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Monsoonal influence on seasonal variations in nutrients
and phytoplankton biomass in coastal waters of Hong
Kong in the vicinity of the Pearl River estuary
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ABSTRACT: Some estuarine ecosystems appear to be more resistant to eutrophication than others, but the
mechanisms are not well understood. The Pearl River is the second largest river in China and little is known
about the long-term nutrient enrichment processes in the Pearl River estuary and adjacent coastal waters
of Hong Kong. Seasonal monsoons are a climatic feature of tropical and subtropical regions. However, mon-
soonal influences on seasonal dynamics of nutrients and phytoplankton biomass have been little studied.
This is the first report of such a study using time series of water quality data at stations around Hong Kong
from 1991 to 2000. There was a strong seasonality and spatial gradient in salinity, nutrients and phyto-
plankton biomass around Hong Kong waters. In winter, when the NE monsoon prevailed (winds were
stronger), coastal waters and the eastern part of the Pearl River estuary were dominated by high salinities
(>30) low nutrients and low phytoplankton biomass. In summer, the coastal plume from the Pearl River es-
tuary on the west moved across the southern waters of Hong Kong to the eastern waters of Hong Kong, as
the SW monsoon (winds were weaker) dominated and the Pearl River discharge was maximal. Concen-
trations of nitrate were high (>60 pM) during summer in the Pearl River estuary, decreased (<30 pM) in the
coastal plume south of Hong Kong and were low (<10 pM) in the eastern waters. Chlorophyll a (chl a) con-
centrations were low, high and low, respectively, in the corresponding waters. Because PO, concentrations
were low (<1 pM) in all waters, nutrient ratios of N:P and N:Si (N = total inorganic nitrogen, P = PO,) dis-
played seasonal and spatial changes. In winter, N:P and N:Si were low (near or <16:1 and 1:1, respectively).
In summer, however, the N:P ratio increased markedly (>64:1) in the southern waters of Hong Kong and
was even higher than in the estuary. Low chl a relative to high N concentrations suggests that the
eutrophication effect is not as severe as one would expect from N over enrichment. These results suggest
an important role of P limitation in controlling phytoplankton biomass production. It appears that seasonal
monsoons serve as a flushing mechanism in 2 ways: (1) monsoons reduce seasonal eutrophication effects
by nutrient enrichment during summer; and (2) they prevent long-term (yr) accumulation of organic matter
in the sediments due to nutrient enrichment in the region. In summer, when coastal upwelling resulting
from the SW monsoon causes offshore movement of the coastal plume in the surface layer, the continen-
tal shelf oceanic waters moving shoreward at the bottom flush the coastal waters. In winter, coastal waters
with low nutrients replace the entire coastal water of Hong Kong. Due to the monsoon-influenced processes
and low phosphorus in the Pearl River estuary, the Pearl River estuary and adjacent coastal waters of Hong
Kong appear to be more resilient to enrichment of N.
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INTRODUCTION has been a significant increase in nutrient input from

rivers (NRC 2000, Cloern 2001). The increased input

Eutrophication is a major concern in coastal waters, of nutrients into the coastal waters has a number of
particularly in the vicinity of estuaries, where there ecologi-cal consequences: increased primary produc-
- tivity, a change in phytoplankton species composition
*Email: kyin@ust.hk (Jickell 1998) and the sedimentation of unused organic

© Inter-Research 2002 - www.int-res.com



112 Mar Ecol Prog Ser 245: 111-122, 2002

matter which leads to low-oxygen waters, such as
hypoxia or anoxia, as stratification develops (Malone
et al. 1988, Cooper & Brush 1991, Welsh & Eller 1991).
In the Gulf of Mexico, the ‘dead water' in the summer
covers an area of 1000s of km? due to the input of nutri-
ents upstream in the Mississippi River (Rabalais et al.
1994, Malakoff 1998). Hypoxia is also an annual event
in the Chesapeake Bay (Cooper & Brush 1991) and
Long Island Sound (Parker & O'Reilly 1991). Ac-
companying the increase in nutrient loading is a
change in input nutrient ratios. Usually, ratios of nitro-
gen (N) to other nutrients, such as phosphorus (P) and
silicon (Si), increase due to high N in fertilizers and in
rainfall (Duce et al. 1991). There is evidence that the
changes in the nutrient ratios have altered phytoplank-
ton species composition in coastal waters (Jickells
1998). For example, the increasing abundance of N
and P relative to Si has resulted in displacement of
diatoms by other phytoplankton species, including
coccolithophores and flagellates in the Black Sea (Hum-
borg et al. 1997), and by flagellates in the southern
North Sea where the nuisance alga Phaeocystis now
blooms regularly due to shifts in nutrient ratios in addi-
tion to elevated nutrient concentrations (Cadee & Hege-
man 1986, Riegman et al. 1992).

In spite of nutrient enrichment in estuaries, there is
considerable uncertainty about how nutrient enrich-
ment leads to ecosystem change in the coastal zone
(Cloern 1996). Some estuaries appear to be more
resilient than others. For example, San Francisco Bay
does not show obvious symptoms of nutrient enrich-
ment (Cloern 2001). A comprehensive study on the
eutrophication status of estuaries in the United States
revealed that the scale, intensity and impact of eutro-
phication may vary widely, and that the level of nutri-
ent inputs required to produce the symptoms also
varies, although nearly all estuarine waters now exhibit
some symptoms of eutrophication (Bricker et al. 1999).
An estuarine ecosystem may behave like a filter that
dampens responses to nutrient enrichment (Cloern
2001). Many factors contribute to the buffering capa-
city of the filter, which is related to the susceptibility of
the estuarine ecosystem to nutrient enrichment. One of
the most important factors appears to be the exchange
of water with the open ocean (Jickels 1998, NRC 2000,
Cloern 2001). When the estuarine water is frequently
exchanged with the open ocean, the estuarine eco-
system appears to be more resistant to nutrient over-
enrichment, whereas estuaries with low exchange
rates seem to be particularly vulnerable, and the most
limiting nutrient to the coastal ecosystem may become
an important controlling mechanism.

The Pearl River estuary is situated on the south coast
of China just west of Hong Kong and connects to the
northern part of the South China Sea. The Pearl River

is the second largest river in China, behind the
Yangtze River, and it is ranked as the 13th in the world
in terms of discharge. The Pearl River stretches for
2214 km and drains an area of 452000 km? (Zhao
1990). The Pearl River flows into the Pearl River estu-
ary through 8 entrances, 4 of which enter the Ling
Ding Yang estuary, a sub-estuary of the Pearl River
estuary, between Hong Kong and Macao (see Fig. 1).
The annual average river discharge is 10524 m?® s7!,
with 20 % occurring during the dry season in October
to March and 80 % during the wet season in April to
September (Zhao 1990). The Pearl River Delta region
has become one of the most developed regions in
China in recent years. The region, including Hong
Kong, has 26.5 million inhabitants and many primary
and secondary industries. The Pearl River receives a
high load 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).

As the population grows in the Pearl River delta
region, nutrient enrichment and eutrophication symp-
toms should be expected in the Pearl River estuary and
the waters around Hong Kong. The Hong Kong gov-
ernment is considering biological removal of nutrients
from domestic sewage effluents, which was reviewed
by an international review panel in November 2000
(IRP 2000, available at www.info.gov.hk/ssds.review).
IRP (2000) considered only the removal of N using bio-
logical aerated filters technology. However, there is
evidence that indicates P limitation occurs in waters
around Hong Kong in summer (Yin et al. 2000, 2001).
Therefore, determining whether N or P limits phyto-
plankton biomass production is a critical issue in plan-
ning sewage treatment strategy for coastal managers
in Hong Kong. The South China Sea covers tropical
and subtropical latitudes, and is an oligotrophic ocean.
There is an exchange of waters between South China
Sea and coastal waters of Hong Kong and the Pearl
River estuary. The exchange is subject to monsoons
and the Pearl River discharge. Little is known about
monsoonal influences on variations and processes of
nutrient enrichment as well as nutrient ratios in the
Pearl River estuary and adjacent waters.

In this study, a 10 yr time series of nutrients and other
parameters are presented from 6 stations around Hong
Kong from the Pearl River Estuary across southern
waters of Hong Kong to the east side of Hong Kong.
The objectives of this study were: (1) to characterize
the temporal and spatial distribution of nutrients and
nutrient ratios; (2) to determine whether there is any
trend in nutrient enrichment in the coastal waters of
Hong Kong; and (3) to examine how the spatial and
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temporal distribution of nutrients is related to mon-
soons and the Pearl River discharge.

MATERIALS AND METHODS

The Environmental Protection Department of the
Hong Kong government has maintained a comprehen-
sive sampling program to monitor water quality in the
territorial waters for over 10 yr. There are 86 moni-
toring stations covering marine territorial waters of
Hong Kong (EPD 1999). In this study, 5 stations repre-
senting different geographical regions were selected.
They were located in the Pearl River Estuary (NM6),
in southern Hong Kong (SM17 and SM19) and in SE
(MM11) and NE waters (MM4) (Fig. 1). Therefore,
these 5 stations are representative of the estuarine
influence (NM6), the coastal plume (SM17 and SM19)
and oceanic conditions (MM11 and MM4). Monthly or
bi-monthly cruises were conducted on the government
vessel ‘Dr. Catherine Lam'. A SEACAT19 CTD was
used to take vertical profiles of salinity, temperature
and other parameters. Water samples were taken
using the CTD rosette at 3 depths: surface, middle and
bottom (1 m above the bottom) for chlorophyll a (chl a)
and nutrients (NOjz, NH,, PO, and SiO,). If the water
depth was less than 4 to 5 m, the middle depth was
omitted. The analytical methods followed the standard

methods for the examination of water and wastewater,
and are given in the Marine Water Quality Report,
Hong Kong (EPD 1999). Basically, chl a was extracted
using acetone and measured spectrophotometrically
(APHA 1995, cf. EPD 1999). NO3 and NH, were ana-
lyzed by the Cu-Cd column reduction method (APHA
1995, cf. EPD 1999) and the indophenol blue color
formation, respectively (ASTM 1991, cf. EPD 1999).
Soluble PO, (orthophosphate) was measured using the
ascorbic acid method (ASTM 1991, cf. EPD 1999), and
SiO4 was analyzed using molybdate, oxalic acid and a
reducing reagent (APHA 1991, cf. EPD 1999). NO; +
NH, and PO, and SiO, were used to calculate ratios of
N:P and N:Si.

Data for each sampling month were grouped to-
gether from different years and were averaged to
obtain multi-years averages of salinity, chl a, NO; +
NH,, SiO4, N:P and N:Si ratios. The correlation coeffi-
cient, r, was calculated using Microsoft® Excel 97. The
statistical test for significance is based on critical val-
ues of r (Zar 1999).

RESULTS

Surface salinity fluctuated cyclically between >30 in
January and 5 in July at NM6, and the fluctuation was
almost in synchrony with that at SM17 (Fig. 2). Surface
salinity usually remained >10 in July
at SM17. At the station farthest away

Shenzhen, Guangdong

40 Kilometers

South China Sea

from the influence of the Pearl River,
the seasonal fluctuation in surface
salinity was much smaller with salinity
>25 all the time. At MM11, the fluctua-
tion in salinity was intermediate be-
tween MM4 and SM19 (Fig. 2). Salinity
in the bottom deep water remained
high (>30) and showed an increase
when the surface salinity decreased at
the same time in summer at all the sta-
tions except for NM6, where salinity at
surface and bottom decreased at the
same time. The decrease in salinity
during the wet season (March to Sep-
tember) most likely increased stratifica-
tion of the water column at NM6, SM17
and SM19, while stratification occurred
during a shorter period at MM11 and
an even shorter period at MM4. The
degree of stratification (based on sal-
I inity differences between surface and

113°30'E 114°00' E

Fig. 1. Pearl River estuary and Hong Kong and the location of the sampling
stations. Water quality at 5 stations (NM6, SM17, SM19, MM11 and MM4) are
regularly monitored by the Environmental Protection Department, Hong Kong

114°30' E

bottom) was small at MM4 and MM11
compared to the other 3 stations. Tem-
perature at the surface showed an
apparent cyclic fluctuation between
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Fig. 2. Time series of salinity at the surface and bottom at
5 stations from 1991 to 2000. Numbers 1 and 7 on the x-axis
represent January and July, respectively

about 28 and 30°C in summer, and 15 and 17°C in win-
ter at all stations (Fig. 3). When the surface tempera-
ture increased, the bottom temperature decreased
during summer. The thermal stratification appeared to
start and end earlier than the haline stratification
(Fig. 3).

There appeared to be a temporal progression of chl a
maximum around Hong Kong. Chl a concentration at
NM6 was low during March, and increased during
April and May. Chl a concentration remained at
<3 g I'! from June to November and increased during
December and January (Fig. 4). The highest monthly
chl a concentration at NM6 was <10 pg 1", At SM17,
chl a concentration increased during May and June
(ca. 10 ng 1’1), 1 mo later than at NM6, and remained at
<3 pg I'! during other months. Such an increase in
chl a concentrations occurred during June and July
at SM19. The maximum chl a during July reached
>15 ng I'! (Fig. 4). Chl a concentration at MM11 was
bell-shaped with the maximum around July (Fig. 4).
Chl a concentration at MM4 remained low <3 pg 17!

Temperature (OC)

and did not appear to be part of the fluctuations at
other stations (Fig. 4). In many instances, the chl a con-
centrations at the bottom increased at the same time as
chl a at the surface. For example, chl a in July at SM19
increased in the bottom water. Chl a was even higher
at the bottom than at the surface during June at MM4
(Fig. 4).

There was a seasonal change in the surface NOj;
concentration at NM6 with peaks in summer and lows
in winter (Fig. 5). Monthly peak NO;3; concentrations
were around 80 puM during June (Fig. 5), reaching
100 pM in 1993 and 1996 at NM6 (data not shown).
Low NOj; concentrations were <5 pM. The seasonal
changes in NOj3; occurred at SM17, SM19 and MM11,
but the increase in spring was 1 mo behind those at
NMS6, and the return to the winter low concentration
was 1 mo earlier than at NM6 (Fig. 5). The peak
concentrations at MM11 were lower than SM17 and
19. NO;3; concentrations at the surface and bottom at
MM4 were very low, <2.5 uM all year round, except
for August at the bottom (Fig. 5). The seasonal change
in SiO4 was very similar to NO3 at NM6, SM17 and
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Fig. 3. Time series of temperature at the surface and bottom at
5 stations from 1991 to 2000. Numbers 1 and 7 on the x-axis
represent January and July, respectively
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SM19, and SiO4 concentrations were generally higher
than NOj; at the surface at all stations (Fig. 6). At
MM11 and MM4, the temporal variation in SiO,
appeared to be less regular between these 2 stations
compared with other stations and there were no co-
variations between these 2 stations (Fig. 6). At MM4,
SiO, concentrations at surface were low from April to
June (<4 pM) and increased afterwards. The highest
SiO4 concentration occurred during December (Fig. 6).
PO, concentrations were generally <1 pM at all sta-
tions except for NM6 (Fig. 7). At SM19, MM11 and
MM4, PO, concentrations were <0.5 ptM during most
months. In constrast to NO3 and SiO,, PO, showed no
particular pattern of seasonal variations. PO, at the
bottom was slightly higher than at the surface on aver-
age (Fig. 7).

There were seasonal variations in the N:P ratio
(Fig. 8). At NMG6, the N:P ratio at the surface was near
24:1 from January to March and increased to >40:1
between spring and summer. N:P ratios at the surface
were between 16 and 32:1 from February to May and
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Fig. 4. Monthly average chl a at the surface and bottom at
5 stations from 1991 to 2000. Note the different scales for
MM4 and MM11. Vertical bars indicate SD. Numbers 1 to 12
on the x-axis represent January to December, respectively

exceeded 80:1 at SM17, SM19 and MM11 during June.
The high N:P ratio persisted during July at SM19.
However, at MM4, N:P ratios were <16:1 all the time
except in July. N:Si ratios were usually lower or close
to 1:1, but exceeded 1:1 in January to February and
April to May at NM6, and during June at SM17 and
SM19. N:Si ratios were particularly high (4:1) in July at
MM11. N:Si ratios remained <0.5:1 from August to
December, but increased to close to 1:1 from April to
July at MM4 (Fig. 9).

Most of the fluctuations in temperature, chl a, NOj
and SiO, as well as N:P were significantly negatively
related with variations in salinity (Table 1). For exam-
ple, at NM6, concentrations of 2 nutrients (NO3; and
SiO4) decreased linearly with salinity (Fig. 10), with 81
and 93 % of the variations in NO3 and SiO,, respec-
tively, being accounted for by the variation in salinity,
and 88 to 94 and 78 to 82% being accounted for at
SM17 and SM19, respectively. The intercept at salin-
ity = 0 of each regressed line for a station represented
the source concentrations of NO3; and SiO,4. The con-
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Fig. 5. Monthly average NOj at the surface and bottom at
5 stations from 1991 to 2000. Note the different scales among
the 5 stations. Vertical bars indicate SD. Numbers 1 to 12
on the x-axis represent January to December, respectively
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Fig. 6. Monthly average SiO, at the surface and bottom at

5 stations from 1991 to 2000. Vertical bars indicate SD. Num-

bers 1 to 12 on the x-axis represent January to December,
respectively

centrations of NO3 and SiO, at the intercepts were 90
and 138 nM, respectively, at NM6; 72 to 57 and 91 to
79 pM, respectively, at SM17 and SM19; and 29 and
26 pM, respectively, at MM11. Co-variation between
salinity and other variables were weak at MM11,
although the correlations were statistically significant
(Table 1). However, at MM4, there were no significant
correlations between salinity and other variables except
for temperature (Table 1).

Monthly average surface chl a over 10 yr
was correlated significantly negatively with
salinity at all the stations except for NMG6,
but the correlation was significantly positive
for the bottom of NM6 (Fig. 11, Table 2).
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Fig. 7. Monthly average PO, at the surface and bottom at

5 stations from 1991 to 2000. Vertical bars indicate SD. Num-

bers 1 to 12 on the x-axis represent January to December,
respectively

DISCUSSION

Monsoons, river outflow and water mass
and circulation

The strong seasonal changes in salinity, tempe-
rature, chl a and nutrients appeared to be closely
coupled with seasonal monsoons and the Pearl River

Table 1. Correlation coefficient, r, between surface salinity and other
parameters at 5 stations from 1991 to 2000. The degrees of freedom, are
equal to the sampling times n, minus 1 (n — 1). Bold values indicate p <
0.05 and are considered to be statistically significant based on the critical

values for r by Zar (1999)

Monthly average surface chl a was sig-
nificantly correlated with NOj3 + NH; and

Temp. Chla NO; SiO, PO, NH; NP N:Si

SiO4, and the significant correlation be- NM6

tween chl a and NO3; + NH, was positive at
SM17, SM19 and MM11 as well as MM4, but
only significant at SM17 and SM19 for SiO4

41 -0.72 0.03 -0.81 -0.93 -0.41 025 -0.22 0.21
SM17 46 -0.60 -0.66 -0.94 -0.82 -0.10 -0.04 -0.54 -0.12
SM19 47 -0.56 -0.40 -0.88 -0.78 -0.15 -0.05 -0.58 -0.13
MM11 59 -0.41 -0.44 -0.71 -037 0.09 -0.24 -0.39 -0.46
MM4 42 -0.57 -0.15 -0.04 -0.21 0.01 -0.07 0.07 0.03

(Fig. 11, Table 2).
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at 5 stations from 1991 to 2000. Vertical bars indicate SD.

Numbers 1 to 12 on the x-axis represent January to Decem-
ber, respectively
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discharge. Hong Kong experiences the NE monsoon
in winter and the S-SW monsoon in summer (Fig. 12).
Wind speeds are stronger (7.5 to 8 m s7!) in the NE
direction than in the S-SW (<6.5 m s7!) (Fig. 12). The
Pearl River discharge is low (3343 m® s7!) in winter and
reaches a maximum (22 189 m? s7!) in July (Zhao 1990).
In winter, the Pearl River estuary and coastal waters of
Hong Kong are dominated by the China Coastal Cur-
rent from the NE (Watts 1973, Yin et al. 1999). Salinity
was high at the surface and the water column was
mixed homogeneously during this period (Figs. 2 & 3).
In summer, the Pearl River estuary was dominated by a
typical salt wedge structure and the estuarine circula-
tion —outflow of the estuarine plume at the surface
layer and inflow of salt water at the bottom layer (Yin
et al. 2001). The estuarine plume flows out of the estu-
ary, forming the coastal plume and spreads to the
southern waters of Hong Kong, as indicated by the
decreased salinity at SM17 and SM19. The coastal
plume was evident at MM11, indicating the movement
across the southern waters of Hong Kong, but became

much less evident at MM4. Both coastal upwelling due
to the Coriolis effect resulting from the SW monsoon
along the shore and the outflow of the Pearl River drive
the offshore movement of the coastal plume (Watts
1973). As a result, the deep oceanic seawater on the
continental shelf from the South China Sea moves
towards the shore at the bottom to compensate for
the surface outflow (Chau & Wong 1960). This deep
oceanic movement was clearly seen as an increase in
salinity and a decrease in temperature at the bottom in
summer at all the stations except for NM6 (Figs. 2 & 3).
The salinity reached >33 and the temperature dropped
to 22°C at the bottom at SM17, and these values were
similar to the deep shelf water from the South China
Sea (Chau & Wong 1960).

Eutrophication

Concentrations of nutrients respond to the domi-
nance of different water masses during seasonal

3
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Fig. 9. Monthly average N:Si ratios at the surface and bottom

at 5 stations from 1991 to 2000. Vertical bars indicate SD.

Numbers 1 to 12 on the x-axis represent January to Decem-
ber, respectively
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Table 2. Correlation coefficient, r, between chl a and other parameters at 5
stations using averaged data for each month over 10 yr from 1991 to 2000
(e.g. averaging data in January over 10 yr to obtain an average for January).
The degrees of freedom, n, are equal to the sampling times for a year. For
example, for bi-monthly sampling, n = 6. Bold values indicate p < 0.05 and
are considered to be statistically significant based on the critical values for

ents must be due to the estuarine influ-
ence and eutrophication. Comparing the
NO; concentration at SM19 to that near
Waglan Island (near SM19) during 1973
(Morton & Wu 1975), indicates that NOjy

r by Zar (1999) at SM19 has increased at least 3 times

during this 30 yr period. However, the

n Salinity Temp. NO;+ NH, SiO, PO, N:P N:Si concentration of phosphorus does not

NM6 5 007 0.04 0.02 023 061 014 081 have appea're.d to have increased since

SM17 5 -0.94  0.64 0.92 0.83 -0.53 0.94 0.83 then, remaining below 1 uM. Even a

SM19 5 -0.92  0.63 0.97 0.90 -0.18 0.97 0.84 large-scale investigation in the region in

MM11 10 -0.90 0.64 0.80 0.01 -0.29 0.61 0.88 1980 to 1981 (Yin et al. unpubl. data)
MM4 5 -0.76 0.35 0.87 0.65 -0.30 0.94 049 L. .

showed similar concentrations of phos-

shifts. The South China Sea is an oligotrophic ocean
and thus, coastal waters of Hong Kong in winter and
deep waters in summer are nutrient-poor. Therefore,
any long-term increases in concentrations of nutri-
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Fig. 10. Concentrations of NO3 and SiO, versus salinity at
5 stations for the surface data from the time series from 1991
to 2000. The graphs with lines indicate significant correlation
between the 2 variables and the correlation coefficients are
given in Table 1. The intercept of the regression line is repre-
sented by b. The 4 different symbols represent the 4 seasons:
12-2 = December to February, 3-5 = March to May; 6-8 =
June to August; and 9-11 = September to November

phorus to this study.

The significant correlations between salinity and
NOj; or SiO4 suggest that concentrations of NO3; and
SiO4 from the freshwater source have not changed in
the last 10 yr (Table 1, Fig. 10). If the concentration of
NO; and SiO, from the freshwater as a source had
increased significantly over the years, the concentra-
tion in the freshwater-seawater mixture at the same
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SiO, for the surface at all stations, except for at NM6, where
bottom and surface averages are given



Yin: Monsoonal influence on nutrients and phytoplankton biomass 119

Sw 9
 —O— Wind Direction
sk —&— Wind Speed 18 ~
= ‘v
s L
"3 SE 7 E
- T
_ 2
=] - . 7]
g F 6 =
= r R
NE |- 15 &

NIIIIIIIIIIII
1 2 3 4 5 6 7 8 9 10 11 12

Month

Fig. 12. Average daily wind direction and speed for each
month over 10 yr from 1991 to 2000. Numbers 1 to 12 on the
x-axis represent January to December, respectively

salinity should have increased, which would result in a
deviation from the conservative mixing line. Particu-
larly, at NM6, the intercept concentration of N is about
90 pM, which is similar to that upstream in the Pearl
River estuary (Yin et al. 2000, 2001). The lower extrap-
olated intercept concentrations at SM17 and SM19
of NO; (Fig. 10) suggested biological utilization of N
during the eastward movement of the coastal plume
from the estuary.

P limitation may play an important role in controlling
eutrophication in the region. N concentrations in the
Pearl River were comparable to those of the Mississippi
River (60 to 120 pM; Dortch & Whitledge 1992, Raba-
lais et al. 1996) and to Chesapeake Bay, where NOj in
the freshwater region ranged between 70 and 120 ptM
(Ward & Twilley 1986, Fisher et al. 1988). However,
severe large-scale eutrophication effects like the ‘dead
water zone' in the Gulf of Mexico due to the high nutri-
ent loading from the Mississippi River (Rabalais et al.
1994, Malakoff 1998) have not been reported for the
Pearl River estuary. In contrast to the Mississippi River
and Gulf of Mexico, where the phosphorus concentra-
tion is high (3 to 5 pM; Dortch et al. 1992), phosphorus
is low in the Pearl River estuary and the coastal plume
(Yin et al. 2000, 2001). The phosphorus concentration
in South China Sea is also low (<0.5 pM; SCSIO 1985).
Dissolved PO, in 1980 in the Pearl River estuary
(SCSIO 1985) was generally <1 pM in summer, which
is similar to present concentrations, suggesting PO,
enrichment has not occurred in the Pearl River estuary
during the last 2 decades. Therefore, low P could be a
factor limiting a further increase in eutrophication in
the Pearl River estuarine and coastal ecosystem. The
fact that chl a values at 5 stations from 1991 to 2000 are
relatively low when considering very high N concen-
trations, supports this notion.

There is a spatial and temporal progression in an-
nual peaks of chl a around Hong Kong in the Pearl

River estuary (NM6) during April and May, to the
southern waters on the west side (SM17) during May
and June, and farther east (SM19) during June and
July. The coastal waters south of Hong Kong are a
region where chl a is often maximum since these
waters are frequently at the edge of the coastal plume
during the season of high discharge by the Pearl River
(Yin et al. 2000, unpubl. data). The peaks were rela-
tively high, ranging from 10 to 37 pg chl 1! at an inter-
mediate salinity in the southern waters of Hong Kong
(data not shown in Fig. 4; Yin et al. 2000, unpubl.
data). The highest chl a concentration is similar to val-
ues found at the plume/oceanic interface of the Mis-
sissippi River (Lohrenz et al. 1999). Although nutrients
were high throughout the estuary at all times of the
year, chl a concentrations were low (<5 pg I"!) at NM6
with only brief excursions above 10 ng I"!. This sug-
gests that phytoplankton biomass and productivity are
controlled by rapid dilution by river outflow and light
limitation (Yin et al. unpubl. data) due to high turbidity
at NM6 (Fig. 13), where the average Secchi disk read-
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Fig. 13. Monthly average Secchi Disc depths at 5 stations
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ing was only around 1 m deep (Fig. 13). High phyto-
plankton biomass develops downstream, often at the
edge of the coastal plume. This has been observed in
other estuaries such as Chesapeake Bay (Breitburg
1990, Harding 1994), New York Bight (Malone 1977)
and the Strait of Georgia (Yin et al. 1997). Therefore, it
is reasonable to see a significant negative correlation
between chl a and salinity, but it is interesting to note
a positive correlation between chl a and NO3; + NH,
or SiO4 (Fig. 11). Normally, chl a should be inversely
related to nutrients when they are in the same water
system. A positive relation at a station can only indi-
cate a change of water masses during different sam-
pling times. This suggests that chl a in the southern
waters of Hong Kong varies with the degree of the
coastal plume influence that changes with seasons.
Part of the algal biomass sinks to the deeper waters,
and decomposition of algae results in low oxygen
(Malone et al. 1988, Smetacek et al. 1991). High chl a
near the bottom in summer did reflect an accumulation
of sinking phytoplankton at SM17 (Fig. 4). The settled
phytoplankton below the coastal plume can be carried
back into the estuary, as shown by a positive correla-
tion of chl a with salinity, but a negative correlation
with SiO4 and NO; + NH, for the bottom water at NM6;
although the relation was not significant for NO3 + NH,
(Table 2). As a result of sinking phytoplankton, dis-
solved oxygen in summer periodically decreased at the
bottom of SM17 and SM19 (EPD 1999).

Significance of nutrient limitation

Nutrient enrichment processes have major signifi-
cance for coastal management. At present, the Hong
Kong government is reviewing its sewage treatment
strategy. The removal of N has been considered (IRP
2000), but not removal of phosphorus. However, if
phosphorus is the most limiting nutrient of phytoplank-
ton biomass production, the most cost-effective strat-
egy would be to control phosphorus discharge in the
sewage effluent. High N:P ratios in summer are due to
the influence of the estuarine coastal plume (SM17 and
SM19, and even MM11) and are consistent with the
previous observation in which the N:P ratio in fresh-
water from the Pearl River was >100:1, suggesting
P limitation in the Pearl River estuary (Zhang et al.
1999, Yin et al. 2000, 2001). In the eastern waters
(MM4) of Hong Kong, beyond the western edge of the
Pearl River coastal plume, low N:P ratios <10:1 sup-
ported the suggestion that there is a shift from P to N
limitation in summer from west to east in the Hong
Kong coastal waters, as observed during July 1999
using nutrient addition experiments (Yin et al. 2001).
Similarly, when N:P ratios change from low N:P ratio

<16:1 in winter to >16:1 during summer, there is very
likely a seasonal shift from potential N to P limitation
during spring in the southern waters of Hong Kong. In
addition, when concentrations of N, P and Si are all low
in winter, sewage effluent may not impose a eutrophi-
cation impact to the coastal waters of Hong Kong. Nev-
ertheless, these seasonal and spatial nutrient condi-
tions thus compound the most limiting nutrient issue in
determining the precise sewage treatment level and
which nutrient, N or P, should be removed by the bio-
logical treatment of the sewage. Comprehensive stud-
ies are needed in order to understand the spatial and
temporal nutrient limitations around Hong Kong, as
well as to formulate the long-term strategic plan for
sewage treatment.

In summary, monsoons and the Pearl River discharge
play a dominant role in the spatial and temporal distri-
bution of nutrients and nutrient ratios in the Pearl River
estuary and adjacent waters. The South China Sea is
an oligotrophic ocean, and therefore the exchange
between the oceanic waters and the coastal waters of
Hong Kong is important to reduce the eutrophication
effects seasonally and yearly. Monsoons and river out-
flow serve as important physical driving forces to flush
the coastal waters of Hong Kong. During the summer
season, the upwelling resulting from the SW monsoon
and the offshore movement of the estuarine plume due
to the outflow of the Pearl River and deep shoreward
movement of the oceanic waters from the South China
Sea can be a very important mechanism for flushing
coastal waters, and hence, lessening the seasonal
accumulative effects of nutrient enrichment in the
Hong Kong waters. During the winter season, the
waters brought by the NE monsoon, flush the entire
coastal waters of Hong Kong; this would serve as an
important mechanism to reduce the long-term accu-
mulative eutrophication impact of organic matter in
the bottom waters and sediments during the following
spring and summer. Otherwise, the coastal waters of
Hong Kong might have become more heavily eutro-
phied than they are at present, considering the daily
discharge of over 2.2 million t of domestic sewage in
Hong Kong (Sin et al. 1995) and the high N concen-
trations from the Pearl River (Yin et al. 2001). Low
phosphorus concentrations play an important role in
controlling phytoplankton biomass production during
spring and summer, and therefore reduce the eutroph-
ication effect due to N enrichment, which would other-
wise most likely result in much higher phytoplankton
biomass.
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