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ABSTRACT: Phosphorus stress in microphytoplankton was investigated in an upwelling system and
an adjacent segment of the Kuroshio Current in the southern East China Sea. In June, August, and
September 2007, 3 cruises were conducted, and alkaline phosphatase activity (APA) and the maxi-
mum quantum efficiency of photosynthesis (F,/F,) were measured along a cross-shelf cruise track
from the mid-shelf to the Kuroshio Current. In June and August, values of APA ranged from 1.41 to
9.56 pmol PO,*~ (ug chlorophyll [chl] @)~! min~!, and those of F,/F,, ranged from 0.28 to 0.45 in sur-
face waters. In September, a strong salinity front appeared between the upwelling zone and Kuroshio
waters. Low APA values of 1.23 to 8.08 pmol PO~ (ng chl a)~! min~! were observed in the upwelling
region, and high values of 34.9 to 77.6 pmol PO,%~ (ug chl a)”! min~! were observed in Kuroshio
waters. A significant correlation between the APA and F,/F,, only occurred in September, and a pos-
sible event of phosphate stress in Kuroshio waters was supported by high APA values and changes in
the microphytoplankton species composition. Our results suggest that phosphorus stress in micro-
phytoplankton is related to the magnitude of horizontal water exchange between the Kuroshio and
upwelling waters.
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INTRODUCTION

Off the northeastern coast of Taiwan, there is a per-
sistent upwelling system caused by the local curvature
of the continental slope, which affects the flow of the
Kuroshio Current (Chern et al. 1990, Liu et al. 1992).
This upwelling is one of the major nutrient sources for
the East China Sea (ECS), and supports abundant
microphytoplankton (>20 pm in size) that contribute as
much as 57 % to the depth-integrated primary produc-
tivity (Chen 2000). Horizontal exchanges between the
oligotrophic Kuroshio and the upwelling system vary
with time and are apparently influenced by climatic as
well as hydrographic events such as the summer mon-
soon and movements of the Kuroshio axis (Gong et al.
1992, Liu et al. 1992).
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In such an upwelling system, nutrients rise to the
euphotic zone and are then transported radially via
horizontal exchange with adjacent oligotrophic waters
(Gong et al. 1992). High concentrations of nutrients,
together with optimal light and temperature, allow
phytoplankton to thrive (Chen 1994, Chiang et al.
1997, Dugdale et al. 2006). These processes lead to a
more dominant grazing food chain and promote the
sinking of particulate organic matter (Falkowski 2002,
Hung et al. 2009). However, as the upwelled water
ages or when cells drift far from the upwelling center,
phytoplankton eventually experience nutrient defi-
ciencies. For example, in the upwelling area off the
Oregon coastal ocean of the US Northwest and Izu
Peninsula in Japan, phytoplankton growth decreases
when nutrients are depleted (Takahashi et al. 1986,
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Ruttenberg & Dyhrman 2005). This is especially true
for microphytoplankton since their lower surface area
to volume ratio makes them more susceptible to nutri-
ent deficiencies (Kigrboe 1993). As for which nutrient
controls phytoplankton growth near the boundaries of
an upwelling region, nitrate is the most frequently
mentioned candidate (Chen 1994, 2000).

Kokkinakis & Wheeler (1987) observed that up-
welled nitrate was sufficient to support maximal
growth rate (1 to 2 d!) in upwelling systems of Oregon
(USA), Benguela (Angola), and Peru. For the upwelling
northwest of Taiwan, however, a significant relation-
ship is lacking between surface nitrate concentrations
and phytoplankton production (Chen et al. 1999, Gong
et al. 2000). Since phosphate concentrations in the
Kuroshio Surface Water are often below the detection
limit (Chen et al. 1995), they may become a controlling
factor for phytoplankton growth on specific occasions.
Some understanding of the phosphorus status in
phytoplankton is necessary to determine the role of
this upwelling in the ECS.

The effect of P deficiency on phytoplankton growth
is difficult to quantify (Smith & Kalff 1981). Conven-
tionally, nutrient limitations in phytoplankton have
been mainly determined by the nutrient uptake rate,
N/P ratio, and nutrient enrichment experiments (Perry
1976, Healey & Hendzel 1980, Smith et al. 1986).
Another method that is used to evaluate the phyto-
plankton P status is to measure alkaline phosphatase
(AP) activity (APA). AP is an extracellular enzyme that
hydrolyzes phosphomonoesters to generate inorganic
phosphate (Perry 1972, Sebastian & Niell 2004,
Dyhrman & Ruttenberg 2006). In many laboratory cul-
tures and natural communities of phytoplankton, high
APA is associated with low-P conditions, but it is
greatly repressed when P is sufficient (Perry 1972, Rut-
tenberg & Dyhrman 2005). Measuring APA is simple
and does not require a long-term incubation (Perry
1972, 1976). However, APA is generally assumed to
indicate a deficiency of bioavailable inorganic P and
the attempt of cells to utilize organically bound P sub-
strates (Cembella et al. 1982, Yamaguchi et al. 2005).
Since large interspecific variations in APA are com-
monly observed, additional measurements of related
parameters are suggested for a correct evaluation of
the phytoplankton P status (Dyhrman & Palenik 1999,
Parkhill et al. 2001, Ruttenberg & Dyhrman 2005,
Dyhrman et al. 2007).

In this study, experiments were conducted to deter-
mine whether microphytoplankton experienced phos-
phorus stress in the transition zone between the
upwelling area and Kuroshio Current in summer 2007.
The APA assay was used to assess the in situ P status of
microphytoplankton. In addition, since nutrient star-
vation in batch cultures usually causes significant

decreases in the maximum quantum efficiency of
photosynthesis (F,/F,,), this fluorescence-based mea-
surement was performed to reveal the interactions
between nutrient stress and photosynthesis (Kolber &
Falkowski 1993, Parkhill et al. 2001). In conjunction
with an analysis of the species composition, our results
indicate that the P status in microphytoplankton was
influenced by the intensity of water exchange.

MATERIALS AND METHODS

Study sites and sampling. Data were obtained dur-
ing cruises 1445 (June 8-11, 2007), 1463 (August 2-5,
2007), and 1473 (September 1-4, 2007) on board the
RV 'Ocean Researcher II'. The study area was in the
southern ECS, and sampling stations were arranged
along a cross-shelf transect from mid-shelf (Stn 9) to
the Kuroshio (Stn 14) (Fig. 1). The hydrographic para-
meters of temperature and salinity were measured
with a CTD (SBE 911plus, SeaBird). Samples for nutri-
ent concentrations were taken at specific depths using
X-Niskin bottles (General Oceanics) mounted on a
rosette sampler.

Microphytoplankton samples for APA measure-
ments were collected by a double-trip plankton net
(General Oceanics) with a 0.5 m mouth diameter and
20 pm mesh size. The net was towed at a depth of
either 3 m (surface samples) or 50 m for 10 min with the
ship speed set to 1 knot. According to previous experi-
ence, the volume of water filtered during a net-tow
with identical settings ranged from 5800 to 48 000 1
(Chang 2000), and net samples have been used for
physiological measurements in the studies of micro-
phytoplankton (Berman-Frank et al. 2001, Villareal
1992). Next, the content in the receiving bottle (cod
end) was sequentially filtered through 20 pm, 200 pm,
and 1 mm mesh Nitex screens. The 1 mm mesh screen
was designed to remove gelatinous zooplankton. The
term ‘microphytoplankton’ in this report refers to
organisms retained on the 20 pm mesh screen with the
understanding that some zooplankton were inevitably
present. These microphytoplankton were washed off
the screen and resuspended in 11 of seawater collected
from the same depth. From each net tow, triplicate sub-
samples of 4 ml each were used for the APA measure-
ments. In addition, a 2 ml sample was used for the
F,/F,, measurement, and a 50 ml subsample was used
for phytoplankton enumeration. Another sample with
a volume of 1 to 20 ml, depending on the concentration
of microphytoplankton, was filtered onto a GF/F filter
(Whatman) for chl a measurement. The GF/F filter was
immediately packed into a tissue processing capsule
(Electron Microscopy Sciences) and stored in liquid
nitrogen until analysis.
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Fig. 1. Study area in the southern East China Sea. (a) Sampling Stns 9-14 during the 3 cruises conducted in June, August, and
September 2007. (b) Sea surface temperatures on Sep 1, 2007 showing prominent upwelling (arrow) off the northeastern coast
of Taiwan

Alkaline phosphatase activity (APA). Before mea-
suring APA, 0.5 ml of 3-O-methylfluorescein phos-
phate (Sigma) was added to a 4 ml subsample as the
AP substrate at a final concentration of 106 pmol ml™'.
The subsample was then incubated in the dark at 25°C
for 60 min, and the fluorescence from the reaction
product was measured with a fluorometer (10-AU,
Turner Designs) equipped with a band-pass excitation
filter of 390 to 500 nm and a band-pass emission filter
of 510 to 700 nm. The measurement was performed at
both the beginning and end of the incubation period
(Perry 1972).

F,/F, measurements. Triplicates of 2 ml microphyto-
plankton subsamples were placed in quartz cuvettes
(N'SG Precision Cells) and allowed to adapt to the dark
for 15 min. The cuvettes were then put into a Fluores-
cence Induction and Relaxation (FIRe) fluorometer
(Satlantic) where a single turnover flash (at a wave-
length of 450 + 15 nm) with a duration of 80 ps was ap-
plied to saturate photosystem (PS) II. Meanwhile, the
minimum and maximum yields of chl a fluorescence
(Fo and F,,) were recorded at the beginning and end of
the single turnover flash, respectively. The maximum
quantum efficiency of photosynthesis (F,/F,,) was then
computed as (Fy,— Fy)/F, (Campbell et al. 1998).

Determinations of nutrient and chl a concentra-
tions. Nitrate was first reduced to nitrite with a cad-
mium wire activated with copper sulfate, and was then
analyzed with a self-designed flow injection analyzer
(Gong et al. 1992). The detection limit of nitrate was
0.3 pM. The concentration of phosphate in nutrient
samples was measured by a modified version of the
molybdenum blue method (Murphy & Riley 1962, Pai
et al. 1990). With the use of a 5 cm cuvette, the detec-

tion limit was 0.01 uM. In addition, the chl a concentra-
tion was determined fluorometrically by the Welsch-
meyer (1994) non-acidification method.

Phytoplankton enumeration. Microphytoplankton
subsamples for cell counts were preserved with acidic
Lugol's solution (Smayda 1974) and counted with a
Nikon Optiphot-2 microscope at 100x. At least 100
cells were counted in each sample, and microphyto-
plankton were identified to the generic level based on
Tomas (1996).

RESULTS
Hydrography and nutrient concentrations

In June 2007, water temperatures along the cruise
track were 28 to 29°C in the surface layer and 25 to
26°C at 50 m depth (Fig. 2a). Vertical sections of tem-
perature (T) and salinity (S) revealed a mixed layer
~50 m thick without the presence of any obvious
upwelling event (Fig. 2a,d). The T-S curves indicated
that salinities near the sea surface were low, but a
strong horizontal gradient was lacking (Fig. 2g). The
depth of the phosphocline was ~5 m in the upwelling
region and ~100 m in the oligotrophic Kuroshio region
(Fig. 3a,c). A similar trend was observed for nitrate and
nitrite concentrations, and was especially obvious at
50 m depth (Table 1).

In August, an upwelling event was observed at
Stn 12 as indicated by a dome of cold water at 20 to
80 m depths (Fig. 2b). Vertical sections of temperature
and salinity revealed a mixed layer ~20 m thick at
Stns 11 and 12, which thickened to 30 m at Stns 13 and
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Fig. 2. Vertical sections of water temperature (T), salinity (S), and T-S diagrams during the 3 cruises in 2007. (a—c) Water tempera-
ture distributions, (d—f) salinity distributions, and (g—i) T-S diagrams, in June, August and September. Curves in the T-S diagrams:
mean characteristics of Kuroshio water based on historical records (Gong et al. 1995)

14 (Fig. 2b,e). The T-S curves showed a weak salinity
front between Stns 11 and 13, and surface waters at
Stns 11 and 12 were apparently mixtures of Kuroshio
subsurface water and shelf water. On the other hand,
T-S signatures of Stns 13 and 14 showed typical char-
acteristics of Kuroshio surface water (Fig. 2h). Phos-
phate profiles during this cruise were very similar to
those in June. The depth of the phosphocline was ~5 m
at Stn 11, and a weak phosphocline appeared below
100 m at Stn 14 (Fig. 3a,c). Nitrate and nitrite were
undetectable at 3 m depth at Stn 11, but a high 3 pM
concentration was observed at 50 m (Table 1).

In September, a strong upwelling event was ob-
served at Stn 10 (Fig. 2¢). In the vertical section of salin-
ity, higher salinities (>34.5 psu) were only observed
near the Kuroshio (Fig. 2d-f). Vertical sections of tem-
perature and salinity revealed a mixed layer <10 m
thick between Stns 9 and 11. The bottom of the mixed
layer became deeper at Stns 12 and 13, and reached al-
most a 40 m depth at Stn 14 (Fig. 2¢,f). The T-S curves
were clearly divided into 2 groups with those from Stns
9 to 11 showing upwelling characteristics and those
from Stns 12 to 14 showing Kuroshio characteristics
(Fig. 2i). As a result, a sharp salinity front appeared be-

tween Stns 11 and 13 (Fig. 2f). Compared to the other 2
cruises, the surface concentrations of phosphate and ni-
trate+nitrite at Stn 11 were higher in September, and
the increasing trend of phosphate with depth was still
evident (Table 1). At Stn 14, a similar stratification pat-
tern was again detected with a phosphate nutracline
appearing below 100 m (Fig. 3a,c).

Chl a and species composition of microphytoplankton

The chl a concentrations in net-tow samples were
2x to 400x those in seawater, and microphytoplankton
were greatly enriched by the plankton net (Table 2). In
June, Trichodesmium spp. were the most dominant
microphytoplankton in these concentrated samples,
with abundances reaching 1850 and 1063 trichomes
ml! at Stns 11 and 14, respectively. Diatoms were also
abundant, with Chaetoceros spp., Rhizosolenia spp.,
and Bacteriastrum spp. dominating. On the other
hand, dinoflagellates were a numerically minor group
with cell numbers much lower than those of diatoms.
The overall microphytoplankton compositions were
similar for Stns 11 and 14. In August, microphytoplank-
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ton compositions did not change much from those in
June. Trichodesmium spp. were still the most domi-
nant group with somewhat lower abundances (325 to
350 trichomes m1’1), which increased diatom contribu-
tion to phytoplankton abundances (Table 2).
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Fig. 3. Vertical profiles of phosphate concentrations (uM) and N/P ratios below

100 m depth during the 3 cruises in 2007. Phosphate profiles for (a) Stn 11

(June, August and September), and (c) Stn 14 (August and September). Rela-

tionship between nitrate and phosphate concentrations below 100 m depth for

(b) Stn 11 (only 1 measurement was taken during the June cruise), and (d)

Stn 14. Numbers associated with individual regression lines: estimated N/P
ratios + 95 % confidence interval

In September, Trichodesmium spp. were very abun-
dant (5400 trichomes ml™!) at 3 m depth at Stn 9, but
substantially decreased at Stn 12, and were absent from
the net-tow sample of Stn 14 (Table 2). A similar trend
was observed in diatoms. Although the towing time

was fixed at 10 min for all stations, Tricho-
desmium and diatoms were difficult to
collect at Stns 12 to 14. In contrast, abun-
dances of dinoflagellates remained more
or less constant in the region between
the upwelling center and the Kuroshio
(Table 2). The contribution of dinoflagel-
lates substantially increased in these
samples containing low abundances of
diatoms and filamentous cyanobacteria.

APA and F,/F,

Values of the maximal photochemical
efficiency of PSII (F,/F,) in June varied
0.32 to 0.45 in surface samples (Table 1).
The highest value was observed in the
upwelling region, and the lowest value in
the Kuroshio region (Fig. 4a). In the 50 m
samples, F,/F,, values were generally
higher than those in surface samples
(Fig. 4d). In June, APA surface values
were 7.91 and 6.98 pmole PO, (ug
chl a)! min~! at Stns 11 and 14, higher
than those observed in 50 m samples
(Table 1, Fig. 4b,e). In August, the lowest
F,/F,, value of surface samples was ob-
served in the Kuroshio region (Table 1,

Table 1. Nutrient concentrations (1M) and physiological indices of microphytoplankton at stations in the southern East China Sea
during 3 cruises conducted in summer 2007. DIP: dissolved inorganic phosphate, F,/F,,;: maximum quantum efficiency of photo-
synthesis, APA: alkaline phosphatase activity (pmol PO,3~ [ug chl a]"! min™'), nd: not detectable, (-): no sample taken

Sample depth: 3m 50m

Station: 9 10 11 12 13 14 9 10 11 12 13 14
June 2007
NO; + NO, nd nd nd 0.10 nd 0.10 3.00 2.00 3.40 1.30 0.40 0.10
DIP (pM) 0.07 0.08 0.02 0.01 nd nd 0.19 0.10 0.20 0.07 0.06 0.01
F,/F 0.34 0.39 0.45 0.36 0.40 0.32 0.51 0.39 0.48 0.54 0.51  0.39
APA - - 7.91 - - 6.98 - - 1.41 - - 2.71
August 2007
NO; + NO, - - nd - - nd - - 3.00 - - 0.04
DIP (pM) - - 0.01 - - nd - - 0.20 - - nd
F,/Fy - - 0.38 0.33 0.36 0.28 - - - - - -
APA - - 9.56 3.49 7.06 3.81 - - - - - -
September 2007
NOj; + NO, nd - 0.25 - - 0.01 7.30 - 6.09 - - nd
DIP (pM) nd - 0.06 - - nd 0.38 - 0.42 - - nd
F,/Fy, 0.25 0.48 0.43 0.40 0.42 0.31 0.46 0.48 0.55 0.40 0.41  0.39
APA 3.35 1.23 8.05 34.9 48.8 77.6 1.28 0.93 0.99 35.8 445 263
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Table 2. Chl a concentrations (ug 1) and species compositions of net-collected microphytoplankton at stations in the southern
East China Sea during 3 cruises conducted in summer 2007. Chl a was measured in both natural seawater (in situ) and net-col-
lected samples (net-tow). Diatom and dinoflagellate abundances: cells ml™!, Trichodesmium spp. abundances: trichomes ml™*

Month (depth): June (3m) August (3 m) September (3 m) September (50 m)
Station: 11 14 11 14 9 10 11 12 13 14 9 10 11 12 13 14
Chl a

In situ 0.24 0.20 0.41 0.12 0.43 1.20 1.38 0.12 0.07 0.18 0.48 0.30 0.41 0.12 0.17 0.13
Net-tow 71.4 55.8 27.9 8.59 188 93.1 15.1 2.37 2.08 0.37 69.4 84.8 334 099 1.90 1.67
Diatoms

Chaetoceros spp. 750 613 813 213 325 1788 763 14 1.3 1.3 1075 1638 1575 88 20 13
Bacteriastrum spp. 250 163 325 13 225 275 63 26 7.5 6.3 400 125 75 15 0 0
Rhizosolenia spp. 263 363 100 O 738 163 25 0 23 0 288 38 25 0 13 13
Hemiaulus spp. 75 38 138 38 188 150 0 36 16 10 138 88 88 2.5 25 338
Guinardia spp. 38 63 25 0 338 50 0 0 1.2 0 175 50 0 13 1.3 0
Other species 49 148 337 61 786 2974 437 14 15 49 574 2461 1237 46 17 36
Dinoflagellates

Ceratium spp. 38 113 38 38 213 25 25 17 37 48 0 0 0 14 95 25
Dinophysis spp. 25 0 13 0 0 13 88 38 0 0 13 0 38 25 13
Prorocentrum spp. 0 0 0 13 63 25 75 0 20 8.8 25 38 0 75 14 10
Protoperidinium spp. 175 88 25 663 238 75 25 30 39 21 25 38 13 43 30 111
Other species 63 25 274 36 236 138 0 37 33 36 38 61 12 20 83 42
Cyanobacteria

Trichodesmium spp. 1850 1063 350 325 5400 150 213 25 75 O 125 88 0 15 13 13

Fig. 4a). APA values ranged from 3.49 to 9.56 pmol
PO,3" (ug chl a)! min™! in surface samples, and this
range was similar to that observed in June (Fig. 4b). In
September, the cross-shelf trend of surface F,/F,
resembled those in the 2 previous cruises (Table 1).
High values occurred near the upwelling center, and
low values occurred at stations far away from the
upwelling center (Fig. 4a). Similarly, F,/F,, values in
the 50 m samples were higher than in surface values.
For APA values in September, 2 regions with very
different trends were observed (Table 1). In both sur-
face and 50 m samples, low values <8.05 pmol PO,%-
(g chl a)! min™! were observed in the upwelling
region (Stns 9 to 11), and high values >26.3 pmol PO,3~
(ug chl a)" ! min~! were observed in the Kuroshio region
(Stns 12 to 14) (Fig. 4c,f).

DISCUSSION

Our results indicate that upwelling is an important
nutrient source for microphytoplankton in the outer
shelf area. During the 3 cruises, the increasing trends
of phosphate concentration at Stn 11 began at very
shallow depths, which indicated an influence of up-
welling (Fig. 3a). In contrast, phosphate profiles at Stn
14 showed strong stratification with deep nutraclines
at depths <100 m (Fig. 3c). As a result, nitrate and
phosphate concentrations were always higher in the
upwelling region than in the Kuroshio region (Table 1).
In parallel with this pattern of nutrient distributions,

F,/F,, values of net-collected microphytoplankton re-
vealed higher values near the upwelling center, which
gradually decreased toward both ends of the cruise
track (Fig. 4a). A nutrient deficiency was shown to
cause low F,/F,, values in phytoplankton by impeding
electron transport in the light reaction (Kolber &
Falkowski 1993, Wykoff et al. 1998), and Geider et al.
(1993) observed that values of F,/F,, decreased from
0.6 to a range of 0.3-0.1 when the diatom Phaeodacty-
lum tricornutum was cultured in unbalanced growth
conditions of phosphate, nitrate, and iron starvation.
However, Parkhill et al. (2001) indicated that F,/F,,
stayed high and constant when a diatom was accli-
mated to nutrient limitations under a status of balanced
growth. Based on this information, low F,/F,, values at
Stns 9 and 14 on September were likely a result of nu-
trient deficiencies under unbalanced growth. In con-
trast, high values in the upwelling region likely came
from either nutrient-sufficient phytoplankton regard-
less of the growth modes, or nutrient-limited phyto-
plankton under balanced growth (Fig. 4a). At Stn 11,
the high nutrient concentrations observed at 50 m
depth indicated that both phosphorus and nitrogen
were continuously being supplied by upwelling, which
supports the nutrient-sufficient view (Fig. 4d).

The species composition is an important considera-
tion in interpreting quantum efficiency data, and
cyanobacteria are known to have lower F,/F,, values
as they use phycobilisomes as the light-harvesting
complex (Campbell et al. 1998). In our study area, the
filamentous, nitrogen-fixing cyanobacteria Trichodes-
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Low values of F,/F,, were not always
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June and August, F,/F, values ranged
from 0.28 to 0.45, but APA remained low,
indicating that phosphorus utilization
was not related to the quantum yield in
photosynthesis (Figs. 4b & 5a). In Sep-
tember, a negative correlation was ob-
served between APA and F,/F, sug-
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that a nutrient other than nitrogen was
insufficient, and made the Kuroshio an

maximum quantum efficiency of photosynthesis (F,/F,,) at 2 depths during 3
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Analysis of variance with multiple comparisons was performed on Septem-
ber F,/F,, values, and the same lowercase letters in (a) & (d) indicate no

significant difference at a level of o = 0.05

mium spp. were quite abundant, but their distribution
did not properly explain the trends of F,/F,. On all 3
cruises, F,/F,, values at Stn 14 were consistently lower
than corresponding values at Stn 11 in spite of the fact
that the abundances of Trichodesmium were similar at
these stations in June and August, and that Tricho-
desmium was absent from Stn 14 in September
(Tables 1 & 2). According to a study conducted in the
Arafura and Timor Seas (Berman-Frank et al. 2001),
F,/F,, values of Trichodesmium were especially low
during a period of nitrogen fixation. If nitrogen fixation
actively occurred in the Kuroshio region, it might
cause the low F,/F,, values at Stn 14 in June and
August. However, this explanation apparently does
not apply to the observation in September.

unsuitable environment for survival (Fig.
4f).

To some extent, ambient phosphate
influences levels of APA. As long as
phosphate concentrations in seawater
exceeded the detection limit (0.01 pM),
all APA values were <10 pmol PO,*~ (ug chl a)~! min~!
(Fig. 5b). In contrast, samples with undetectable
amounts of phosphate had a wide range of variation in
APA from 3.35 to 77.6 pmol PO,*~ (ug chl a)! min~',
This inverse hyperbolic relationship has been repeat-
edly reported in the literature, and the phenomenon of
low APA associated with low phosphate concentra-
tions has been interpreted by a number of mecha-
nisms, including intracellular storage of phosphate,
turnover rates of phosphate in the water column, and
the time required for the development of high APA
(Dyhrman & Ruttenberg 2006, Nicholson et al. 2006).
In our study area, the high APA in September could not
be attributed to a period of inactive upwelling since the
opposite was indicated by the vertical section of tem-



128 Mar Ecol Prog Ser 409: 121-130, 2010

100
a r=-0.86, p <0.05
80 W\ APAG,=235-490 F/F,
\

60 - \
N

40
LN

20 St.9 \

gl m v ® Ve ...\. -

0.2 0.3 0.4 0.5 0.6

APAcr (pmol PO~ [um chl a]~" min~)

100 i i
b ® June
801 m v/ August
B September
60
|
40 -
|
20
vV @ m}
0 ¥ . e % 7 s mal
0.00 0.01 0.10 1.00

PO, (UM)

Fig. 5. Relationship between alkaline phosphatase activity
(APA) and (a) the maximum quantum efficiency of photosyn-
thesis (F,/F,), and (b) ambient phosphate concentrations dur-
ing 3 cruises in 2007. Dashed line in (a): principal axis of the
equal-frequency ellipse in the correlation analysis for data
obtained during the September cruise. A single outlier (Stn 9)
was the data point at 3 m depth, and was excluded from the
correlation analysis

perature (Fig. 2). Rather, high APA in Kuroshio waters
was very likely caused by decreased horizontal water
exchange between the Kuroshio and the upwelling
region as discussed below.

In summer, a typical flow pattern in our study area
involves a branch current that breaks off from the
Kuroshio and develops a counterclockwise circulation
around the upwelling area (Tang et al. 2000). This
counterclockwise circulation may retain the upwelled
water on the outer shelf for a period of time, and a
satellite-tracked drifter was observed to be trapped in
the upwelling region for 4 d before its entry into the
main stream of the Kuroshio (Tseng & Shen 2003). With
the presence of this circulation pattern, a sharp front
usually appears at the shelf-break, such as the one
observed in September 2007, which caused drastic
differences in hydrographic characteristics as well as
microphytoplankton compositions across the front
(Table 2, Fig. 2g-i). According to a calculation based
on water and salt balances, shelf water contributed
<1% of the surface water at Stn 14 with the presence of
a sharp front (Chen et al. 1995). This decreased water
exchange must have reduced the nutrient supply from

the upwelling, and high values of APA began to ap-
pear at Stn 14 (Fig. 4c-f).

On the other hand, the counterclockwise circulation
is disturbed when the southwest monsoon periodically
intensifies. The summer monsoon sends Taiwan Strait
water across the continental shelf in summer, forming
a layer of low-salinity water and temporarily suppress-
ing the upwelling (Gong et al. 1992). This mixture of
Taiwan Strait water and upwelled water had appar-
ently reached Stn 14 during our June cruise, as indi-
cated by a sharp turn on the T-S curve (Fig. 2g). In this
situation, as much as 20% of the surface water at Stn
14 might have come from shelf water (Chen et al.
1995), and similar hydrographic characteristics and
microphytoplankton compositions appeared at Stns 11
and 14 (Fig. 2g, Table 2). Low APA values observed in
June and August 2007 implied adequate supplies of
inorganic P (Fig. 4b,e).

Of course, vertical mixing inevitably provides part of
the phosphorus for microphytoplankton in the Kuroshio
area, but the amount has to be small. During these 3
cruises, nutraclines at Stn 14 consistently began at
depths <100 m (Fig. 3c), and upward diffusion would be
difficult in summer when stratification is strong. In addi-
tion, the N/P ratio below 100 m was 25 in September,
much higher than the Redfield ratio of 16 (Fig. 3d). Such
a nutrient source with an unbalanced N/P ratio would
have offered no remedy for the phosphate shortage even
if a significant amount had reached the euphotic zone at
Stn 14. An N/P ratio >16 in deep waters is common in
regions with active nitrogen fixation (Arrigo 2005), and
the segment of the Kuroshio in our study area was shown
to contain substantial amounts of biologically fixed nitro-
gen based on isotope fractionation (Liu et al. 1996).
Different N/P ratios observed in June, August, and Sep-
tember reflect distinctive combinations of nitrogen fixa-
tion, nutrient utilization, and regeneration ratio of N/P at
different intensities, and these processes might have
occurred in an upstream segment of Kuroshio instead of
locally. When entering the overlying euphotic zone,
these nutrients may have important effects on primary
productivity and phytoplankton composition.

In conclusion, our results suggest that upwelling off
the northeast coast of Taiwan is an important phospho-
rus source for microphytoplankton. When smooth hor-
izontal water exchange between the upwelling and the
Kuroshio occurs, microphytoplankton do not experi-
ence a phosphorus deficiency. In contrast, when the
Kuroshio water is isolated from the upwelling by a
steep frontal zone, upwelled inorganic P ceases to
enter the Kuroshio area. In this circumstance, if phos-
phorus in the euphotic zone cannot be replenished
from the deep water due to either a strong stratification
or an unbalanced N/P ratio, microphytoplankton in the
Kuroshio will begin to develop high APAs.
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