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ABSTRACT: During late spring and early summer of 2005, large-scale (>15 000 km?), mixed dinofla-
gellate blooms developed along the the coast of the East China Sea. Karenia mikimotoi was the dom-
inant harmful algal bloom species in the first stage of the bloom (late May) and was succeeded by
Prorocentrum donghaiense approximately 2 wk later. Samples were collected from different stations
along both north—south and west—east transects, from the Changjiang River estuary to the south Zhe-
jiang coast, during 3 cruises of the Chinese Ecology and Oceanography of Harmful Algal Blooms Pro-
gram, before and during the bloom progression. Nitrogen isotope tracer techniques were used to
measure rates of NO3;~, NH,*, urea, and glycine uptake during the blooms. High inorganic nitrogen
(N), but low phosphorus (P) loading from the Changjiang River led to high dissolved inorganic N:dis-
solved inorganic P ratios in the sampling area and indicate the development of P limitation. The rates
of N-uptake experiments enriched with PO,%~ were enhanced compared to unamended samples,
suggesting P limitation of the N-uptake rates. The bloom progression was related to the change in
availability of both organic and inorganic N and P. Reduced N forms, especially NH,*, were prefer-
entially taken up during the blooms, but different bloom species had different rates of uptake of
organic N substrates. K. mikimotoi had higher rates of urea uptake, while P. donghaiense had higher
rates of glycine uptake. Changes in the availability of reduced N and the ratios of N:P in inorganic
and organic forms were suggested to be important in the bloom succession. Nutrient ratios and spe-
cific uptake rates of urea were similar when compared to analogous blooms on the West Florida Shelf.
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INTRODUCTION

Large-scale dinoflagellate blooms in the Changjiang
(Yangtze) River estuary (CJRE) and the adjacent area
of the East China Sea (ECS) in late spring and early
summer have been recorded in the past decade (Zhou
et al. 2003). The dinoflagellate Prorocentrum dong-
haiense has been found to be the dominant species in
this region since large-scale field studies began in
2000. Blooms have been observed from late April to
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May almost every year (Tang et al. 2006), but the scale
of the blooms has increased from 1000s of square kilo-
meters to >15 000 km? recorded from 2000 to 2005.
These more frequent and persistent algal blooms are
thought to result from increasing nutrient input to the
ECS (Anderson et al. 2002, Zhou et al. 2003, Glibert &
Burkholder 2006). The major sources of nitrogen (N)
and phosphorus (P) are terrestrial inputs from the
watersheds of the Changjiang River and other major
rivers (e.g. Qiantangjiang River, Yongjiang River). The
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Changjiang River is the third longest river in the world.
Its annual freshwater input is 9.32 x 10! m3, and the
annual input, estimated in 1998, of N was 2.9 x 10° t
and of P 0.13 x 10° t (Shen et al. 2003, Shen 2006), rep-
resenting a doubling of nutrient inputs in the previous
20 yr (Shen et al. 2003). While both N and P inputs by
human usage have increased, the recent increases
have been far greater in N. In 2005, China's nitroge-
nous fertilizer production reached 36 x 10° t, including
20 x 108 t of urea fertilizer, a 5-fold increase since 1989
(IFIA 2007). The annual dissolved inorganic nitrogen
(DIN) load from the Changjiang River coastal waters
has reached 1.4 x 10°t, which is higher than DIN loads
from the Mississippi and Amazon rivers (Goolsby &
Battaglin 2000, Duan et al. 2008). The N loading of the
Changjiang River results from the large human popu-
lation at its watershed and concomitant agriculture
and industrial activity. The 440 million people living in
the Changjiang River watershed occupy 4 of the 10
most populated cities in China. This area produces
>32 % of the national agriculture output and >35% of
the industrial output (Xing & Zhu 2002). Furthermore
the Changjiang delta area is the most developed area
in China.

The freshwater of the Changjiang River extends off-
shore and forms a large plume, called the Changjiang
River Diluted Water (CRDW), which is characteristically
high in N, but relatively low in P. As a result, the coastal
area of the ECS has a relatively low P concentration. The
total N of the CRDW has been shown to be about 70 to
110 pmol N 1%, and is mostly in the form of NO5™-N (Shen
etal. 2003). The total P is about 2 to 25 pmol P I"!, mostly
as particulate P; PO,*~-P is only about 10 to 20 % of the
total P (Yan & Zhang 2003). As a result, the DIN to dis-
solved inorganic phosphorus (DIP) ratio is typically >100
inside the river's mouth (Chai et al. 2006, Zhang et al.
2007). Limitation by P has also been reported along the
coast of China, from the Yellow River continental shelf in
the north (Turner et al. 1990) to the Pearl River estuary
(Yin et al. 2004), and coastal South China Sea (Harrison
et al. 1990) in the south.

Compared to the P-limited Changjiang River waters,
there is a branch of the Kuroshio current, the Taiwan
Warm Current (TWWC), which is P replete (Tang et al.
2000, Fang 2004). This bottom current passes the Tai-
wan Strait and flows northward along the coast, bring-
ing similar levels of N as found in the ECS, but 8 to 17
times more DIP than in the Changjiang, with seasonal
variation (Shen et al. 2003, Li et al. 2007). The TWWC
is thought to be an important P source for the coastal
ECS. The strength of the TWWC is weak in the winter,
but increases in the early spring. The current rises
when it reaches the shallow continental shelf, and
when it reaches the CJRE area, it forms an upwelling
zone (Chen et al. 1995). Mixing between the CRDW

and the TWWC may result in P being carried to the
surface waters and thus becoming available to the
phytoplankton community.

Although the general hydrography and nutrient
loading rates in the ECS have been studied, the rates
of nutrient uptake and the nutritional preferences of
the phytoplankton during blooms are still unknown. A
comprehensive survey of the bloom area was con-
ducted in 2005. Our objectives in the present study
were to investigate the nutrient concentrations in the
bloom area, to assess the uptake rates of NO5~, NH,*
and dissolved organic nitrogen (DON), and to describe
the relationships between the ambient N:P ratios and
phytoplankton community composition. The bloom of
2005 was unusual in composition, with a progression of
dinoflagellate species, beginning with Karenia miki-
motoi, followed by Prorocentrom donghaiense, and,
lastly, Noctiluca scintillans. The pre-bloom period was
dominated by diatoms. This unusual progression pro-
vided the opportunity to explore the relationships
between specific harmful algal bloom (HAB) species
and nutrient dynamics. N:P ratios and N-uptake rates
are also compared based on similar measurements
made in different assemblages dominated by K. brevis,
mixed dinoflagellates and diatoms on the southwest
Florida Shelf.

MATERIALS AND METHODS

Sampling sites. Sampling was conducted during 3
cruises in 2005 in the coastal area of the ECS, between
27.2 and 31.5°N (Fig. 1). The first cruise was from
April 23 to May 18, the second cruise was from May 25
to June 19, and the third cruise was from June 22 to
July 1, 2005. Transects were set between the 20 and
60 m isobaths.

Sampling and parameter measurements. Water was
collected using 30 1 Niskin bottles from near the sur-
face and from the sub-surface chlorophyll maximum
depth, which was usually around 10 m (detected by a
YSI multiparameter sensor; Yellow Springs Instrument
Co.), or using a bucket for the surface sample at some
stations. All samples were collected around noon.
Water samples were subsequently divided for different
analyses and experimental purposes, as described
below. Cell samples were identified microscopically
during the cruises. Water samples were filtered though
pre-combusted (2 h at 400°C) Whatman GF/F filters
and stored at —20°C for subsequent nutrient analysis.
Filters were stored frozen for later pigment analysis,
and particulate organic carbon and nitrogen (POC and
PON) analysis.

All samples were transported frozen to Horn Point
Laboratory and analyzed within 6 mo. Concentrations
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Fig. 1. Locations of the sampling stations along transects dur-

ing cruises to study dinoflagellate blooms in the East China
Sea, 2005

of ambient inorganic nutrients (NO3+ NO,-N, NH,*-
N, PO,*~-P, Si|OH],-Si) were determined using a Tech-
nicon Auto-Analyzer (Lane et al. 2000). Total dissolved
nitrogen (TN) and phosphorus (TP) were measured
using the persulfate method (Valderrama 1981), and
dissolved organic nitrogen and phosphorus (DON and
DOP) were calculated by subtracting the inorganic
concentration from TN and TP. Concentrations of dis-
solved free amino acid (DFAA) were determined by
fluorometric analysis according to Lindroth & Mopper
(1979), and urea was analyzed using the method of
Revilla et al. (2005). DFAA concentrations were used to
approximate the glycine concentrations in the N-
uptake rate calculations, recognizing that an overesti-
mate of substrate concentration will lead to overesti-
mated uptake rates. Glycine is generally considered to
be a dominant amino acid (Degens & Mopper 1976),
but the rates should be considered potential rates
based on the uncertainty of their contribution to the
DFAA pool. Filters for POC and PON were dried at
50°C for 24 h. POC and PON concentrations were
measured with a CHN elemental analyzer using
acetanilide as the standard.

124°E

Pigment analyses were performed by high-perfor-
mance liquid chromatography (HPLC) according to
the method of Van Heukelem & Thomas (2001). Over
20 types of pigments were analyzed including chloro-
phyll a (chl a) and accessory pigments. The relative
abundances of specific pigments were used to evalu-
ate the abundance of specific algae. Fucoxanthin was
used to indicate the presence of diatoms (Boczar &
Palmisano 1990, Yao et al. 2006), although it is re-
cognized that it may also be contained in some
dinoflagellates. Peridinin was used as an indicator of
photosynthetic dinoflagellates (e.g. Prorocentrum
donghaiense). The pigment gyroxanthin-diester was
used as a specific indicator of Karenia spp. (Chang &
Trench 1982, Le et al. 2001, Richardson & Pinckney
2004). The absolute values of specific pigments were
used to indicate the abundance of the species groups
in the water, and the ratios of specific pigments to
chl a were used to indicate the relative abundance of
the species in the phytoplankton community. Model-
ing software, such as CHEMTAX (Mackey et al.
1996), was not used to relate pigment concentrations
to species, due to the need for a specific pigment ratio
from reference cultures, which were not available
(Lewitus et al. 2005). Microscopic enumerations (not
shown) verified the dominance of the particular algal
groups and thus the appropriateness of the indicator
pigments chosen.

Nitrogen-uptake experiments. Experiments were
conducted in 2005 on May 7, 8, 9, 13, and 28 and
June 3, 9, 11, 16, and 23. These periods covered the
period from before dinoflagellate dominance to the
late phase of the Prorocentrum donghaiense bloom
progression. One experiment was conducted per day.
Sample water was transferred into a clear 20 1 carboy
immediately after collection, and experiments were
started immediately. Water was dispensed into acid-
clean, 250 ml bottles and inoculated with ®N-labeled
substrates (NO3~, NH,*, urea, and glycine). ’N-labeled
NO; was added at 1 pmol N I'!; 1®N-labeled NH,* and
urea were added at 0.5 pmol N I"!; and *N-labeled
glycine was added at 0.1 pmol N 171, N-labeled sub-
strates represented ~10 to 50 % of final ambient con-
centrations. Incubations were 0.5 h on deck in a flow-
ing seawater incubator around noon, with neutral
density screening to simulate 25 to 50 % of the natural
irradiation. At the end of the incubation, samples were
filtered onto pre-combusted (450°C, 2 h) GF/F filters.
Due to the number of treatments, replication was not
possible. However, routine analyses conducted with
the same protocols and on the same instrumentation
yielded an average variation in °N isotope enrichment
of <0.5% in replicated samples (Glibert et al. 2006).
The uptake rates of NO3;~ were not measured after
May 28, due to limited supply of this isotope.
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To evaluate the possibility of P limitation, some
experiments were also conducted on samples that
were enriched with PO,*>" to 3 ymol P I"! and pre-incu-
bated for either 2 h or overnight before the start of the
15N enrichment experiments.

All GF/F filters for isotope analysis were dried for
24 h at 50°C and were analyzed for isotope enrichment
using a Sercon mass spectrometer. Rates of ’N uptake
were calculated according to Glibert & Capone (1993).

Data analysis. One-way ANOVA, t-test and paired
t-test analyses were conducted to compare the nutrient
data in different phases of the blooms and to compare
and contrast uptake rates with the P-enriched treat-
ments.

RESULTS
Overview

The cruise time series covered a succession of phyto-
plankton species. No dinoflagellate blooms were
observed during the first cruise (April 23 to May 18),
although the presence of dinoflagellates was noted in
the phytoplankton community, which was dominated
by diatoms during this period (Chiang et al. 1999).
However, beginning with the first day of the second
cruise (May 25), Karenia mikimotoi was observed to
dominate the assemblages in all transects (maximum
8 x 10° cells I"! at Station za-1). The total area of the
K. mikimotoi blooms was ultimately estimated to be
over 15000 km? The K. mikimotoi blooms were also
associated with a massive fish kill when the blooms
reached the coastal aquaculture areas. High-value
aquaculture fish (Sciaenops ocellatus, Miichthys miiuy,
Epinephelus spp., Monotaxis grandoculis) worth about

$2.5 million were lost due to this bloom. K. mikimotoi
blooms were succeeded by Prorocentrum donghaiense
(maximum 5 x 10° cells I"! at Station ra-1) from the sec-
ond week of June on. The dinoflagellate blooms were
observed to be in the decay phase during the third
cruise. Noctiluca scintillans was a common species
observed throughout the cruises, and the biomass of
N. scintillans (not shown) was highest after the blooms
of K. mikimotoi and P. donghaiense, when orange-
colored surface patches could be observed.

Ambient parameter comparisons

A total of 47 surface water samples and 32 sub-
surface (10 m) water samples from the 3 cruises were
analyzed for nutrient concentrations. The sample
period covered the time series before the blooms, and
during the Karenia mikimotoi and the Prorocentrum
donghaiense blooms. Therefore, the sample periods
were categorized according to the different phases of
the blooms—I: before blooms (May 5 to 14); II: early K.
mikimotoi blooms (May 26 to 31); III: late K. mikimotoi
blooms (June 2 to 4); IV: early P. donghaiense blooms
(June 9 to 12); and V: late P. donghaiense blooms (June
15 to 24). When comparing sub-surface data, bloom
phases were combined as II + III: K. mikimotoi blooms
and IV + V: P. donghaiense blooms.

TN in the water column decreased significantly dur-
ing bloom progression (Table 1, Fig. 2; p < 0.005). TN
concentration in surface water decreased from an
average of 31 pmol N 1! in Phase I to <16 umol N 17! in
Bloom Phases III and IV. Concentrations in sub-surface
water also decreased from 30 umol N 17! in Phase I to
17 pmol N 1! in Phases IV and V. The decrease was
mostly the result of depletion of NO3;~. NOj~, which

Table 1. Ambient nutrients in the East China Sea during the spring of 2005. Values shown are averages for the bloom period and

depth indicated. Values for NO;~, NH,*, urea, dissolved free amino acid (DFAA), total nitrogen (TN), particulate organic nitrogen

(PON) are given in pmol N 1"!; PO,*~ and total phosphorus (TP), in umol P 1!; Si(OH),, in umol Si 1"!; and particulate organic
carbon (POC), in pmol C 17!

NO;~ NH,* Urea DFAA PO~ Si(OH), TN TP PON POC
Cruise I: April 23-May 18 pre-blooms
Surface 18.8 0.95 0.38 0.24 0.35 17.4 30.5 0.78 4.3 35.1
10 m 17.2 0.85 0.41 0.18 0.31 19.8 27.4 0.64 4.0 32.5
Cruise II: May 25-June 7 Karenia mikimotoi bloom
Surface 7.2 1.0 0.71 0.78 0.20 24.2 20.4 0.56 20.4 161.5
10 m 8.4 1.51 0.52 0.26 0.18 18.1 20.9 0.50 7.6 55.2
Cruise II: June 8-19 Prorocentrum donghaiense bloom
Surface 3.0 1.3 1.45 1.1151 0.21 23.9 17.8 0.51 13.8 101.2
10 m 5.27 1.13 0.85 0.40 0.15 22.1 16.9 0.34 12.7 89.8
Cruise III: June 22-25 late blooms
Surface 3.7 1.62 1.31 0.75 0.68 16.4 33.0 1.34 9.4 68.3
10 m 4.8 3.08 1.03 0.48 0.25 12.6 17.3 0.16 6.4 46.6
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Fig. 2. Concentrations of the mea-
sured forms of dissolved nitrogen,
phosphorus and silicate in the water
column in the bloom time series in
surface waters (S) and sub-surface
waters (around 10 m depth, D) dur-
ing different phases of blooms—I:
before blooms; II: early Karenia
mikimotoi blooms; III: late K. miki-
motoi blooms; IV: early Prorocen-
trum donghaiense blooms; V: late P.
donghaiense blooms; II + III: K.
mikimotoi blooms; IV + V: P. dong-
haiense blooms; TN: total dissolved
nitrogen; DON: dissolved organic
nitrogen; DFAA: dissolved free
amino acid; DIP: dissolved inor-
ganic phosphorus; DOP: dissolved
organic phosphorus; (O): data from
the sub-surface water; (@): data
from the surface water; (----): trend
line of sub-surface water; (—):
trend line of surface data. Box
plots—Iline: median; box: 25th and
75th percentiles; whiskers: 10th and
90th percentiles; dots: outliers. *p <
0.05; **p < 0.005; ***p < 0.0005
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Fig. 3. The molar ratio of dissolved nitrogen to phosphorus and silicate in the
water column in the bloom time series in surface water during different phases
of blooms—I: before blooms; II: early Karenia mikimotoi blooms; III: late K. miki-
motoi blooms; IV: early Prorocentrum donghaiense blooms; V: late P. dong-
haiense blooms; TN: total dissolved nitrogen; TP: total dissolved phosphorus;
DIN: dissolved inorganic nitrogen; DIP: dissolved inorganic phosphorus; DOP:
dissolved organic phosphorus; DON: dissolved organic nitrogen; DSi: dissolved
silicate. Box plots—Iline: median; box: 25th and 75th percentiles; whiskers: 10th

and 90th percentiles; dots: outliers.

contributed >55% to the TN pool before the bloom,
became depleted significantly during bloom progres-
sion (Table 1, Fig. 2; p < 0.005). The average surface
NOj;~ concentration decreased from 18.8 pmol N 1! in
Phase [ to 2 pmol N I"! in Phases III and IV, but recov-
ered slightly to 7 pmol N 1! in Phase V; sub-surface
NOj3™ concentration also decreased from 18 to 5 pmol
N 1!, During the late bloom period, NO;~ only con-
tributed <10 % of the TN pool at most stations.

In contrast to NOj~, reduced N (NH,~, urea, and
DFAA) did not decrease, but rather increased signifi-
cantly throughout the time series (Table 1, Fig. 2; p <
0.05). Comparing Phase I and IV in the surface water,
NH,* increased from 1 to 1.5 pmol N 1!, urea increased
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80 160 from 0.4 to 1.5 pmol N 1!, and DFAA
a p > 0.05 b p < 0.001 . 1

. increased from 0.2 to 1.1 pmol N 1"". In
60 o 120 sub-surface water, NH," increased
@) from 0.9 to 2.2 umol N I'!, urea in-
40 Q % 80 creased from 0.4 to 1 pmol N 1"}, and
20 20 % B DFAA increased from 0.15 to 0.44 pmol
. N I, DON remained relatively con-
0 0 = stant at around 12 pmol N 1! in surface
I nmm v v I nmm v v water and 11 pmol N 17! in sub-surface
120 16 water (Fig. 2). However, the percent-
¢ p < 0.001 d p < 0.001 age of DON in the TN pools in surface
90 1.2 water increased from an average of
E g @ 42 % in Phase I to 62 % in Phases IT and

60 5 = 0.8 I III, and 77 % in Phases IV and V.
E a é é The average DIP concentration in
30 E 0.4 surface water decreased significantly
[] é from about 0.35 pmol P 1! in Phase I to
0 T 0.0 v 0.19 pmol P 1! after the blooms devel-

oped (Fig. 2; p < 0.05). DOP in surface
water decreased significantly from
0.43 to about 0.2 pmol P 17! (Fig. 2; p <
0.05). However, DIP and DOP in the
sub-surface water remained constant.
The contribution of DIP to TP also
remained constant at around 40%.
Average Si(OH), concentrations were
around 20 pmol Si 1! throughout the
time series (Fig. 2).

There was no significant variation in the TN:TP ratio
during bloom progression (Fig. 3a), and TN:TP ratios
were around 40; however the ratios of organic and
inorganic compounds varied significantly (p < 0.001).
Average molar DIN (NO;~ + NO3~ + NH,*):DIP (PO/")
ratios were about 65 in Phase I, which was much
higher than the Redfield ratio (16:1), and even higher
in Phase II. Then, DIN:DIP ratios decreased after the
Karenia mikimotoi blooms developed, declined to an
average of 22 in Phase III, and declined even further in
Phase IV. The DIN:DIP ratio rose to ~33 during the
declining bloom (Phase V) (Fig. 3b, Table 2). In
contrast, the average molar DON:DOP ratio showed
the opposite pattern, with ratios remaining at <40 in

Table 2. Dissolved inorganic nitrogen (DIN) and dissolved organic nitrogen (DON) concentrations (umol N I"!), DIN to dissolved

inorganic phosphate (DIP) ratio, DON to dissolved organic phosphate (DOP) ratio, and DIN to dissolved silicate (SifOH],) ratio in

different phases of the bloom series—1I: before blooms; II: early Karenia mikimotoi blooms; III: late K. mikimotoi blooms; IV: early
Prorocentrum donghaiense blooms; V: late P. donghaiense blooms

Phase DIN (pmol N 11 DON (umol N 11 DIN:DIP DON:DOP DIN:Si(OH),
Surface 10 m Surface 10 m Surface 10 m Surface 10 m Surface 10 m

I 174 +8.5 18.0+84 132+64 11.2+34 659+31.2 651+19.8 36.3+17.6 36.8+14.1 1.0+ 0.13 0.92+0.23

I 11.3+£53 12.1+3.8 10.7+3.6 11.5+6.8 60.7+22.2 74.8+263 26.1+86 269+121 0.50+0.24 0.72+0.26

I 33+£26 46+28 13.7+34 11.8+x25 178+99 31.3+24.6 69.7+18.6 583 +44.0 0.13+0.12 0.32+0.28

I\ 3025 54+28 134+421228+09 11.1+6.77 36.5+10.6 54.7+20.6 64.0+6.4 0.12+0.10 0.23+0.08

Vv 7.7+6.5 82+x44 95+36 86+72 327+189 375+189 42.1+11.4 27.2+11.3 0.39+0.24 0.61+0.30
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Phase I and decreasing to around 20 when blooms
developed in Phase II. However, the ratio increased
significantly to about 70 in Phases III and IV. The
DON:DOP ratio only declined when blooms decayed
(Fig. 3c, Table 2).

The average DIN:Si(OH), ratios decreased signifi-
cantly from ~1.0 to ~0.4 when a bloom developed (p <
0.005), and further decreased to ~0.17 in Phases III and
IV. Finally, DIN:Si(OH), increased to 0.42 in Phase V
(Fig. 3f, Table 2).

80

a Chla

60
40 L

20 1 0 le0 °

° o
0 [6-9) . . QL. . 8‘
5 15 25 4 14 24

12

b Fucoxanthin

(o)

N

° o oe °
)
ol * o o o

5 15 25 4 14 24

2.0 T ;
(] e |

Gyroxanthini-diestdr

1.5 1

Concentration (ug 1)

1.0

0.5 4 °

. |
0.0 +™ ‘ ‘ Q.
5 15 25 4 14

oy

120

d Peridinin i i
100 | ‘o

80 1
60 -
40 A °

20 o o

0 %%Mm e ol
5 15 25 4 14 24
May Jun

Pigment concentrations and phytoplankton
composition

In early May, total chl a concentrations, on average,
were low (~1.5 pg I'!) in both surface and 10 m sam-
ples. A higher chl a concentration (~7.5 ng I'!) was
observed on May 13 before the end of the first cruise.
Significantly higher chl a concentrations developed
during the dinoflagellate blooms (p < 0.05): 65 pg 1"t in
Phase II and 80 pg I"! in Phase IV (Fig. 4a). The

0.04 e Chla:PC
[ )
[ ]
0.03 o
° [ ]
o °
0.02
[ ]
. G le o
0.01 { ® o®
[ ]
o0 oe [ )
0.00 ‘ ‘ ‘ ‘
5 15 25 4 14 24
0.4 - ‘
f Fucoxanthin:chl a !
|
I
031 o N
© [ ]
O
0.2 4 2.001 ° o
|
Y | (] o
[ ]
0.1 °
A e
[ ]
9 0.0 ‘ ‘ : :
© 5 15 25 4 14 24
T 005 ‘
g Gyroxanthin:chl a |
0.04
° °
0.03 1 Coqle’
] ° e
0.02 o | ° g
I
0.01 °
[ ]
198 o ]
0.00 +~o© : : — ‘
5 15 25 4 14 24
2.0
h Peridinin:chl a
1.5
o
°
1.0
© e °
[e]
0.5 ° o
[ ]
Ce
0ol * 8 it | ° ‘
5 15 25 4 14 24
May Jun

Fig. 4. (a) Chlorophyll a (chl a) concentration (ng 1"Y); (e) chl a:particulate carbon (PC) ratio in the water column; concentrations of

the pigments (b) fucoxanthin, (c) gyroxanthin-diester, and (d) peridinin (ug I"!); and the ratios of (f) fucoxanthin:chl a (g) gyroxan-

thin-diester:chl a and (h) peridinin:chl a in the water column in the bloom time series. (O): data from subsurface water; (®): data from
surface water; vertical lines indicate the transitions between bloom phases
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chl a:particulate carbon (PC) ratios also increased
significantly during the bloom succession (Fig. 4e, p <
0.05).

Concentrations of the 3 indicator pigments showed
a trend increasing from a low value, reaching a signif-
icantly high peak and finally decaying in both surface
water and sub-surface water (p < 0.05). Fucoxanthin
and gyroxanthin-diester reached their maximum val-
ues in Phase II, while peridinin reached its maximum
value in Phase V (Fig. 4b,c,d). Concentrations of these
pigments in the surface water were significantly
higher than in the sub-surface water (p < 0.05). The
relative abundance of the indicator pigments also
showed different trends during bloom succession. The

relative abundance of fucoxanthin:chl a decreased
significantly throughout the study (p < 0.05, Fig. 4f),
while the relative abundance of gyroxanthin-diester:
chl a reached its peak during the midpoint of the time
series (in Phases Il and III; Fig. 4g), and peridinin:chl
a increased later (in Phases IV and V; not shown).

Nitrogen uptake experiments

The N-specific uptake rates (V, h™!) of NO5~ varied
between 0.008 h™! at an ambient NO;~ of 2.6 pmol N 1!
and 0.013 h™! at an ambient NO5~ of 6.2 pmol N 17! (Fig.
5a). Due to the variation of biomass in the water col-

umn, absolute uptake rates of NOj~
(umol N I"! h™') increased from <0.05

0.016 0.20
NO,~ NO,~ pmol N It h™! in early May to 0.18
0.012 I 0.15 pmol N I'! h™! by late May (Fig. 5e).
NOj3~ contributed about 30% of the
0.008 0.10 total N uptake (sum of the uptake
rates of NO3;~, NH,*, urea, and glycine)
0.004 0.05 I before the period of dinoflagellate
dominance and decreased to <20 % of
0.000 I m 0.00 total N uptake after these blooms had
+11 11+
0.060 NH 2.0 N become established, after which rates
. 4 4 of NO;~ were not measured.
0.045 — 15 i The rates of uptake of reduced N
e also varied with the bloom progres-
0.030 T 10 sion (Fig. 5b.c,d.f,g/h). The Nspecific
0015 E 05 uptake rates of NH,* were between
: o -1 : +
£ ﬁ 0.016 h™ at an ambient NH,* of
0.000 2 00 — 0.63 pmol I"! and 0.043 h™! at an ambi-
0.024 I+111 IV+V % 100 | I+ IvV+Vv ept N.H4+ of 1.,59 pmol 1!, and were
x Urea 5 R Urea significantly higher in Phases I and III
0018 ;." 075 than in Phase I (p < 9.05). Absolute
° uptake rates of NH,* increased from
0.012 5 050 0.06 pmol I"* h™! in Phase I to a maxi-
3 mum rate of 1.71 umol 1I"* h™! in Phase
0.006 Q 025 Il and decreased to 0.18 pmol1"! h™! in
ﬁ Phase III. Overall, NH,* contributed
0.000 I MSTREEVAY, 0.00 —== . — an average of 66% of the total
0016 * * 0.4 I i v+ reduced N uptake (sum of the uptake
Glycine X Glycine rates of NH,", urea, and glycine)
0.012 * 0.3 throughout the time series.
Urea contributed, on average, 20 %
0.008 0.2 of the total reduced N uptake. Rates
of urea uptake were significantly
0.004 0.1 higher on both an N-specific and
,—L| absolute basis in Phases II and III
0.000 T ETEYAY, 00 T TRYAY, than in Phase I (Fig. 5¢,g; p < 0.05).

Fig. 5. (a,b,c,d) N-specific uptake rates V (h"})and (e,f,g,h) absolute N-uptake
rates (umol N I"! h™!) of nitrate (NO37), ammonium (NH,*), urea, and glycine in
the bloom time series. No nitrate data are available after May 28. I. Before
blooms; II + III: Karenia mikimotoi blooms; IV + V Prorocentrum donghaiense
blooms; *p < 0.05; error bars: SD

Potential rates of glycine uptake
increased during the bloom succes-
sion, and were significantly higher in
Phases IV and V (p < 0.05), as was the
percent contribution of this N sub-
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BGlycine OUrea BAmmonium

Percentage contribution

Fig. 6. The relative contribution of reduced N (ammonium
[NH4*], urea, and glycine) to total reduced N-uptake rates in
the bloom time series

strate to total N uptake. Assuming that DFAA concen-
trations were representative of glycine availability, a
maximum assumption, glycine uptake represented
only about 5% of total reduced N in Phase I, but its
relative (maximal) contribution increased to 11% in
Phases II and III and to 25% in Phases IV and V
(Fig. 6). Higher reduced N-uptake rates were geo-
graphically located at both the south stations and the
stations close to the mouth of the Changjiang River
(Fig. 7).

The relative preference index (RPI) defines the pref-
erence of a particular form of N relative to its availabil-
ity (McCarthy et al. 1977). For example, for NH,*:

Vi, / [NH,] )
2V YINI

where Vyys and XV are the N-specific uptake rates
(h™1) of NH,* and total N, and [NH,] and Z[N] are the
concentrations of the NH,* (umol N 1!) and total N
sources. Values >1 represent preference for a particu-
lar N form.

Due to the fact that NOj3~ uptake rates were not
measured after the first cruise, the RPI was calculated
in 2 ways. For the first cruise, the 4 different N
sources (NOj3~, NH,* urea, and glycine) were com-
pared. For all cruises, a separate calculation was done
for the reduced N sources (NH,*, urea, and glycine)
only. Before the dinoflagellate blooms, including at
the beginning of Karenia mikimotoi blooms, the RPIs
for NO3;~ were all <0.5. During this same period, the
RPIs for NH,* and urea were all >1 (Fig. 8a). The RPIs
for reduced N only for the entire time series generally
converged on 1. However, RPIs for urea were >1 dur-
ing the K. mikimotoi blooms, but <1 during the Proro-
centrum donghaiense blooms. The RPIs of glycine

RPly;, =

32°N
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30° |
29° |

O oo02
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O 0.06

I
121° 122° 123° 124°E

Fig. 7. Geographical results of specific uptake rates of
reduced nitrogen (V, h™!) in the bloom area

showed the opposite trend (Fig. 8b). Again, glycine
uptake likely represents potential, rather than in situ
rates.

Effect of phosphate pre-enrichment

Pre-enrichment with P increased the rates of N
uptake in virtually all experiments (Fig. 9). NOj3;~
uptake rates increased, on average, by 28%, with a
maximum increase of 60 %. Rates of reduced N (NH,*,
urea, and glycine) increased, on average, by 10 %, with
a maximum increase of 31 %. The percentage increase
of reduced N-uptake rates is significant (p < 0.05). Sta-
tions close to the Zhoushan Archipelago had the high-
est percentage increases in rates of reduced N uptake
with P pre-enrichment. The increases were less at the
southern stations and off-shore (Fig. 10). On May 28,
N-uptake rates with PO,*~ pre-enrichment were com-
pared for samples incubated with P for 2 h and
overnight before N-uptake rates were measured. The
longer incubation time with P enrichment yielded a
significantly greater increase in N uptake (p < 0.05;
Fig. 11).
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Fig. 9. Percent increase in the rate of NO3  and reduced
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phosphorus enrichment for 2 h for the date shown

32°N \\@/@

31° -
30°

29° —

O 1%

28° - &

O 5%

oL

124°E

I I
121° 122° 123°

Fig. 10. Spatial variation in the percent increase in the rate of

reduced N uptake (the sum of NH,*, urea, and glycine) after

phosphorus enrichment for 2 h in the bloom area from
samples collected on different days

DISCUSSION
Overview

The dinoflagellate blooms in the coastal area of the
ECS in 2005 were large (>15000 km?) and exhibited a
unique succession of species compared to events in the
previous years (Tang et al. 2006). Here, the results on
nutrient concentrations and N-uptake rates are placed
in the context of bloom succession. In addition, com-
parisons of N-uptake rates and molar ratios are made
with a system that experiences similar diatom and
dinoflagellate blooms, i.e. the southwestern Florida
Shelf, Gulf of Mexico (Heil et al. 2007).

Bloom succession, nutrient availability, and molar
N:P ratios

In late April in the ECS, before dinoflagellates
became dominant, both DIN and PO,%~ concentrations
decreased gradually seaward from the CJRE, suggest-
ing terrestrial sources of N and P at this time. During
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Fig. 11. (a) The percentage increase in N-specific uptake rates

V (™) and (b) the relative preference index (RPI). Sample

water was pre-incubated with 3 pM PO, for 2 h and for 12 h

(overnight) on May 28, 2005 at a station near Station ra-1.

Dissolved inorganic nitrogen:dissolved inorganic phosphorus
(DIN:DIP) = 17.7

this period, although both N and P appeared to be land
derived, N was considerably higher than P, leading to
a high ambient molar ratio of DIN:DIP (~65). Skele-
tonema costatum was the dominant species, and cell
densities of up to 107 cells I"! were recorded (Chiang et
al. 1999). Spring diatom blooms in the early spring in
the ECS have been recorded in this area since the late
20th century (Chiang et al. 1999, 2004, Ishikawa &
Furuya 2004). The water column of the coastal China
Sea is well mixed and re-suspended by the winter
monsoon and tides and storms in the winter; thus nutri-
ent regeneration and remineralization are assumed to
be enhanced during this period. Diatoms are thought
to be the major consumers of nutrients that accumulate
in these areas in the early spring, as temperatures
begin to rise (Ishikawa & Furuya 2004). Diatoms have
been reported to have higher NO;™ uptake rates than
dinoflagellates at low temperatures (Lomas & Glibert
2000). S. costatum in nutrient-replete waters, particu-
larly where NOj™ is the dominant N form, is favored
and outcompetes Prorocentrum donghaiense at tem-
peratures <15°C (Li et al. 2003, Wang et al. 2006).

In Chesapeake Bay, USA, where diatoms typically
comprise 80 to 90 % of the total algal abundance dur-
ing early spring blooms, both the depletion of Si(OH),
and P have been suggested to be responsible for the
decay of blooms (Conley & Malone 1992, Fisher et al.
1992). In Chesapeake Bay, P limitation lasts until more
P-replete freshwater input in the summer is delivered,
and this period is often associated with frequent
blooms of Prorocentrum minimum in the upper and
middle Chesapeake Bay (Tango et al. 2005). Our
knowledge of the relationships between spring diatom
blooms and the later dinoflagellate blooms in the ECS
is still limited. However, similar to nutrient dynamics in
the Chesapeake Bay, after the spring diatom blooms, a
P-limited (DIN:DIP ratio >60; Table 2) condition
evolves. Increasing river input in late spring in the
coastal ECS may result in the delivery of N into this
area; however, due to the relatively low P concentra-
tion in the runoff, additional P sources are important
for dinoflagellate blooms to succeed. The TWWC is a
P-replete current; its strength increases in the early
spring and could reach the CJRE from the bottom, pro-
viding P from this off-shore source (Tang et al. 2000).
The suggested role of this P source is supported by the
spatial and temporal progression of N:P gradients,
showing the decrease in P limitation seaward (Fig. 12).

The dinoflagellate species Prorocentrum dong-
haiense and Karenia mikimotoi were observed to accu-
mulate around the pycnocline in deeper waters toward
the end of our first cruise and reached 10° cells 1!
(K. mikimotoi). Gyroxanthin-diester, the specific pig-
ment indicator for K. mikimotoi, increased when ambi-
ent molar DIN:DIP ratios were ca. 60 to 80. Then, as the
blooms progressed, the DIN:DIP ratio dropped and, in
fact, was ultimately lower than the Redfield ratio by
the end of the K. mikimotoi dominance period
(Table 2). During this progression, the corresponding
molar DON:DOP range was ca. 20 to 50. Peridinin, an
indicator for P. donghaiense, showed a different pat-
tern of association with ambient N:P ratios. Blooms
were dominant when ambient DIN:DIP ratios were
around 20 and DON:DOP ratios were around 60
(Table 2). This progression suggests that K. mikimotoi
proportionately depended on DIP and DON. P. dong-
haiense was more competitive than K. mikimotoi at a
DIN:DIP ratio of 16 and successfully became the domi-
nant species. The DIN:DIP ratio remained close to the
Redfield ratio during the P. donghaiense blooms.

Reduced N forms were preferentially taken up dur-
ing the blooms. NH,* was always used preferentially
relative to its availability, as shown by the RPI calcula-
tion (Fig. 8). Urea was most preferred during the Kare-
nia mikimotoi blooms, which suggests that urea was an
important DON source for K. mikimotoi, but urea was
not the most preferred form during the Prorocentrum
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donghaiense blooms. Glycine (based on potential
uptake rates) was used preferentially during the
P. donghaiense period (Fig. 8). Even though the
glycine uptake rates were potential, not actual, rates,
the general trend likely holds at ambient levels.
Uptake rates were strongly related to the DIN:DIP
ratio in the water. With the progression of the blooms,
not only did NOj™ availability decrease, but that of

NH,* and urea actually increased, while DON re-
mained roughly constant in availability (Fig. 2).
N-specific rates of NO;  uptake increased as the
DIN:DIP ratio increased (Fig. 13a). The uptake of NO3;~
at elevated NOj3;™ concentrations may be a function of
both active transport and diffusion (Lomas & Glibert
2000). However, the uptake of reduced N shows a neg-
ative relationship with the DIN:DIP ratios when the
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Fig. 12. Mean ratio of DIN (NO;~ and NH,*):DIP (PO, in the surface waters of the East China Sea during the spring of 2005 time

series: (a) before the dinoflagellate blooms (May 7 to 13), (b) during the period of Karenia mikimotoi dominance (May 26 to

June 4), (c) during the period of Prorocentrum donghaiense dominance (June 9 to 18) and (d) during the bloom decline period
(June 20 to 24)
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ratio was larger than the Redfield ratio (Fig. 13b,c,d),
indicating P limitation of uptake of these substrates.

Pre-enrichment with PO,®~ for 2 to 24 h before mea-
surement of N-uptake rates confirmed P limitation. A
longer P enrichment time resulted in even greater
increases in the rates of N uptake. The percentage
increase in reduced N uptake also increased during
the latter stages of the time series. The water column
near the Zhoushan Archipelago was under more P
stress than the off-shore area and the southern part of
the coast off Jejiang Province.

A comparison with southwestern Florida Shelf algal
nutrient dynamics

During May 2003, a near-synoptic survey was con-
ducted of the nutrients and phytoplankton on the
southwestern Florida Shelf (Heil et al. 2007). During
this period, phytoplankton communities were charac-
terized as being dominated by Karenia brevis, a mixed
non-Karenia dinoflagellate assemblage, and diatoms
along different regions of the shelf. Both N:P ratios and
uptake rates of NO3;™ and urea were reported for these
assemblages using the same methods described herein
and thus provide a spatial comparison to the ECS
blooms, which varied more temporally (Heil et al.
2007). Rates of NH,* and glycine uptake are not avail-
able for the Florida blooms.

A direct comparison of the ambient DIN:DIP
and DON:DOP ratios during both the Florida and
ECS blooms shows considerable correspondence
(Fig. 14a,b). In both systems, the diatom-dominated
community was found in association with a high
ambient DIN:DIP ratio (>45), and the Karenia spp.-
dominated communities were found in association
with DIN:DIP ratios that were below the Redfield ratio
(<16). The Prorocentrum donghaiense community in
the ECS and the mixed dinoflagellate assemblage off
Florida were both observed to be associated with
DIN:DIP ratios that more closely approximated the
Redfield ratio. In both systems also, Karenia spp. were
observed in waters characterized by a high DON:DOP
ratio (>20), but the diatom and other dinoflagellate
assemblages both proliferated in even higher ambient
DON:DOP regimes (Fig. 14b). This pattern suggests
that Karenia spp. in both environments may have been
consuming the organic N source.

The uptake of DON has been suggested to be impor-
tant for Karenia brevis blooms on the southwest
Florida Shelf (Heil et al. 2007), and previous studies
have also shown that urea is used by K. brevis (Bronk
et al. 2004). In fact, a comparison of N-specific uptake
rates for the Karenia-dominated blooms in the ECS
and on the southwestern Florida Shelf show nearly
identical N-specific rates (Fig. 15). A comparison of
urea uptake rates for diatom-dominated communities
and for mixed dinoflagellate communities also re-
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vealed remarkable correspondence, but lower N-spe-
cific urea uptake rates than those for Karenia spp.
(Fig. 15). Thus, there appeared to be similar general
patterns in species dominance relative to N:P ratios
and comparable N-specific uptake rates for these dif-
ferent systems, even though absolute biomass differed
considerably.

CONCLUSIONS

In summary, the time series for the ECS showed that
diatom blooms were dominant in N-replete spring con-
ditions, but, as P limitation developed, Karenia mikimo-
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Fig. 15. Comparison of N-specific urea uptake rates (V h™!) in

different blooms in the East China Sea during May 2005 and

in different phytoplankton assemblages along the southwest

Florida Shelf during May 2003. The southwest Florida Shelf
data were derived from Heil et al. (2007)

toiblooms emerged. They further drew down the avail-
able DIN as well as DON. When the DIN:DIP ratio
reached a level that was close to the Redfield ratio, Pro-
rocentrum donghaiense became the dominant dinofla-
gellate. During the time series, TN concentrations in the
surface water column declined and could support less
biomass. Organic nutrients (DON and DOP) were also
important to the bloom progression, especially DOP in
P-limited water during early blooms and DON in poten-
tially N-limited water during late blooms. While all forms
of reduced nitrogen (NH,* urea, and glycine) were
taken up throughout the study period, urea was pre-
ferred during K. mikimotoi blooms, while the amino acid
was preferred during P. donghaiense blooms. Appar-
ently, in the ECS, nutrient regeneration was also impor-
tant, as increasing concentrations of NH,* and urea
occurred. Both stoichiometric ratios and enrichment ex-
periments showed that P was the limiting nutrient early
in the bloom progression and the N:P ratio was an impor-
tant determinant for both biomass and N-uptake rates.
Both nutrient ratios and N-specific rates of urea uptake
in the ECS blooms were comparable to those previously
reported for analogous blooms off the coast of Florida
(Heil et al. 2007). These results also provide evidence of
biological activities that tended to converge the N:P
ratio with Redfield proportions over time.
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