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ABSTRACT: The Pearl River in the south of China is the second largest river in China in terms of dis-
charge volume. Two cruises were made to investigate the dynamics of nutrients and phytoplankton bio-
mass in June and July 1998, across the Pearl River estuary to the adjacent territorial waters of Hong
Kong. On-deck incubation experiments of 5 mixtures of freshwater from the surface with seawater from
below the halocline were conducted to simulate time scales of phytoplankton blooms for each fresh-
water/seawater mixture and to examine uptake of nutrients. In July, phytoplankton growth rates in-
creased with salinity of the mixtures, with the lowest growth rate (0.81 d™') in freshwater and the highest
(2.41 d!) in 100% seawater (salinity = 29). PO, was lower in freshwater (0.3 pM) than in seawater
(1.2 pM), whereas concentrations of NO; + NH, + urea (~80 pM) and SiO, (150 pM) were higher in fresh-
water than those in seawater (25 pM for nitrogen and 26 pM for SiQy). During the incubation PO, disap-
peared first, indicating that P was limiting the phytoplankton biomass. All mixtures reached the maxi-
mum in phytoplankton biomass in 3 to 4 d. There was a regional maximum of phytoplankton biomass
that occurred at the seaward edge of the estuarine plume during June. The region moved eastwards
(away from the estuary) to the southern waters between Lantau Island and Hong Kong Island during
July. Mixing diagrams of NO3 and SiO, showed conservative behaviour with salinity in the estuary.
These observations suggest that dilution by freshwater outflow was a controlling factor in determining
the distribution of nutrients and phytoplankton biomass in the estuary due to high flow during June and
July. The regional maximum of phytoplankton biomass was comparable to that resulting from the incu-
bation and coincided with the exhaustion of PO, during July. On the estuarine (west) side of the regional
maximum, chl a fluorescence increased during 24 h incubations, but decreased at the station with the
maximum and on the east side, suggesting the possible limitation of nutrients to the phytoplankton com-
mupnity. In the same eastern waters, both PO, and SiO, were very low. However, NO; and NH, remained
abundant, suggesting possible co-limitation by phosphorus and silicon. We hypothesize that consider-
able seasonal rainfall in June and early July might have contributed an additional source of nitrogen to
the water column, which resulted in the exhaustion of PO, and SiO, before nitrogen.
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INTRODUCTION

Temporal and spatial distribution in algal biomass
and production in an estuary is regulated by the dilu-
tion of river flow, light, and mixing induced by tidal
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cycles and winds (Cloern 1996). River flow near the
river mouth is usually too rapid to allow algal biomass
to be accumulated. Dilution of the estuary due to
river flow decreases down the estuary where the
channel widens. As a result, suspended loads de-
crease and light penetration increases. Therefore, the
region of algal blooms usually varies with river dis-
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charge. In the Mississippi River estuary, there is a
'downplume’ progression of phytoplankton biomass
and production maximum as the river discharge
increases (Fox et al. 1987, Hitchcock & Whitledge
1992). Uptake of NO; and NH, was also high at the
chlorophyll a (chl a) maximum (Dortch & Whitledge
1992). The input of Mississippi riverine nutrients was
found to influence primary productivity in the shelf
waters of the northern Gulf of Mexico (Lohrenz et al.
1997), and the reduced concentration of nutrients
coincided with the region of peak chl a (Bode &
Dortch 1996). In the Yangtze River estuary, high
standing stock of chl a (30 to 110 mg m™) was
observed in the plume of the Changjiang diluted
water in the East China Sea (Gong et al. 1996).
Examples of the regulation of regional phytoplankton
blooms by river discharge can be found in many
other estuaries; they include the Hudson River estu-
ary (Malone 1977, Malone & Chervin 1979), the
Chesapeake Bay (Harding et al. 1986, Malone et al.
1988), the St. Lawrence River estuary and the Gulf
of St. Lawrence (Sinclair 1978, Levasseur et al. 1984,
Therriault & Levasseur 1985, de Lafontaine et al
1991). Similarly, the regulation of inorganic nutrients
and phytoplankton blooms is found in different
regions of San Francisco Bay (Cloern et al. 1985,
Peterson et al. 1985). In the Strait of Georgia, mixing
processes induced by maximal river discharge be-
come important in regulating the supply of nutrients
and phytoplankton production when nutrients in the
Fraser River are low during late spring and summer
(Yin et al. 1997a,b). An increase in phytoplankton
biomass is correlated with an increase in salinity in
the Po River and the Northern Adriatic Sea in Europe
(Revelante & Gilmartin 1976). The spatial and tem-
poral distribution of phytoplankton biomass and pro-
ductivity is important to production of organisms of
higher trophic levels which, in turn, exert biological
control on phytoplankton biomass and production
(Chervin et al. 1981, Mackas & Louttit 1988, Yin et al.
1996, 1997¢).

The Pearl River estuary is situated on the south coast
of China and connects to the northern part of the South
China Sea. Hong Kong is part of its western shores.
The Pearl River is the second largest river in China,
after the Yangtze River, in terms of discharge. The
Pearl River stretches for 2214 km and drains an area of
452000 km? (Zhao 1990). It flows into the Pearl River
estuary through 8 entrances, 4 of which enter the Ling
Ding Yang estuary, a sub-estuary of the Pear] River
estuary, between Hong Kong and Macao (Fig. 1). The
annually averaged river discharge is 10524 m?® s/,
with 20 % occurring during the dry season in October
to March and 80% during the wet season in April to
September (Zhao 1990). The coastal waters of Hong

Kong are profoundly influenced by 3 water regimes:
the Pearl River discharge, oceanic waters from the
South China Sea and coastal waters from the South
China Coastal Current (Chau & Abesser 1958, Chau &
Wong 1960, Williamson 1970, Watts 1971a,b, 1973,
Morton & Wu 1975). These water regimes are strongly
subjected to 2 seasonal monsoons. In winter, the
Northeast Monsoon prevails and the South China
Coastal Current dominates the coastal waters of Hong
Kong. In summer, the interaction of the estuarine
plume and oceanic waters dominates due to the South-
west Monsoon. Therefore, the coastal waters of Hong
Kong become very dynamic due to advection, mixing,
and the interaction of freshwater from the Pearl River
estuary, runoff and oceanic waters from oceanic cur-
rents.

In recent years, the Pearl River has received a high
loading of anthropogenic nutrients from increased
activities in agriculture (Neller & Lam 1994), fish dike
farming (Ruddle & Zhong 1988) and sewage effluents
(Hills et al. 1998) due to the population increase and
economic development in southern China and the
Pearl River delta region (Lin 1997). The increase in
nutrients in the Pearl River has raised serious con-
cerns over cross-border pollution in Hong Kong.
Harmful algal blooms have become a common phe-
nomenon in Hong Kong and have occured over 20
times every year in the last decade (EPD 1997). How-
ever, comparatively few harmful algal blooms have
been reported in the Pearl River estuary. There is
little information in the literature about the dynamics
of nutrients and phytoplankton in the Pearl River
estuary. This investigation is the first one to use an
experimental approach to study the dynamics of
nutrients and phytoplankton, in addition to a field
investigation for the region.

In the present study, we conducted field incubation
experiments in which freshwater was mixed with sea-
water obtained from below the halocline. Our idea
was to simulate phytoplankton blooms in the mix-
ture of freshwater and seawater during mixing due to
entrainment and advection. The objectives were:
(1) to examine effects of mixing ratios on phytoplank-
ton growth rates, (2) to simulate time scales of algal
blooms for different mixtures, and (3) to determine
which 1s the first nutrient to limit algal biomass and
production. During the same period, measurements of
salinity, temperature, chl a and nutrients {(NO;, NH,,
PO, and SiO,) were taken in the estuary and the
adjacent southern and eastern territorial waters of
Hong Kong. Thus, the experiments provided explana-
tions for possible biological processes which account
for the spatial distribution of nutrients and algal bio-
mass in the estuary and the coastal waters of Hong
Kong.
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Fig. 1. Map of the Pearl River estuary and the sampling stations in the estuary and around Hong Kong territorial waters (marked
by dashed line). Inset: location of the Pearl River estuary and Hong Kong along the south coast of China. Stations with A and B
represent those sampled during the June and July cruises, 1998, respectively

MATERIALS AND METHODS

Sampling stations and samples. Two cruises were
conducted during June 15 to 18 and July 6 to 10,
1998, in the Pearl River estuary and the southern and
eastern waters of Hong Kong. The sampling stations
were selected along 2 transects, 1 across the Pearl
River estuary between Hong Kong and Macao
(Fig. 1), and the other from the estuary across the
waters south and east of Hong Kong (Fig. 1). Water
samples at the surface were taken with a plastic
bucket. Salinity, temperature and fluorescence of
the surface water samples were measured with an
ATAGO hand refractometer, a thermometer and a
Turner® Designs fluorometer (Model 10), respectively.
Subsamples for nutrients were taken with a 60 ml
syringe and filtered through pre-combusted (460°C
for 4 h), 25 mm GF/F filters mounted on Swinnexes
into acid-cleaned Nalgen® bottles. The filters were

stored in aluminum foil for chl a analysis. The filters
and bottles were placed on dry ice in a cooler and
frozen immediately for laboratory analyses onshore.
The samples were kept frozen until analysis which
was carried out within a week.

Field incubation experiments. At 1 station, a surface
sample was taken with the plastic bucket and a sample
at 7 m below the halocline was taken with a sub-
mersible pump. The sampled station was B6 for the
mixing experiment in July. The surface and seawater
samples were directly mixed at different ratios of sur-
face to deep water: 100 to 0, 75 to 25, 50 to 50, 25 to 75
and 0 to 100 %, which will be referred to as Mix100/0,
Mix75/25, Mix50/50, Mix25/75 and Mix0/100, respec-
tively. The mixtures were transferred into 2 | transpar-
ent glass bottles in duplicate, and were placed in a
plastic box for incubation. The box was flushed fre-
quently with surface water to keep the temperature
similar to the surface seawater. The temperature of the



298 Mar Ecol Prog Ser 194: 295-305, 2000

Incubator was monitored with a thermometer. Over-
heating was not a problem since air temperature was
lower than the water temperature. During the 4 d incu-
bation, water samples were taken twice a day, once in
the morning and once in the evening. The fluorescence
of samples was measured with the fluorometer on
board ship. Other analyses for chl a and nutrients
(NO;+NO,, NHy, PO, and SiOy) were conducted later
in the laboratory. The incubation was done with no
neutral density screen for the June cruise and with
1 layer of neutral density screen for the July cruise.
In the former case, phytoplankton might have ex-
perienced photoinhibition, and, therefore, the June
experiment will only be referred to in text. One layer
of neutral screen reduces light intensity by half, and
is assumed to give saturating light intensities but not
an inhibiting light intensity under bright sunlight. For
24 h incubations at other stations during the July
cruise, subsamples were transferred into 50 ml test cul-
ture tubes in triplicate and placed in the same incuba-
tion box covered with 1 layer of neutral density screen.
Fluorescence of the samples in the test tubes was mea-
sured at the beginning and end of the incubation.

Analysis of chl a and nufrients. Chl a analysis was
measured by in vitro fluorescence (Parsons et al. 1984).
The samples were extracted with 90 % acetone in dark-
ness at 4°C for 24 h. The fluorescence of the extraction
was measured on a Hitachi® fluorescence spectro-
meter Nitrate (plus nitrite) and ammonium were de-
termined manually following the procedures of Wood
et al. (1967) and Slawyk & Maclsaac (1972), respec-
tively. Manual analyses of phosphate and silicate were
based on the methods of Hager et al. (1968) and Arm-
strong et al. (1967).

RESULTS
Mixing experiments
Phytoplankton growth rates

In the incubation experiment conducted during the
July cruise, the salinity of the mixtures was 0, 6.5,
14.5, 21.5 and 29, for Mix100/0, Mix75/25, Mix50/50,
Mix25/75 and Mix0/100, respectively. Fluorescence in
Mix100/0 increased steadily over time, with the lowest
phytoplankton growth rate of 0.81 d”', while in Mix0/100
fluorescence showed a huge increase, with a growth rate
of 2.41 d7' after a time lag of 18 h, and reached a plateau
on Day 4 (Fig. 2). The time lag and following rapid
growth indicated an acclimation to a shift in light from a
low to a high regime. In Mix25/75, the increase in fluo-
rescence was similar to that in Mix0/100 (growth rate =
2.36 d7'). However, fluorescence at the end of the incu-

bation was higher in Mix25/75 than in Mix0/100. In
Mix75/25, fluorescence increased at 1.10 d7!, but started
to decrease at 62 h, the earliest time among all mixtures,
and fluorescence never exceeded that in Mix100/0
(Fig. 2), suggesting possible salinity stress for the fresh-
water phytoplankton.

Nutrients

In the July experiment, initial PO, concentrations
were 0.25 pM in Mix100/0 and 1.2 pM in Mix0/100
(Fig. 3). PO, decreased rapidly with time and disap-
peared after 56 h in all the mixtures except for
Mix0/100 in which it disappeared after 62 h, indicat-
ing PO, limitation to phytoplankton growth and bio-
mass. In contrast, NO; concentrations were lower
in Mix0/100 (20 pM) than in Mix100/0 (62 uMj. In
Mix25/75, NOj disappeared after 80 h, while in
Mix0/100, NO; disappeared 17 h earlier (after 62 hj.
The disappearance of NO; occurred before the ex-
haustion of SiO,. NH, concentrations in Mix0/100,
Mix75/25 and Mix50/50 varied during the incubation
and were undetectable in Mix0/100 (Fig. 3). SiO, con-
centrations remained saturating in all the other 4 mix-
tures except for Mix0/100, which showed the exhaus-
tion of SiO, at 80 h (Fig. 3). The results of the June
experiment were very similar to the July experiment.
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Fig. 2. Fluorescence versus time during the incubation of each

mixture during the July cruise, 1998. Dala plotted are the

averages of duplicates and vertical bars are +1 standard error
(FW, freshwater; SW, seawater)
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Fig. 3. Concentrations of nutrients versus time during the

incubation of each of 5 mixtures of freshwater and seawater

during the July cruise, 1998. Data plotted are averages of

duplicates and vertical bars are +1 standard error (FW, fresh-
water; SW, seawater)

PO, decreased rapidly and was exhausted first among
all the nutrients. NO; disappeared only in Mix0/100
at the end of the incubation. None of the mixtures
showed the depletion of SiO,.

Distribution of chl a and nutrients

Salinity was low in the estuary and increased east-
wards across the southern territorial waters of Hong
Kong in June (Fig. 4) and July (Fig. 5), reaching
the maximum salinity of ~24 at Stn A19 during June
and Stn B15 during July, and being similar eastwards.
Chl a biomass increased eastwards with the horizon-
tal gradient and reached a maximum (27 pg I'!) at
Stn A16, southwest of Lantau Island, in June (Fig. 4)
and at Stn B14, between Lantau Island and Hong
Kong Island, in July (Fig. 5). An on-deck, 24-h incuba-
tion showed that fluorescence increased during the
incubation at stations on the estuarine side of Stn B14,

299
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Fig. 4. Distribution of salinity and chl a at stations across the
estuary to the waters south of Lantau Island during the June
cruise, 1998. The chl a value was not available at A2
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Fig. 5. Distribution of salinity, temperature, fluorescence and

change in fluorescence during a 24 h incubation of samples at

stations across the estuary to the southern and eastern territo-

rial waters of Hong Kong during the July cruise, 1998. Data on

salinity and temperature at Stns B5 and B6 and on fluore-
scence at Stn 6 were not available
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Fig. 6. Distribution of nutrients at stations across the estuary
to the waters south of Lantau Island during the June cruise,
1998

0.0

but decreased at Stn B14 and other eastern stations
except for B17 (Fig. 5). These results indicated that
phytoplankton biomass increased downstream in the
estuarine plume until a nutrient became limiting.
Coincidentally, the maximum chl a concentration was
27 ug I"! at Stn A16 (Fig. 4) and was similar to the max-
imum (30 ug I"!) obtained in Mix50/50 (salinity = 16)
and Mix25/75 (salinity = 22} for the June experiment.
The maximum in fluorescence at B14 (Fig. 5) was also
very close to that obtained in Mix25/75 for the July
experiment (Fig. 2). The similar biomass values be-
tween the incubated samples and stations suggested
that the mixing experiments simulated the in situ pro-
cesses of phytoplankton growth and there was little
loss of phytoplankton biomass during the eastward
movement of the estuarine plume.

NO; concentrations were high (60 pM) in the estu-
ary and decreased eastwards during June and July,
but NO, always remained above 5 pM (Figs. 6 & 7).
NH, concentrations were lower (<25 pM) than NO;
and also decreased eastwards during June and July
(Figs. 6 & 7). However, PO, showed depletion be-
tween A1l and A19 during June (Fig. 6) and be-

NO3 (uM)

NH, (uM)

Si0, (M)

04

PO, (uM)

0.0 L : - A2
B23 456 7 910111213141516171819202122232425

}% Estuary 9‘% Eastward \—%{

Fig. 7. Distribution of nutrients at stations across the estuary

to the southern and eastern territorial waters of Hong

Kong during the July cruise, 1998. No data were available
at Stns 9 and 10

tween B14 and B26 during July (Fig. 7). SiO, concen-
trations were higher (>75 to 100 pM) at Stns A9 to 12
(including Al14 and A15) than at other stations up-
stream and to the east (<70 pM) during June (Fig 6).
However, SiO, became exhausted at B16 and east-
wards during July (Fig. 7). The higher concentrations
of SiO, downstream in the estuary than upstream
indicated the release of Si0O, during mixing. This was
consistent with higher concentrations of SiQ, in the
middle of the incubation of the mixtures Mix50/50 in
July (Fig. 3).

DISCUSSION
Mixing experiments

Phytoplankion species in the mixtures would grow
in the mixtures according to their optimum range of
salinity (Brand 1984, Rijstenbil 1987, 1988). In the
experimental design of the present study, the mixing
could produce combined effects of salinity stress, nutri-
ent enrichment, dilution effects on grazing (Landry &
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water), Mix75/25, Mix50/50, Mix25/75 and Mix0/100 (sea-
water). Specific growth rates were estimated from the most
significant regression of biomass increase versus time for
each mixture in Fig. 2. ‘Max yield’ is maximum fluorescence
for each mixture in Fig. 2

Hassett 1982), and an increase in light for deep sea-
water phytoplankton as well as some unknown effects
(Kennish 1986). The increase in the maximal growth
rate with salinity in July was significantly linear by

omitting Mix(0/100 (p < 0.001) (Fig. 8). This relationship
clearly resembled the dilution effect on grazing shown
in other studies (Landry & Hassett 1982, Landry et al.
1995, Schliiter 1998). Microscopic examination showed
numerous ciliates and colorless flagellates in the fresh-
water sample for the July experiment (Dickman pers.
comm.). This agreed with other studies which showed
that ciliates and heterotrophic flagellates were abun-
dant in freshwater of up-estuary regions (Albright
1981, Painchaud & Therriault 1989, Soto et al. 1993,
Crump & Baross 1996). Variable NH, concentrations
during the incubation of the freshwater-dominated
mixtures (Fig. 3) might have reflected heterotrophic
activity by grazing and bacterial decomposition. The
lower biomass for Mix0/100 than Mix75/25 (Fig. 8)
indicated that NO; appeared to limit the final biomass
of phytoplankton instead of PO, which was higher in
Mix0/100 than Mix25/75. On the other hand, it is likely
that PO, limited the final biomass in Mix25/75 and
other mixtures since PO, disappeared earlier than NO;
during the time course (Fig. 3). The notion of P-limita-
tion was supported by the N/P ratio during the incuba-
tion. The N/P ratio of the initial concentrations was
15.5 in Mix0/100, and >34 in all the other mixtures in
the July experiment, and N/P ratios were >25 in all
mixtures in June (Table 1). N/P ratios increased after
some hours of incubation (Table 1), clearly indicating
P-limitation in the mixtures, except for Mix0/100 for
both June and July.

Distribution of phytoplankton biomass and nutrients

Entrainment between the river-discharged fresh-
water and the saline water below is a common vertical
mixing process that brings phytoplankton upwards into
the riverine and estuarine plumes (Mann & Lazier 1991,

Table 1. Ratios of N/P and N/Si (N including NO;+ NO;, and NH,) during the incubation experiments with 5 ratios of freshwater

and seawater mixtures in June and July, 1998. For N/P ratios only the sampling times T1 and T2 were selected because phos-

phate concentrations were too low to allow for reasonable calculations after T2. ‘Mix75/25' is, e.g., 75% freshwater and 25%
seawater. Values in parentheses for July are +SD

Date Time

Mix100/0
June 16 T1=1358h 223
June 17 T2=325h 281
July 7 T1=1465h 364 (4.5)
July 8 T2=325h 856 (455)
June 16 T1=13.58h 24
June 17 T5=65.0h 0.58
July 7 T1=1465h 0.58 (0.0)
July 10 T6=93.0h 0.42 (0.01)

Freshwater and seawater mixtures
Mix?5/25 Mix50/50 Mix25/75 Mix 0/100
N/P ratios (by atoms)

166 143 156 25
305 235 205 124
143 (1.0) 76 (4.34) 39 (4.4) 16 (1.2)
310 (111) 192 (15) 62 (30) 41 (3)

N/Si ratios (by atoms)

1.6 0.93 0.56 0.59
0.59 0.43 0.35 0.25
0.58 (0.01) 0.60 (0.01) 0.66 (0.05) 0.62 (0.02)
0.40 (0.01) 0.41 (0.06) 0.07 (0.05) 0.09 (0.05)
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Yin et al. 1995a,b,c). The entrained phytoplankton
serve as seed populations downstream and start to
bloom when dilution rates are reduced and conditions
of light penetration and salinity are improved (Yin et
al. 1995a,b,c).

The incubation experiments simulated the condi-
tions phytoplankton may experience during mixing in
the estuary in terms of time scales for blooms. The time
scales for phytoplankton blooms in the Pearl River
estuary were only 3 to 4 d after the mixtures reached a
salinity of ~15. In the estuary, however, phytoplankton
blooms were not found to occur along the transects
between A2-A8 in June and B2-B8 in July, since sal-
inity was <10 in the estuary. Salinity-stressed growth
and light-limited production were factors, but phyto-
plankton blooms should occur when given enough
time. Therefore, this lack of blooms in the estuary indi-
cates that dilution by freshwater discharge was the
controlling factor in determining where phytoplankton
blooms would occur during this time of the year, a
period of maximal river discharge. The estuarine area
(local name: Ling Ding Yang) from the river mouth
(Hu Men) to Guishan Island {north to south) and be-
tween Hong Kong and Macau (east to west) (Fig. 1) is
2000 km? (Zhao 1990). The river discharge averaged
over several years from 4 river mouths (Hu Men, Jiao
Men, Hong Li Qi and Heng Men) into Ling Ding Yang
is 8.14 x 10% and 9.64 x 10° m® d°? for June and July,
respectively, calculated from monthly data published
by Zhao (1990). These rates equal 9427 and 11155 m®
57!, respectively. Taking the top 2 m as the euphotic
zone like a chemostat, an average dilution rate of the
euphotic zone in the estuary would be 0.204 and
0.241 d7! in June and July, respectively, which corre-
sponds to residence times of 4.91 and 4.15 d in June
and July, respectively. The yearly average Secchi
depth is ~1 m at stations near A6 (EPD 1994), which is
a value common in many other estuaries. When reduc-
ing the euphotic zone to 1 m, residence times become
2.46 and 2.08 d for June and July. Apparently, these
dilution rates are too rapid to allow phytoplankton to
accumulate in this section of the estuary during the
period of maximal river discharge in June and July. As
a result, phytoplankton blooms could only occur in
the coastal region, beyond the land margins where
dilution slows down greatly. Phytoplankton blooms
occurred at All to Al18 at the edge of the estuarine
plume, where salinity was >10 to 20 in the waters south
of Lantau Island in June and extended eastwards dur-
ing July. The notion of dilution control was supported
with mixing diagrams. Mixing diagrams of NO; and
SiO, during July showed the conservative behaviour of
these 2 nutrients until a salinity of ~22 (R*is significant
at p < 0.001 for both diagrams), whereas during June,
the conservative behaviour held true for NO; (Fig. 9).
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Fig. 9. Mixing diagrams of nutrients versus salinity for the

June and July cruises. Value shown by solid circle in the

NO;-salinity plot for June was omitted from the regression.

Significance of the regression was based on F-value (Zar 1984}

Our results showed that in June and July the Pearl]
River estuarine plume swept eastwards through most
of the southern territorial waters (B12 & B18, Fig. 1).
We observed that algal blooms did occur in these
waters. High chl a concentrations are frequently found
in the southern territorial waters during summer (Hong
Kong Environmental Protection Dept. unpubl. data).
Non-harmful algal blooms (non-HABs) have not been
followed in the HAB monitoring program of Hong
Kong. Therefore, reports of lower HAB frequency in
the vicinity of the Pearl River estuary than in the east-
ern region of Hong Kong should not mislead one to the
notion that there are fewer algal blooms in the vicinity.
Furthermore, HABs occuring outside of Hong Kong
territorial waters were not monitored either

The spatial distribution of nutrients was consistent
with that of phytoplankton biomass; nutrients de-
creased as phytoplankton biomass increased across
the estuary eastwards. Phosphorus was very low in the
estuary on the eastern side of Stn Al5 during June
(Fig. 6) and Stn B14 dunng July (Fig. 7) and appeared
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to be the limiting nutrient since nitrogen (NO; and
NH,) was abundant. The P-limitation was consistent
with 24 h incubation results (Fig. 5). P-limitation has
also been observed in other large estuaries of China
such as the Huanghe (the Yellow River) estuary (Chai
et al. 1986, Turner et al. 1987, Hu et al. 1990), the
Changjiang (Yangtze River) estuary (Edmond et al.
1985, Ning et al. 1988, Hu et al. 1990, Shen 1993), and
along the Xiamen coast (Harrison et al. 1990).

The unique phenomenon during July was that rela-
tively high concentrations of both NO; and NH, re-
mained at the surface in the waters south of Hong
Kong Island and in the eastern territorial waters, ver-
sus low concentrations of PO, and SiO, (B16 to B26,
Fig. 7). N/Si was <1 after the salinity exceeded 15 dur-
ing June, but during July, N/Si was >1 after the salin-
ity reached 20 (Fig. 9). Therefore, additional nitrogen
input was required to consume SiO, to exhaustion in
July if these waters were of predominantly estuarine
origin. The spatial homogeneity of salinity (between 21
and 22) across the entire eastern territorial waters dur-
ing July (B16 to B26, Fig. 5) indicated that this water
body was not from the estuarine plume which usually
has horizontal salinity gradients. The examination of
precipitation records revealed that rainfall reached
970 mm during June 1 to July 6, 1998 (Hong Kong
Observatory 1998). Therefore, we hypothesize that
rainfall contributed additional nitrogen to the water
column. Atmospheric inputs have been demonstrated
to be an important source of nutrients for other regions,
including the east coast of the USA (Paer! et al. 1990,
Mallin et al. 1993), the French Atlantic coast (Collos et
al. 1989), and the Strait of Georgia on the west coast of
Canada (Yin unpubl. data). Nutrients in rainwater are
usually richer in nitrogen than phosphorus or silicate
(Paerl et al. 1990, Yin unpubl. data). Thus, the nitrogen
input originating from rain seemed to drive the waters
south of Hong Kong Island and the eastern territorial
waters of Hong Kong to P-limitation and exhaustion of
Si0,. Consequently, P-limitation resulted in unused
NO; and NH, remaining in the water column. P-limita-
tion and Si-exhaustion might lead to shifts in phyto-
plankton species composition to dominance by dino-
flagellates or other non-silica-requiring species.
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