gm to 3.5 #m which
exhibits larger increment growth compared to
squid hatched in autumn-winter season
(means of statolith increment widths range
from about 2.2 — 2.8 um) (Fig. 9). Experi-
ments on Lolliguncula brevis (DURHOLTZ and
L1piNskI, 2000) also indicated a strong influ-
ence of temperature on statolith growth rate.
Both somatic and statolith growth in this
study support previous findings that there is a
strong difference in seasonal growth pattern in
P. chienensis. Therefore, growth modelling of
loliginid squids needs to take seasonal patterns
into an account.
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Seasonal variations of the water mass
of the East Hokkaido Coastal Current

Yutaka NAGATAY, Sachiko OGUMA?, Keiichi NAGASE”, Kimihiro ATKAWA?Y,
Tori TANAKAY, Akifumi NAKATAY, and Masashi NATSUME".

Abstract: In our previous paper (NAGATA et al., 2009), we concluded that the depth range from
50 to 75m is the best level to analyze the revolution of the East Hokkaido Coastal Current and
its water mass properties. We used in this paper the same data base of the Hokkaido Kushiro
Fisheries Experiment Station as in the previous paper. We selected two stations nearest to the
coast, of the north—south observation lines P1, PKO0, P2, PK1, P3. These stations are located in-
side of the current zone. We used the temperature and salinity data at 50m depth in order to
analyze seasonal variations of the water mass of the East Hokkaido Coastal Current. We clas-
sified the data into three groups: case (1) that the East Hokkaido Coastal Current can be rec-
ognized both in the temperature and salinity cross—sections, case (2) that the Coastal Current
can be recognized in either of the temperature and salinity cross—section and case (3) that no
Coastal Current can be recognized both in the temperature and salinity cross—sections. How-
ever, the distribution areas of the water type of three cases for each month are well overlapped
with one another on the T'S surface, and the distribution natures of three cases appear to be al-
most identical. So, the distributions of two extreme cases (1) and (3) were examined. The dis-
tribution of case (1) is overlapped with that of case (3) for each month, but the overlapping
manner is different one another. In the first half of the year (the season of the Coastal
Oyashio), the area of overlapping is minimum in February when the Coastal Oyashio is
strongest, is a little smaller in April, and is maximum in June. In the second half of the year
(season of the East Hokkaido Warm Current), the areas are almost separated in October, indi-
cating that the East Hokkaido Warm Current is strongest in October. The considerable over-
lapping area is seen in August, and two distributions are almost identical in December. The
distribution of the water type of case (1) in the first half of the year is well separated to that
of the second half of the year ; the temperature value in the first half is higher than 4°C, and
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that in the second half is lower than 4°C. The results obtained here indicate that the east
Hokkaido Coastal Current Water cannot be generated by the water mass which has been

carried directly from the Okhotsk Sea.

Keywords: the East Hokkaido Coastal Current, the Coastal Oyashio, the East Hokkaido Warm
Current, water mass analysis, seasonal variations
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Fig. 2. Scatter diagram of water types on TS surface
in February: solid circles (@) indicate the case
(1) when cold and fresh water belt (the Coastal
Oyashio) can be seen along the coast on both of
temperature and salinity cross—sections, and
open triangles (/) the case (3) when cold and
fresh belt cannot seen on both of temperature
and salinity cross—section. Numerals attached on
curves indicate density o.

15 : :
M0 2z % L
o
g
2
m
ai 4
£ 5- :
o
e
i |
0t
al
dl::n_. .
. " L oo
0 % » » ™% rid |-
| I T |
325 33 335 34
Salinity

Fig. 3. Same as in Fig. 2 except for April.
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Fig. 4. Same as in Fig, 2 except for June.
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Fig. 5. Scatter diagram of water types on TS surface
in August: solid diamonds (@) indicate the case
(1) when warm and saline water belt (the East
Hokkaido Warm Current) can be seen along the
coast on both of temperature and salinity cross—
sections, and open triangles (/) the case (3)
when warm and saline belt cannot seen on both
of temperature and salinity cross—section.

15 * 3 .
* sy -
’ .
October T :t‘ oo
L 4 ., ¢
10+ 25- ¢ . 2 -
— L e
8 ', .__. ¥
4 -
2 s *
m A
]
o
£s- S :
=
& b
0- 2% ar E
. . o1 — .
32.5 33 335 34

Salinity

Fig. 6. Same as in Fig. 5 except for October.
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Fig. 7. Same as in Fig, 5 except for December. Water
types for the case when cold and fresh water belt
(the Coastal Oyashio) can be seen along the
coast both on temperature and salinity cross—
sections are also plotted with open circles.
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Fig. 8. Scatter diagrams of water types on T'S surface
in the case (1) that the Coastal Oyashio (solid
symbols) or the East Hokkaido Warm Current
(open symbols) can be seen both in temperature
and salinity cross—sections. Solid circles (@)
are for February, solid triangles (A) for April,
solid squares () for June, open circles (O) for
August, open triangles (/) for October and
open squares ([ 1) for December.
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Fig. 9. Seasonal variation of the water type averaged
for each month. Same symbols are used just as
same as in Fig. 8.
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High tolerance of phytoplankton for extremely high
ammonium concentrations in the
eutrophic coastal water of Dokai Bay (Japan)

Marut SUKSOMJIT”, Kuninao TADA", Kazuhiko IcHIMI” and Shigeru MONTANI”

Abstract: The tolerance of phytoplankton in Dokai Bay for an extremely high ammonium con-
centration in culture media has been studied. Six species of phytoplankton, three diatoms (two
clones of Skeletonema sp. and Chaetoceros sp.) and three flagellates (Heterosigma akashiwo,
Chattonella antiqua and Karenia mikimotoi) were grown in various concentrations of NH,CI.
The results suggested that high ammonium concentrations had negative effects on
phytoplankton growth. Non-indigenous species in Dokai Bay, Japan, C. antiqua and K.
mikimotoi, were unable to grow at 200 and 150 ¢ M, respectively. Growth rates of Skeletonema
sp. isolated from Harima Nada (Seto Inland Sea, Japan), Chaetoceros sp. and H. akashiwo were
reduced significantly at higher ammonium concentrations compared to the control treatment.
However, such a high ammonium concentration of even 1,500 1M could not produce a signifi-
cant adverse effect on the growth rate of Skeletonema sp. isolated from Dokai Bay. Further-
more, the maximum chlorophyll fluorescence of tested species was also gradually decreased
with an increase in ammonium concentration. The influence of a high ammonium level on
phytoplankton growth observed in this study confirmed the phytoplankton species composi-
tion observed in Dokai Bay. Our results suggested that such a high ammonium concentration
was an important factor in determining the species composition of the phytoplankton assem-

blage in that bay.

Keywords: Ammonium toxicity, growth inhibition, Dokai Bay

1. Introduction

Since the last century, the role of ammonium
in phytoplankton growth has attracted the at-
tention of scientists, and several studies have
been published underlining its importance.
Among dominant nitrogen sources, ammonium
is known as an excellent nitrogen source for
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phytoplankton growth. Phytoplankton are be-
lieved to prefer ammonium to nitrate even
when both substrates are available due to the
higher energy cost of nitrate utilization.
Phytoplankton resume the uptake of nitrate
when ammonium concentration declines (e.g.
SYRETT, 1981 and reference therein; FLYNN,
1991; FLYNN et al., 1997, LEVASSEUR, et al.,
1993; WASER et al., 1998). Although ammonium
is an important factor related to primary pro-
ductivity in aquatic environments
(NATARAJAN, 1970; DorTcH and CONWAY,
1984), it is generally found in lower concentra-
tions than nitrate in natural environments.
The availability of nitrate determined a new
primary productivity in aquatic environments
(DUGDALE and GOERING, 1967).

However, both negative and positive effects
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of ammonium on the growth of phytoplankton
have been reported. For example, the inhibi-
tory  effects of ammonium on the
phytoplankton growth rate and photosynthe-
sis have been variously reported (e.g.
NATARAJAN, 1970; THOMAS et al., 1980; Azov
and GOLDMAN, 1982; LIVINGSTON et al., 2002).
Moreover, several studies have reported in both
culture and field experiments that the presence
of ammonium significantly reduced the nitrate
uptake rate of several phytoplankton species
(e.g. DorTCH and CONWAY, 1984; DORTCH et al.,
1991; HORRIGAN and McCARTHY, 1982; LomMoOS
and GLIBERT, 1999). SYRETT (1981) summa-
rized that active nitrate reductase (NR), an im-
portant enzyme for nitrate uptake, is not
formed in the presence of ammonium. A de-
crease in NR activity by ammonium reflects
the inhibition of nitrate incorporation (BERGES
et al., 1995). Changes in NR activity are most
likely mediated by changes in enzyme protein
at longer time scales, but perhaps by an inacti-
vation mechanism on a scale of only minutes.
Generally, though the amounts of ammo-
nium in unpolluted coastal waters rarely ex-
ceed 5 ¢« M, a high ammonium concentration
could be observed in several coastal areas due to
the discharge of high-loading or untreated
wastewater from human activity (e.g.
LIVINGSTON et al., 2002; TADA et al., 2001). In
Dokai Bay, one of the eutrophic embayments in
Japan, a high ammonium concentration (e.g.
>200 1« M) that was toxic to organisms (e.g.
RANDALL and Tsur, 2002) has often been ob-
served, and due to its negative effect on growth
rates, ammonium might be one of the factors
that have determined the species composition
of the phytoplankton community in that bay.
Species tolerant of such a high ammonium con-
centration should produce a bloom more fre-
quently observed than in species with a lower
tolerance. These hypotheses were derived from
field observations of dominant phytoplankton
species during phytoplankton blooms in Dokai
Bay. YaMaDA and KAJIwARA (2004) reported
that Skeletonema spp. usually formed the ma-
jor component of the phytoplankton assem-
blage in Dokai Bay, while only a few blooms of
other species were observed. Blooms of flagel-
lates seldom occurred even though sufficient

nutrients were available. In addition, the
phytoplankton assemblage in the bay was
dominated all year around by Skeletonema sp.

Although TApA et al. (2001, 2004) had al-
ready shown that the growth rates of
phytoplankton were an important factor in
species composition because of the rapid
advection of the surface water mass by a
strong estuarine circulation without vertical
mixing, indicating that the influence of an ex-
tremely high ammonium concentration in the
bay should also be discussed. The goal of this
study was to clarify the influence of a high con-
centration of ammonium on phytoplankton
growth and its consequences for species deter-
mination under eutrophic conditions such as
those in Dokai Bay. The effects of ammonium
were examined at various concentrations (in-
cluding those similar to that of Dokai Bay) on
the growth of indigenous and non-indigenous
phytoplankton species.

2. Materials and methods
2.1 Influence of ammonium on phytoplankton
growth
To examine and compare the influence of am-
monium on phytoplankton growth under
eutrophic conditions such as those in Dokai
Bay, cultures of indigenous and non-
indigenous species in the bay i.e. Skeletonema

sp. and  Chaetoceros  sp. (Diatoms),
Heterosigma  akashiwo and  Chattonella
antiqua  (Raphidophyceae) and Karenia

mikimotoi (Dinoflagellates) were chosen for
this study. Skeletonema sp. was isolated from
both Dokai Bay and Harima Nada. Moreover,
other phytoplankton species (Chaetoceros sp.,
H. akashiwo, C. antiqua and K. mikimotol)
were isolated from Harima Nada and main-
tained in the culture collection of the Kagawa
University Laboratory.

Seawater (filtrated through Whatman GF/F
filters) from Harima Nada was used to prepare
an ESM culture medium (OKAICHI et al., 1983)
without Tris-hydroxymethyl-aminomethane.
The pH of each culture medium was initially
adjusted to 8.0. Culture media were then trans-
ferred to a 50-ml borosilicate glass test tube
with a Teflon-lined cap, and autoclaved at 65°C
for 60 minutes. The resulting medium contain-
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ing 1,400 © M of nitrate as the sole N source
was used for the following experiments to-
gether with various concentrations of ammo-
nium.

Each test species was inoculated into the cul-
ture media with a different level of ammonium
concentrations by the addition of NH,Cl and in-
cubated at 21°C in 100 x mol photons m * s™'
(14:10 hours Light-Dark cycle). Based on the
ammonium concentration of the surface water
in Dokai Bay, eleven different final ammonium
concentrations (0 (no ammonium addition and
nitrate as the sole N source), i.e. 10, 50, 100,
150, 200, 500, 700, 1000, 1250 and 1500 « M
(with 1,400 u M of nitrate)) were chosen for
Skeletonema sp., Chaetoceros sp. and H.
akashiwo, while lower levels (0, 5, 10, 25, 50,
100, 150, 200, 300 and 500 © M) were used for C.
antiqua and K. mikimotoi. All treatments were
conducted independently in triplicate. Sterile
technique was used throughout the study to
prevent bacterial contamination. Prior to the
experiment, all test species were acclimated by
being grown in the desired ammonium concen-
tration for at least six generations. The accli-
mated exponential phase of test species was
inoculated into the new culture medium. Fol-
lowing inoculation, in vivo chlorophyll fluores-
cence was determined at 24-h intervals using a
fluorometer (Turner Design 10-AU-005)
(BRAND et al., 1981). The experiment was ter-
minated when most replicates began to decline.
The growth rate (., divisions day ') was esti-
mated from in vivo chlorophyll fluorescence
data during the exponential phase of growth
using the following formula:

_ (log,F,—log,I7,)
) (tzitl)y

where F: and Fi are the in vivo chlorophyll
fluorescences in the exponential phase at times
2 (t,) and 1 (¢,) after incubation, respectively.
A minimum of 3 sampling points was included
in each calculation. The growth rate and maxi-
mum chlorophyll fluorescence of test species in
a concentration series of ammonium were com-
pared to the no-ammonium addition treatment
(control treatment) using one-way analysis of
variance (SPSS ® version 10.0 software) to
evaluate the influence of ammonium on

phytoplankton growth. A post-hoc comparison
of means was conducted when a significant dif-
ference (p<0.05) was observed.

2.2 Relationship between in vivo chlorophyll

fluorescence and cell density

Another experiment, using the protocol de-
scribed above, was conducted to assess the cor-
relation  between in  vivo  chlorophyll
fluorescence and cell density. That correlation
was tested on Skeletonema sp. and C. antiqua
at two ammonium concentrations (i.e. no am-
monium addition with nitrate (1,400 « M) as
the sole N source, and high ammonium concen-
tration with 1,400 #«M NOs). That correlation
was determined at high ammonium concentra-
tions (500 and 150 u M, respectively) with no
ammonium addition. In vivo chlorophyll fluo-
rescence was determined using a fluorometer
(Turner Design 10-AU-005), and cell density by
using a cell and particle counter (Beckman Z2™
Coulter Counter®).

2.3 Influence of pH on growth of Skeletonema

Sp.

An additional experiment using the protocol
described above was carried out to assess the
influence of pH. The variations of pH during
the growth of Skeletonema sp. isolated from
Dokai Bay under a number of ammonium con-
centrations (0, 10, 50, 100, 150, 200 and 500
1 M) were determined daily using a Shidengen
ISFET pH-meter (KS 701).

2.4 Phytoplankton growth and ammonium con-

centration of Dokai Bay water

The influence of high ammonium on the spe-
cies composition of the phytoplankton assem-
blage in Dokai Bay was assessed. To evaluate
that influence, the previous data set of ammo-
nium concentrations of surface water obtained
from an intensive monitoring program in the
bay (SUKSOMJIT et al., 2005) were used. In addi-
tion, ammonium concentrations of surface wa-
ter at 7 stations in the bay from 1996 to 1997 as
well as the tolerance data obtained in this
study were examined.

3. Results
3.1 Relationship between in vivo chlorophyll
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Fig. 1. Correlation between chlorophyll fluorescence and phytoplankton cell density of Skeletonema sp. (A) and
Chattonella antiqua (B) under different ammonium concentrations.

fluorescence and cell density

Figure 1 shows the relationship between the
in  wvivo chlorophyll  fluorescence and
phytoplankton cell density of Skeletonema sp.
and C. antiqua under different ammonium con-
centrations. Linear regressions of in vivo chlo-
rophyll fluorescence versus cell density
observed at all ammonium concentrations of
both test species and correlation coefficients
(R*) were > 0.97. Moreover, there was no differ-
ence (p>0.05) in the correlation between in vivo
chlorophyll fluorescence and cell density at
high ammonium concentration vs. no

ammonium addition. This showed that the cells
responding to severe conditions of high ammo-
nium concentration based on their cellular
chlorophyll contents were not different from
those under normal conditions. This result in-
dicated that we could calculate the growth rate
using fluorescence instead of cell density, and
could discuss our results using data calculated
from in vivo chlorophyll fluorescence for cell
yields.

3.2 Effect of ammonium on growth rates
The growth rates of all tested species and the
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Fig. 2. Growth rates (., divisions day ") of Skeletonema sp. isolated from Dokai Bay (A) and Harima Nada,
Seto Inland Sea (B), Chaetoceros sp. (C), Heterosigma akashiwo (D), Chattonella antiqua (E) and Karenia
mikimotoi (F) exposed to various ammonium addition. Vertical bars are standard deviations (S.D.) of rep-
licate samples. Longer dashed lines indicate the growth rate of the control treatment (no NH;i addition) and

shorter dashed lines indicate = S.D.

growth rate variations in a series of ammo-
nium concentrations were shown in Fig. 2.
Among test species, the growth rates of
Skeletonema sp. isolated from both Dokai Bay
and Harima Nada were slightly higher than
those of Chaetoceros sp. and markedly higher
than those of other test species. The presence of
high ammonium exerted a significant impact
on the growth rate of indigenous test species,
1.e. Skeletonema sp., Chaetoceros sp. and H.
akashiwo. Moreover, the lethal effect of such
high ammonium concentrations as those found
in Dokai Bay became evident in two non-
indigenous flagellates, i.e. C. antiqua and K.
mikimotol.

Since no lethal effect at even the highest am-
monium concentrations was found in all in-
digenous species, the effect of ammonium on
the growth rate varied among each species
tested. Among the indigenous species, ammo-
nium at a high concentration of even 1,500 ¢ M
had no significant effect on the growth rate of
Skeletonema sp. isolated from Dokai Bay com-
pared to the control, which had no added am-
monium and in which nitrate was the sole N
source (Fig. 2A). The growth rate of
Skeletonema sp. varied from 1.60 to 1.96 divi-
sions day”, and the rates at high ammonium
concentrations (700, 1,000, 1,250 and 1,500
© M) were similar to those in with the control
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treatment. Unlike the clone from Dokai Bay,
the Skeletonema sp. isolated from Harima
Nada, Chaetoceros sp. and H. akashiwo, evi-
denced a significant reduction in their growth
rate at higher ammonium concentrations. The
growth rates of Skeletonema sp. from Harima
Nada and Chaetoceros sp. were significantly (p
<0.05) reduced at ammonium concentrations of
500, 700, 1,250 and 1,500 M but not at 1,000
«M compared to the control treatment (Fig.
2B and 2C). Those rates also varied from 1.37
to 1.51, and from 0.80 to 1.14 divisions d—ay ',
whereas the growth rate of the control treat-
ment was 1.68 and 1.41 divisions day . In addi-
tion, H. akashiwo growth rates were

significantly lower than the control treatment
when ammonium concentrations reached 500
«M or higher (Fig. 2D). The growth rate at
those concentrations varied from 0.44 to 0.59
divisions day ', whereas that in the control
treatment was 0.75 divisions day .

The lethal effect of high ammonium concen-
trations was shown in both non-indigenous
flagellates, C. antiqua and K. mikimotoi. These
test species were unable to grow when the am-
monium concentrations reached 200 and 150
u M, respectively (Figs. 2E and 2F), whereas
below those concentrations, they could have
survived and grown at the same rate as the
control treatment.
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In this study, an acceleration of growth rates
at lower ammonium concentrations was ob-
served. The growth rate of Chaetoceros sp. at
50 ©#M was significantly higher (p<0.05) than
that of the control treatment as well as other
ammonium concentrations. However, there
was no acceleration effect on growth rates of
other indigenous and non-indigenous species at
lower ammonium concentrations.

3.3 Effect of ammonium on maximum chloro-
phyll fluorescence

The maximum chlorophyll fluorescence of all
species tested in a series of ammonium concen-
trations was shown in Fig. 3. Maximum chlo-
rophyll fluorescence of all test species
gradually decreased with the increase in ammo-
nium concentration. However, the level of am-
monium that adversely affected the maximum
chlorophyll fluorescence varied from species to
species.

In Fig. 3A, the maximum chlorophyll fluo-
rescence of Skeletonema sp. isolated from
Dokai Bay did not differ from that in the con-
trol treatment at low ammonium concentra-
tions from 10 to 150 M. That maximum level
rapidly decreased when the ammonium concen-
tration reached 200 M. From 200 to 1,500 w
M, the maximum chlorophyll fluorescence de-
creased gradually as a function of ammonium
concentration, reaching a significantly lower
level (p<0.05) compared to that in the control
treatment. In the case of the clone from
Harima Nada (Fig. 3B), the maximum chloro-
phyll fluorescence was significantly higher (p
<0.05) than that in the control treatment at
low ammonium concentrations from 10 to 200
« M. That maximum decreased when the am-
monium reached over 500 x M. However, the
maximum chlorophyll fluorescences at 1,250
and 1,500 # M were significantly lower (p
<0.05) than those in the control treatment. As
for Chaetoceros sp., its maximum chlorophyll
fluorescences did not differ from those of the
control treatment at low ammonium concen-
trations and then decreased when ammonium
exceeded 200 uM (Fig. 3C). The Chaetoceros
sp. maximum was significantly lower (p<0.05)
than that of the control treatment when am-
monium concentrations ranged between 500

and 1,500 x M. Similar to the other indigenous
species, the adverse effect on the maximum
chlorophyll fluorescence of H. akashiwo
emerged from an ammonium concentration of
25 M up to the highest concentration (Fig.
3D). The maximum chlorophyll fluorescence of
this test species at 500 to 1,500 M was signifi-
cantly lower (p<0.05) than the one in the con-
trol-treatment maximum.

Although those two non-indigenous species,
C. antiqua and K. mikimotoi, were unable to
grow at ammonium concentrations of 200 and
150 1 M, respectively, no adverse effect on their
maximum chlorophyll fluorescence at lower
ammonium concentrations was observed. In
Figs. 3E and 3F, the maximum chlorophyll
fluorescence of C. antiqua and K. mikimotot
varied over a small range and did not differ
from the control-treatment maximum.

3.4 Variation of pH

During the growth of Skeletonema sp. iso-
lated from Dokai Bay under various ammo-
nium concentrations (Fig. 4A), the pH in the
culture medium of all treatments increased
slightly between days 1 and day 3, but then in-
creased rapidly, reaching 9.0 on day 5. This
phenomenon was also observed in the control
treatment. On day 6, the pH of all treatments
varied over 9.0 (Fig. 4B).

4. Discussion
4.1 Inhibition effect of high ammonium on

phytoplankton growth

In this study, the presence of high ammo-
nium caused significant effects on the growth
of phytoplankton. At a high ammonium con-
centration, suppression of the growth rates
and maximum chlorophyll fluorescence of all
indigenous species or a total growth inhibition
in the case of C. antiqua and K. mikimotot were
observed. Suppressions of the growth rates
found in the present study also corresponded
with those in previous studies (ADMIRAAL,
1977; ABELIOVICH and Azov, 1976; BATES et al.,
1993; KALLQvisT and  SVENSON,  2003;
LIVINGSTON et al., 2002). ADMIRAAL (1977) re-
ported that ammonia at >500 ¢ M reduced the
growth of benthic diatoms. KALLQVIST and
SVENSON (2003) found that ammonium at 224
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# M reduced the growth rate of Nephroselmis
pyriformis  (Chlorophyta)  within  24h.
LIVINGSTON et al. (2002) showed that the chlo-
rophyll a concentration was significantly de-
creased at ammonium concentrations from 0.11
t0 0.24 mg 17" and even much lower at over 0.46
mg 1 '. HILLEBRAND and SOMMER (1996) re-
ported that ammonium inhibited or at least
slowed down the nitrate uptake at a high am-
monium/nitrate ratio, leading to a lower
growth rate of Pseudo-nitzschia pungen f.
multiseries Hasle. A summary of the negative
ammonium effects and ranges on several
phytoplankton species was shown in Table 1.
Moreover, the concentration of ammonium
that caused the inhibition of growth rates in
test species was about the same across several
species. BATES et al. (1993) reported little sup-
pression of the Skeletonema costatum cell yield
at 880 u« M (the highest test concentration).
Fukazawa (1980) found that the growth rate
of Gymnodinium sp. decreased at 50 © M of
NH;. NaKAMURA and WATANABE (1983) indi-
cated that ammonium concentrations higher
than 150 ¢« M caused a severe inhibition of C.
antiqua growth, and that the species could not
survive at 300 « M.

Fig. 4C showed the relative percentage of
NH; in NH; plus NH,', which was calculated by
the equation presented in KORNER et al. (2001).
In the present study, a lower yield of maximum
chlorophyll fluorescence at higher ammonium
concentrations with almost a similar growth
rate was observed. The onset of premature se-
nescence (Fig. 4A) seemed to be triggered by
the increase in ammonia (NH;) due to the pH
increase initially from 8.0 to over 9.0 on day 6
(Fig. 4B). We considered that the lower yield of
maximum  chlorophyll  fluorescence  of
phytoplankton test species at the higher am-
monium concentration shown in Fig. 3 was due
to the increase in ammonia concentration fol-
lowing the elevation of pH. This suggested that
the inhibition effect on phytoplankton growth
occurred when the proportion of NH; increased
due to pH elevation. KALLQVIST and SVENSON
(2003) also suggested that the toxicity of total
ammonia (the sum of NH; and NH;) strongly
depended on pH and NH; is the main toxic form
of total ammonia.

4.2 Tolerances among phytoplankton species

The tolerances of test phytoplankton species
to ammonium varied with each phytoplankton
species showing different growth rates under
various ammonium concentrations. Comparing
the growth rates of all test species, we found
that Skeletonema sp. isolated from Dokai Bay
showed similar growth rates even at 1,500
© M, whereas the growth rates of Skeletonema
sp. isolated from Harima Nada, Chaetoceros sp.
and H. akashiwo, gradually diminished with
the increase in ammonium concentrations over
500 « M. Moreover, C. antiqua and K.
mikimotoi were unable to grow with ammo-
nium concentrations of 200 and 150 x M, re-
spectively. An unchanged growth rate despite
high ammonium concentrations indicated that
Skeletonema sp. isolated from Dokai Bay was
more tolerant than Chaetoceros sp. and H.
akashiwo. Moreover, the lethal effect on C.
antiqua and K. mikimotoi also suggested that,
compared to indigenous species, non-
indigenous species in Dokai Bay were less toler-
ant. Superior tolerance for the ammonium of
diatoms, particularly Skeletonema sp., than
that shown by other phytoplankton species
was reported in several previous studies.
Furazawa (1980) found that 50 u M of NH;
failed to inhibit the growth rate of S. costatum,
whereas those of H. akashiwo and
Gymnodinium sp. were inhibited at that con-
centration. BATES et al. (1993) concluded that
Skeletonema was the species most tolerant of
high ammonium. Levels higher than 110 ¢ M
were found to significantly reduce the photo-
synthetic rate of Nitzschia pungens, while hav-
ing no effect on that of S. costatum. In
addition, we could assume that Skeletonema sp.
isolated from Dokai Bay was more tolerant of
ammonium than Skeletonema sp. isolated from
Harima Nada. The differences in ammonium
tolerance among phytoplankton species iso-
lated from different locations have also been re-
ported in a previous study. HILLEBRAND and
SOMMER (1996) discovered major differences in
ammonium tolerances among Pseudo-nitzschia
clones isolated from locations under a variety
of original conditions.

Therefore, the result from this study simu-
lated  conditions of high  ammonium
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Fig. 5. Map of Dokai Bay, in northern Kyushu Island, Japan. Average ammonium concentration (M) of sur-
face water since 1996-1997 from Station T1 (bay mouth) to T7 (inner part). Bar graphs represent maximum
and minimum ammonium concentrations and black dot (@) indicates sampling stations. Vertical bars show
range (minimum to maximum) of ammonium concentration at each sampling station.

concentrations and sufficient nutrients in
Dokai Bay, demonstrated that the tolerance of
ammonium was also one factor that deter-
mined the species composition of the
phytoplankton assemblage in that bay.

4.3 Field implications

It is widely acknowledged that
phytoplankton growth in natural environ-
ments is controlled by three key factors, i.e.
physical (e.g. water circulation, light intensity,
water temperature, etc.), chemical (e.g. nutri-
ents, trace elements, etc.) and biological (e.g.
taxonomic variations, phytoplankton origins,
zooplankton grazing, etc.). Under suitable con-
ditions, phytoplankton grow actively and often
produce blooms. TADA et al. (2001 and 2004)
concluded that the nutrient concentration in

Dokai Bay was sufficient for phytoplankton
growth during the entire year, and that
phytoplankton blooms were controlled by
strong water circulation. They suggested that
only phytoplankton species having a higher
growth rate than the flash-out speed of the
surface water mass could be dominant and
would subsequently produce a bloom. However,
the results from this study indicated that high
ammonium had the potential to function as a
selective factor in determining the species com-
position and the dominant species of
phytoplankton blooms in Dokai Bay.

YAMADA and KAJTWARA (2004) reported that
the frequency of Skeletonema red tides was
highest in Dokai Bay. They reported 51 red
tides occurring during the observation period,
36 of which were attributed to Skeletonema
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species, which 20 times were sole and 16 were a
mixture with other diatoms or flagellates;
however, a few Chaetoceros sp. and H.
akashiwo blooms were also observed. Further-
more, there were no reports on blooms of C.
antiqua or K. mikimotot. Data from an inten-
sive monitoring program from 1996 to 1997
(SUKSOMJIT et al., 2005) indicated that a high
ammonium concentration was always found in
this bay throughout the year. The average am-
monium concentrations of surface water be-
tween 1996 and 1997 plotted from the bay
mouth (Station T1) to the inner part (Station
T7) were shown in Fig. 5. In this bay,
phytoplankton blooms were usually observed
at the inner part, with phytoplankton biomass
decreasing gradually from there to the bay
mouth (YANAGI et al., 1997). Moreover, at Sta-
tions TH, T6 and T7, important areas for bloom
development (YANAGI et al., 1997), average am-
monium concentrations were at their highest,
often exceeding 200 M. As a rule, concentra-
tions decreased gradually from the inner part
to the bay mouth (Station T1). Thus, blooms
of Skeletonema spp., Chaetoceros sp. and H.
akashiwo but none of C. antiqua or K.
mikimotol were compatible with each species
tolerance of the existing level of ammonium
concentration. Although a level of 200 « M had
a lethal effect on C. antiqua and K. mikimotoi
growth, no inhibitory effect on Skeletonema
sp., Chaetoceros sp. or H. akashiwo could be ob-
served at the existing level of ammonium con-
centration. This would explain why these
highly tolerant species (i.e. Skeletonema sp.,
Chaetoceros sp. and H. akashiwo) could be
readily observed in this area, whereas C.
antiqua and K. mikimotot could not. Moreover,
superior tolerance for the ammonium of the
Skeletonema sp. isolated from Dokai Bay
should be observed more frequently than spe-
cies with lower tolerance. This finding coin-
cided with the observations of Skeletonema sp.
all year long (TADA et al., 2004). This influence
of high ammonium on the determination of
species composition was reported in several
previous studies. ADMIRAAL (1977), for exam-
ple, revealed that the distribution of benthic
diatoms in an estuary would be affected by the
occurrence of ammonia, and that Navicula

salinarum, with its extreme tolerance of high
ammonium, was the dominant species in that
polluted mudflat. LIvINGSTON et al. (2002)
found that phytoplankton abundance and spe-
cies richness were significantly lower in the
Amelia River-Estuary, which received waste-
water from a nearby pulp mill. HURLIMANN and
ScHANZ (1993) reported that the addition of 364
©# M or more resulted in a decrease in the
biomass and triggered drastic changes in spe-
cies composition; after a 42-day enrichment pe-
riod, diatoms (which are known to be tolerant
of organic pollution) were found.

5. Conclusion

In summary, we have concluded that ammo-
nium at high concentrations functions as an
important factor in regulating phytoplankton
growth and dominant phytoplankton species
via the different ammonium tolerance levels of
each species. TADA et al. (2001, 2004) had al-
ready shown that the growth rates of
phytoplankton were an important factor in de-
termining species composition because of the
sudden advections of the surface water mass by
a strong estuarine circulation without vertical
mixing. However, we considered that the re-
sults of this current study provide additional
evidence for why Skeletonema sp. was such a
dominant species in Dokai Bay, producing
blooms more frequently than Chaetoceros sp.
or H. akashiwo. These results also provided
convincing evidence why some flagellates, (i.e.
C. antiqua and K. mikimotoi) were not ob-
served in this bay.
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Ammonium accelerates the growth rate of
Skeletonema spp. in the phytoplankton assemblage
in a heavily eutrophic embayment, Dokai Bay, Japan

Marut SUKsoMJIT”, Kazuhiko IcHIMI?, Ken-Ichiro HAMADA?,
Machiko YAMADA"Y, Kuninao TADA"*, Paul J. HARRISON”

Abstract: High ammonium loading in Dokai Bay produces large diatom blooms and therefore
laboratory experiments was conducted to determine if ammonium stimulated the occurrence of
the observed massive phytoplankton blooms. The presence of ammonium as a nitrogen source
significantly increased the growth rate of Skeletonema spp. compared to nitrate. Growth rate
(st ) on ammonium was significantly higher (~13-15%) than on nitrate. However, the effect
of ammonium on growth rate acceleration was species specific, because the effect was not ob-
served when the field assemblage was a mixture of Skeletonema spp. and other diatoms. In ad-
dition, the magnitude of the growth acceleration effect varied, depending on the irradiance
level. The largest significant increase in growth rate on ammonium compared to nitrate oc-
curred when irradiance was at irradiance around 200 xmol photons m *s'. Our results sug-
gested that the growth of Skeletonema spp. which was dominant species in Dokai Bay was
accelerated by ammonium and particularly under an irradiance which occurs in the mixed sur-
face layer of this bay in summer. This bay may act like a selective growth incubator for certain
diatoms such as Skeletonema that are subsequently exported to nearby coastal waters.

Keywords: High ammonium, growth rate stimulation, irradiance, Dokat Bay, Skeletonema,

nitrogen.

1. Introduction
In most coastal environments, nitrogen is the
important macronutrient for the growth of
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phytoplankton. A deficit of nitrogen reduces
primary productivity and an excess of nitrogen
can stimulate excessive algal blooms. Among
the various forms of nitrogen, ammonium and
nitrate are traditionally considered to be the
most important nitrogen sources for a natural
phytoplankton assemblage (e.g. SYRETT, 1981;
LEVASSEUR et al., 1993; HERNDON and
COCHLAN, 2007).

Anthropogenic nutrient pollution is consid-
ered to cause one of the most pervasive changes
in lower trophic levels in the coastal environ-
ment. The input of inorganic nitrogen, particu-
larly ammonium from sewage, agricultural
runoff, or untreated wastewater from indus-
try, is steadily increasing and causes the dete-
rioration of water quality. In Japan, for
example, untreated wastewater from
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industries along the coast of Dokai Bay, Kyu-
shu Island, caused the deterioration of water
quality since 1960. High ammonium concentra-
tions were observed throughout the year par-
ticularly in the inner bay (TADA et al., 2001).
High concentrations of ammonium are increas-
ingly found in several discharge areas (e.g.
LIVINGSTON et al., 2002).

The responses of phytoplankton to an in-
crease of ammonium concentration have been
reviewed previously (e.g. SYRETT, 1981; FLYNN,
1991; FLYNN et al., 1997). The adverse effect of
high (toxic) ammonium on phytoplankton
growth has been reported in several studies
(e.g. NATARAJAN (1970); Azov and GOLDMAN
(1982); LIVINGSTON et al. (2002)). On the other
hand, the stimulation of growth rate of
phytoplankton by ammonium has also been re-
ported for laboratory cultures (THOMPSON et
al., 1989; LEVASSEUR et al., 1993; HERNDON and
COCHLAN, 2007).

Early studies in Dokai Bay, suggested that
strong estuarine circulation was the explana-
tion for the occurrence of phytoplankton
blooms during only summer (YANAGI and
YaMaDa, 2000; TaDA et al., 2001 and 2004).
YaMADA and KAJIwARA (2004) reported that
51 phytoplankton blooms were observed in this
bay between 1980 and 1995, and 20
phytoplankton blooms were dominated by
Skeletonema costatum and S. tropicum and it
was also a co-dominant 16 times in blooms with
other species. However, S. costatum has long
been considered one of the most conspicuous
and widespread members of the coastal marine
phytoplankton. Recently, it was discovered
that a number of distinct species were included
under this name (SARNO et al., 2005) and they
are difficult or impossible to distinguish based
on morphological characters. So, we expressed
the species Skeletonema spp. in this paper. In
contrast, Chaetoceros sp. and Heterosigma
akashiwo blooms were rarely observed. TADA
et al. (2001) reported that the phytoplankton
assemblage in Dokai Bay was dominated by S.
tropicum in summer season and S. costatum in
other seasons. However, the occurrences of
phytoplankton blooms in this bay appear to be
associated with the high ammonium concentra-
tions. This hypothesis is derived from the

observation of Skeletonema spp. as a dominant
species throughout the year and Skeletonema
spp. usually formed the major component of
these phytoplankton blooms. Recently, it was
determined that the high ammonium level that
was found in the inner bay was an important
factor regulating phytoplankton growth and
dominant species through differences in ammo-
nium tolerance efficiency (SUKSOMJIT et al., in
press).

It was not clear whether the presence of high
ammonium enhanced the occurrence of very
frequent Skeletonema spp. blooms in this bay
with strong estuarine circulation, although the
growth stimulation of phytoplankton by am-
monium has been previously reported in the
laboratory (THOMPSON et al., 1989; LEVASSEUR
et al., 1993). In addition, there is a need to clar-
ify the effect of irradiance on the growth rate
of Skeletonema spp. under different nitrogen
sources, because the previous studies revealed
that the influence of ammonium acceleration of
growth rate depends on light irradiance (e.g.
HerNDON and CocHLAN, 2007, WooD and
FLYNN, 1995). The goal of this study was to
clarify the effect of ammonium on the accelera-
tion of phytoplankton growth rate in Dokai
Bay, with a focus on Skeletonema since it was
always the dominant bloom forming species.

2. Materials and methods
2.1 Effect of ammonium on phytoplankton
growth

Natural phytoplankton assemblages and
natural seawater were collected from the sur-
face of the middle and outer part of Dokai Bay
(station DK1 and DK2, Fig. 1) on June 20 and
July 31, 2007. The samples were pre-filtered
through a 300 «m mesh net in order to remove
large zooplankton and brought back to the
laboratory.

The natural phytoplankton assemblage col-
lected from station DK1 was diluted 50-fold
with filtered (pre-combusted GF/F) natural
seawater from station DK2 and transferred
into six 1-L Erlenmeyer flasks (initial chloro-
phyll fluorescence ca. 2). Either 100 # M am-
monium (1* treatment) or nitrate (2™
treatment) was added along with phosphate
(29 uM) and silicic acid (88 ¢« M) in triplicate.
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These flasks were incubated at 20°C under 100
«mol photons m *s ' (14 L:10 D cycle) using
cool white fluorescence lamps with gentle stir-
ring. After nitrogen in the culture medium of
each treatment was depleted, both the NH," and
NO; grown cultures were transferred into new
medium, but the nitrogen source was switched
(i.e. from NH;" to NO; and vise versa). Ac-
cording to this incubation experiment, we
tested the effect of either ammonium or nitrate
individually, because of the following reasons.
In Dokai Bay, the DIN concentration often ex-
ceeded 100 « M of which 40-70% was ammo-
nium. Namely, both ammonium and nitrate
concentration were high in this bay. TADA et
al. (in press) conducted the incubation experi-
ment of surface water and they showed that
natural phytoplankton assemblage of mainly
diatoms took up ammonia instead of nitrate.
Moreover, nitrate was only taken up after am-
monium was almost depleted, although ammo-
nium was never depleted in the natural
seawater in this bay.

Samples were taken daily and chlorophyll
fluorescence  was  determined using a
fluorometer (Turner Design 10-AU-005) ac-
cording to BRAND et al. (1981). Samples were
preserved in formaldehyde (final concentration
4%) and phytoplankton species and cell density
was determined using an inverted microscope
and a Sedgewick-Rafter counting chamber.
Part of the daily sample was filtered through a
25 mm pre-combusted GF/F filter (450°C, 2 h)
and frozen at —30°C for measuring NH,", NO;~
+NO, , PO* and Si (OH), using an auto-
analyzer (Bran+Luebbe, TRACCS 2000) ac-
cording to STRICKLAND and PARSONS (1972). To
determine the approximate time when nitrogen
was depleted, NH,’and NO; were determined
daily using fluorometric and optical methods
according to HOLMES et al. (1999) and CoLLOS
et al. (1999), respectively.

Specific growth rate (z, d ") was determined
during exponential growth phase and was cal-
culated by a least-squares linear fit to the loga-
rithmically transformed chlorophyll
fluorescence (i ow) or cell density ( (L cotdensity)
using the following formula:

_InC,—InC,
R

where C. and C; are the chlorophyll fluores-
cence, or cell density (cell ml ") in the exponen-
tial phase at time 2 (dz) and 1 (d\), respectively.
For each treatment, a paired t-test was used to
determine the difference between the growth
rates on ammonium and nitrate using Micro-
soft® Excel software.

2.2 Influence of irradiance on Skeletonema

Jjaponicum growth

Additional laboratory experiments were car-
ried out to assess the influence of irradiance on
the growth of the dominant phytoplankton of
Dokai Bay, S. japonicum under two nitrogen
sources. S. japonicum was isolated from a ger-
mination cyst from Dokai Bay sediment which
collected in 2005, and maintained under 20°C in
the culture collection at Kagawa University.
The culture was grown in 30 ml of enriched ar-
tificial seawater (modified from HARRISON et
al., 1980) containing either 100 x# M ammo-
nium or nitrate in 50 ml borosilicate glass test
tubes. Cultures were incubated under cool
white fluorescence lamps with four different
irradiances of 58, 197, 260 and 450 « mol pho-
tons m *s ' using black color nylon screen. The
irradiance levels were measured inside the tube
of each irradiance condition using a QSL-2101
irradiance meter (Biospherical Instruments
Inc.). Cultures were grown at 20°C under a 14
L:10 D cycle and each treatment was also con-
ducted independently in three replicates. Prior
to the experiment, all cultures were acclima-
tized to each irradiance for at least six genera-
tions. Acclimated exponential phase cultures
were inoculated into the new medium and de-
termined in vivo chlorophyll fluorescence at 24
h intervals using a fluorometer (Turner Design
10-AU-005). Specific growth rate (u, d™') was
determined using the protocol described above.
For each irradiance condition, a paired t-test
was used to determine the difference between
the growth rates on ammonium and nitrate.

2.3 Role of ammonium and irradiance in Dokai
Bay
The influence of high ammonium and
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irradiance on the determination of species com-
position of phytoplankton assemblage in Dokai
Bay was assessed. The previous data set of am-
monium concentrations of surface water ob-
tained from an intensive monitoring program
in this bay (SUKSOMJIT et al., 2005) was used.
A vertical profile of irradiance in Dokai Bay
from the inner part to mouth of the bay (Sta-
tion T1 to T7 and Station T of central part in
the bay, Fig. 1) determined in mid-summer of
2000, using a quantum irradiance meter (LI-
205 Light meter, LI-COR) was used. Moreover,
species composition of phytoplankton in Doaki
Bay was determined in August, 1995 and 1998.
Phytoplankton cell density and species along a

transect from station T1 to T7 were counted
and identified under an inverted microscope.

3. Results
3.1 Effect of ammonium on the growth of natu-
ral phytoplankton assemblages
In the first experiment using the sample col-
lected on June 20, the dominant species in the
natural phytoplankton assemblage was
Skeletonema spp. All additional nutrients i.e.
ammonium, nitrate, phosphate and silicic acid
were assimilated for phytoplankton growth in
the both treatments. In Fig. 2A and 3A, the
concentration of all nitrogen sources decreased
rapidly during the growth of phytoplankton.
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culture (solid lines and open symbols, n = 3) and then switched to growth on NO; on day 4 (dashed lines
and fill symbols, n = 2). Error bars show +/- 1 standard deviation (S.D.) of replicate samples.

Although the depletion of silicic acid (<1.8 u M
for NH," and <8.0 u«M for NO, grown culture)
occurred at the end of the incubation period on
day 4 of the both treatments (Fig. 2A and 3A),
it did not affect to the calculation because spe-
cific growth rate was determined during the
exponential growth phase from day 1 to day 3,
when silicic acid was >50 ¢ M. In this experi-
ment, Skeletonema spp. were always dominated
and its contribution varied from 82 to 100%
with the mean value 96% in both treatments at
before and after nitrogen source was changed.

In the first treatment, the cell density of
NH, -grown culture reached a maximum (3.0
X 10° cells ml™") and the chlorophyll fluores-
cence increased to 229 after 4 days (Fig. 2B).
When the nitrogen source was switched to ni-
trate, the highest cell density was 1.6 X10° cells
ml " and the fluorescence was only 128 on day 7.

For the second treatment, the phytoplankton
cell density and chlorophyll fluorescence of the

NO; grown culture reached a maximum of 2.1
X 10° cells ml ' and 182, respectively after 4
days. After NO; was depleted and the nitrogen
source was switched to ammonium, the highest
cell density was 1.8 X10° cells ml ' and chloro-
phyll fluorescence reached 160 on the day 7
(Fig. 3B).

In this experiment, the specific growth rates
(¢t owand 2 cagensiy) ON ammonium were signifi-
cantly higher (p < 0.05) compared to those on
nitrate (Table 1). In the first treatment, the
growth rate (¢ ) on ammonium was signifi-
cantly higher (1.59 = 0.05d ", p = 0.015) than
the growth rate (1.40 = 0.01 d ") after the cul-
ture was switched to nitrate. Similarly, the
growth rate ( g o) of the natural
phytoplankton assemblage of the NO; grown
culture in the second treatment was only 1.47
=+ 0.01 day ' and increased significantly to 1.69
= 0.01d "' (p <0.01) after the nitrogen source
was switched to ammonium. For ¢ cudmsn, a
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Table 1. Summary of average growth rates of the natural phytoplankton assemblage grown on ammonium and
nitrate during the first experiment. The nitrogen source of each treatment is shown in parentheses. The dif-
ference between the two nitrogen sources is significant at p < 0.05 level (*) ; p <0.01 level (**) ; n.s. = non-

significant difference.

Growth rate NH-sufficient treatment p

(/l Chly d'l)
(NH) (NOy) 0.0152*
1.59£0.05 (n=3) 1.40%+0.01 (n=2)
NO; sufficient treatment
(NO; ) (NH,") 0.0008**
1.47£0.01 (n=3) 1.690.01 (n=2)

Growth rate NH,'-sufficient treatment D

(/l Cell densityy d'l)
(NH/) (NO;) 0.046*
1.94%0.06 (n=3) 1.46£0.01 (n=2)
NO; sufficient treatment
(NO(;) (NHf) n.s
1.74%£0.09 (n=3) 1.80%0.01 (n=2)
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similar response of an increase in growth rate
on ammonium compared to nitrate was also ob-
served. The growth rate (4 cumsi) On ammo-
nium was significantly higher (1.94 = 0.06 d ',
p < 0.05) than the growth rate (1.46 = 0.01d ")
after the culture was switched to nitrate. ¢ ou
of the NO; grown culture in the second treat-
ment was 1.74 = 0.09 day ' and increased to
1.80 £ 0.08 d™' after the nitrogen source was
switched.

In the second experiment using the sample
collected from Dokai Bay on July 31, 2007,
there was no difference in the growth rate of
natural phytoplankton assemblage on either
ammonium or nitrate The specific growth rate
(1t ow and ¢ caransin) of NHy"-growing cell was
not significantly different (p > 0.05) from ni-
trate (data not shown). In this second experi-
ment, the dominant species of natural
phytoplankton assemblages collected on July
31 were mixed diatoms, i.e. Skeletonema spp.,
Chaetoceros spp., Nitzschia spp. and Pseudo-
nitzschia spp. The proportion of Skeletonema
spp. at the initial was 56.8%. However, the pro-
portion of Chaetoceros spp. was 27.5%, while

Nitzschia spp. and Pseudo-nitzschia spp. was
16%. Moreover, the proportion of Skeletonema
spp. also decreased gradually and showed the
lowest at the end of this experiment. Average
proportion  of  Skeletonema  spp. and
Chaetoceros spp. in this experiment was 30.1%
and 12.8%, respectively, while Nitzschia spp.
and Pseudo-nitzschia spp. was 57.1%. This evi-
dence was differed from the first experiment
where Skeletonema spp. was almost completely
dominant.

3.2 Growth of Skeletonema under different four

irradiances

Variations of chlorophyll fluorescence of S.
japonicum at various irradiances under two ni-
trogen sources were shown in Fig. 4. The
photoadapted response allowed S. japonicum to
grow well in a wide range of irradiances. At
any irradiance (i.e. 58, 197, 260 and 450 « mol
photons m *s ™), all cultures grew by using ei-
ther ammonium or nitrate. In Fig. 5, the
growth rate of S. japonicum on either ammo-
nium or nitrate increased with the irradiance

1

up to 197 and 260 x« mol photons m * s ',
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respectively. Higher irradiance resulted in the
inhibition of growth rate of the both nitrogen
sources. However, the growth rates of S.
japonicum on ammonium at all irradiances
particularly at 197, 260 and 450 x mol photons
m s ' were significant (p <0.05) higher than
on nitrate. Individual growth rates on ammo-
nium and nitrate at the above three irradiances
were 2.15 £ 0.06 and 1.93 = 0.02, 2.02 £ 0.04
and 1.95 £ 0.06, 1.60 = 0.01 and 1.51 = 0.02d ',
respectively. Moreover, the largest difference
on the growth rate between the two nitrogen
sources occurred at 197 ¢ mol photons m™ s™’
(p = 0.01). At 58 xmol photons m * s ', the
growth rate of ammonium-grown cells was
1.56 = 0.02 d-1 and not different from nitrate
(1.47 £0.03d M.

3.8 Irradiance and species composition of
phytoplankton in Dokai Bay
Vertical profiles of irradiance on a sunny day

in mid-summer (August 23, 2000) as an exam-
ple of the light condition in the Dokai Bay at 8
stations when diatom blooms could form are
shown in Fig. 6. The irradiance levels in the
surface water (1 m depth) ranged between 183
to 959 1 mol photons m *s ' (average irradiance
was 577 pmol photons m * s ). However, the
irradiance showed a rapid decrease with water
depth to about 200 #mol photons m™* s ™' at 2
to 3 m depth) through the bay. Actually, the
irradiance level at 2 to 3 m ranged from 71 to
675 (mean 267 = 181) and from 32 to 284 (mean
102 = 79) xmol photons m *s ', respectively.

The species composition of phytoplankton in
Doaki Bay in mid-summer on August 31, 1995
and August 20, 1998 are showed in Fig. 7. In the
both years, Skeletonema spp. was clearly domi-
nant over other species from the inner to the
bay mouth. The proportion of Skeletonema
spp. ranged from 61-92% of the other species
(except station T1 in 1995).

4. Discussion
4.1 Accelerated growth rate
phytoplankton assemblages

The growth of the natural phytoplankton as-
semblage collected from Dokai Bay was in-
creased due to a 100 M ammonium addition
under laboratory conditions. The significantly
higher phytoplankton growth rate on ammo-
nium (~13 to 15%) compared to nitrate agreed
with the previous studies summarized in Table
2. LEVASSEUR et al. (1993) found that the
growth rate of Thalassiosira pseudonana on
ammonium was 12% higher compared to ni-
trate. HERNDON and CocHLAN (2007) reported
that the addition of ammonium at 50 ¢ M in-
creased the growth rate of Heterosigma
akashiwo and growth rates on ammonium
were 9 to 24% faster than those on urea and ni-
trate respectively. WooD and FLYNN (1995) re-
ported that during exponential growth of H.
carterae, ammonium-grown cells attained
higher growth rates by at least 20%.

The higher growth rates of ammonium-
grown cells in this study might be caused by
the extra energy cost for growth on nitrate. A
higher energy cost of nitrate utilization over
ammonium was reported in several previous
studies (e.g. SYRETT, 1981 and reference

of natural
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therein; FLYNN, 1991; FLYNN et al., 1997;
LEVASSEUR et al., 1993; WASER et al., 1998).
LEVASSEUR et al. (1993) and THOMPSON et al.
(1989) concluded that the higher energy re-
quirement for nitrate reduction might be the
reason of the lower growth rate of nitrate-
growing cell, although there are several strate-
gies that may be used to compensate for the
higher energy requirement. WooD and FLYNN
(1995) demonstrated that nitrate-grown H.
carterae decreased its growth rate possibly to
compensate for the higher energy requirement

of nitrate reduction.

Although ammonium had the potential to ac-
celerate the growth rate of the natural
phytoplankton assemblage in the first experi-
ment when the dominant species was
Skeletonema spp., this effect was not observed
for other dominant species. In the second ex-
periment, there was no significant difference
for the growth of natural phytoplankton as-
semblages on ammonium and nitrate when the
dominant species were a mixture of diatoms
(i.e. Skeletonema spp., Chaetoceros spp.,
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Nitzschia spp. and Pseudo-nitzschia spp).
These results indicated that the effect of am-
monium on growth acceleration was species
specific and this agreed with previous studies.
LEVASSEUR et al. (1993) reported that growth
rate of Thalassiosira pseudonana on ammo-
nium was higher compared to nitrate. In con-
trast, Chaetoceros gracilis grew significantly
faster on nitrate than ammonium at similar
irradiances. However, Dunaliella tertiolecta
and Gymnodinium sanguineum showed very
little influence of nitrogen source on growth
rate. Moreover, species specificity on the
growth acceleration effect of high ammonium
had also been observed in higher plants.
TYLOVA-MUNZAROVA et al. (2005) found that
the growth rate of Glyceria maxima was 16%
higher on ammonium than on nitrate, but the
growth rate of Phragmites australis was not
affected by the different forms of nitrogen.

4.2 The influence of irradiance on the growth
rate of Skeletonema japonicum
The growth rates of S. japonicum on ammo-
nium at all irradiances of 58, 197, 260 and 450

«mol photons m *s ' were significantly higher

than on nitrate. However, the largest differ-
ence in growth rate between the two nitrogen
sources was observed at 197 ¢ mol photons m
s . This effect of irradiance level on the growth
of S. japonicum between the two nitrogen
sources in our study agreed with previous re-
ports (HERNDON and COCHLAN, 2007; WooD and
FLYNN, 1995). Woop and FLYNN (1995) re-
ported that a significant difference between cell
specific growth rates of H. carterae on ammo-
nium and nitrate was observed at mid
irradiances (200 « mol photons m * s '). In
contrast, at low and high irradiances (50 or 350
«mol photons m *s '), they found that there
was no significant difference between ammo-
nium and nitrate.

In our study, the largest significant differ-
ence in growth rate at 197 wmol photons m *
s 'and smaller at high irradiances (260 and 450
« mol photons m * s ') between ammonium
and nitrate might be explained by the follow-
ing reason. At 197 umol photons m * s ', the
irradiance was optimal for growth. However,
at 260 and 450 u mol photons m™” s, the
growth rate was photoinhibited on either ni-
trogen sources. In contrast, light was limited



Ammonium acceleration of the growth rate of Skeletonema spp. 99

Table 2. Summary of the acceleration of growth rate of ammonium for several phytoplankton species.

Species Concentration | Irradiance Growth rate (d") Reference
(M) (¢ mol photons m*s™)
Thalassiosira pseudonana | 100 170 1.48 (NH,") LEVASSEUR et al.
1.30 (NOs ) (1998)
Chaetoceros gracilis 1.56 (NH,")
1.84 (NOs?)
Dunaliella tertiolecta 1.42 (NH,")
1.41 (NO; )
Gymnodinium sanguineum 0.43 (NH.")
0.41 (NOs )
Heterosigma akashiwo 50 40 0.57 (NH) HERNDON
0.46 (NO; ) and COCHLAN
110 0.89 (NH.") (2007)
0.82 (NO; )
Thalassiosira pseudonana |75 <29 NH. = NO;~ THOMPSON et al.
>61 NH," > NO;~ (1989)
Heterosigma carterae 100 50 NH. > NO;~ Woobp and FLYNN
200 ~ 20% (1995)
350
Skeletonema sp. 100 58 1.56 (NH,") This study
1.47 (NOs )
197 2.15 (NH,")
1.93 (NOs™)
260 2.02 (NH,")
1.95 (NOs™)
450 1.60 (NH.")
1.51 (NOs )

at 58 wmol photons m * s ! for cells using ei-

ther nitrogen source. The equal growth rates of
ammonium and nitrate-grown cells at 58 g mo
1 photons m *s 'agreed with the previous stud-
ies (THOMPSON et al., 1989; WooD and FLYNN,
1995). Our study clearly showed that the
growth acceleration of Skeletonema spp. in this
bay was particularly significant at an
irradiance level of about 200 x mol photons

m s

4.3 Field implications

Generally, it is well known that
phytoplankton growth in the natural environ-
ment is controlled by physical (e.g. water cir-
culation, irradiance, water temperature, etc.),
chemical (e.g. nutrient, trace element, etc.) and
biological (e.g. taxonomic variation, origin of
phytoplankton, zooplankton grazing, etc.) fac-
tors. YANAGI and YAMADA (2000) and TADA et
al. (2001 and 2004) concluded that
phytoplankton blooms in Dokai Bay were

mainly controlled by the fast flushing time of
the bay because nutrient concentrations in this
bay were sufficient for phytoplankton growth
during the entire year. They suggested that
phytoplankton species that have a higher
growth rate than their loss rate due to the high
flushing rate of the surface water in the bay,
could bloom and become dominant. However,
evidence from two laboratory experiments
helps to explain why Skeletonema spp. is the
dominant species in the phytoplankton assem-
blage throughout the year in Dokai Bay.

Due to the strong estuarine circulation in
Dokai Bay, phytoplankton in the inner bay
would be flushed out of the bay within 2.5 days.
Only phytoplankton species that are able to ob-
tain a high density due to their high growth
rate, could become dominant and produce a
bloom in this bay (YANAGI and YAMADA, 2000;
TADA et al., 2001 and 2004). Data from the in-
tensive monitoring program in 1996 to 1997
(SUKRSOMJIT et al., 2005) indicated that an
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ammonium concentration of 100 ¢« M occurred
in the middle part of Dokai Bay (station T4
and T3, Fig. 1.), while a higher ammonium con-
centration >200 © M occurred at the inner bay.
In addition, the variation of nitrate + nitrite in
this bay also showed a similar pattern as am-
monium. The highest concentration was ob-
served at the inner bay and decreased gradually
to the bay mouth. The ammonium concentra-
tion of 100 M that was found in the middle
part of this bay, was in the range of ammo-
nium that caused the acceleration effect of
phytoplankton growth. This suggests that the
growth of natural phytoplankton assemblages
in Dokai Bay would be accelerated by this am-
monium concentration during the approximate
2.5 days flushing time out of the bay. This con-
clusion agreed with the observation that
Skeletonema spp. was the dominant species in
Dokai Bay in 1995 and 1998 (Fig. 7). The pro-
portion of Skeletonema spp. of the total
phytoplankton assemblage was 90% in both
years throughout the bay. We therefore con-
cluded that high ammonium was one reason to
regulate the phytoplankton composition in
Dokai Bay through the acceleration on growth
rate of Skeletonema spp., although there were
many factors regulating the phytoplankton
composition, such as phytoplankton ability of
adaptation to eutrophication, sinking rate,
cyst formation characteristic and the
dependences of temperature on growth and this
might also explain the dominance of
Skeletonema spp. in Dokai Bay over other spe-
cies.

However, the effect of ammonium on the ac-
celeration of growth rate was influenced by the
irradiance level. The growth of S. japonicum
was significantly accelerated by ammonium at
an irradiance level of about 200 «mol photons
m *s . Although irradiance at the surface wa-
ter on a sunny day in summer was higher and
might inhibit the growth of phytoplankton,
the acceleration in growth rate could occur in
the surface (2 or 3 m) mixed layer, or on
cloudy days. In Dokai Bay, an irradiance level
around 200 zmol photons m *s ' was observed
in sub-surface waters (2 and 3 m depth)
through the bay as showed in Fig. 6. This ob-
servation was consistent with a previous report

in this bay. TADA et al. (2001) also reported
that the transparency in Dokai Bay was low
and irradiance was strongly limited in the wa-
ter column. In the field, high irradiance would
be observed only for a few hours around noon,
while the irradiance of 200 ©mol photons m™*s
~'in laboratory was maintained over a 14 h pe-
riod. Hence, we conclude that the present re-
sults showed the possibility of growth
acceleration of phytoplankton community in
Dokai Bay and the importance of the irradiance
level on the growth of phytoplankton in this
bay.

The high dominance of Skeletonema spp. over
other species at most stations in the bay and
the high flushing rate of ~2.5 days, indicates
that this bay exports large amount of
Skeletonema spp. to coastal waters. Hence,
Dokai Bay acts like a selective growth incuba-
tor for certain diatoms such as Skeletonema
spp. whose growth rate is greater that the loss
rate as a result of flushing. During the 2.5 day
flushing period, 7.8 doublings would occur (as-
suming growth rate = 2.15 d ') on ammonium,
while 7.0 doublings would occur (assuming a
growth rate of 1.95 d ') if Skeletonema spp.
used only nitrate. This nearly one extra
doubling during the 2.5 day transient out of
the bay for growth on ammonium at
optimum light, may only partially explain
Skeletonema’s dominance and other factors
such as grazing should be explored.
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