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a b s t r a c t

Based on both physical and biological data collected from cruises in different seasons between 2010 and
2011, we found that the phytoplankton bloom was highly seasonally variable along the longitudinal axis
of the Pearl River Estuary (PRE) and was confined to very limited locations because of the variation in the
coupled physical–biological forcing of the phytoplankton growth and accumulation. We investigated the
relative importance and joint control of the bloom0s variation by freshwater residence time, water
column stability, and light limitation that were governed by river discharge, vertical mixing, and
turbidity in the PRE, respectively. We found that the bloom occurred in the middle of the well/partially
mixed estuary during the dry season when river discharge was relatively small. Although the water
nutrient concentration and residence time were favorable for phytoplankton accumulation during this
season, the bloom was absent in the upper and lower parts of the estuary likely associated with high
turbidity in the upper region and strong vertical mixing in the lower region. In contrast, strong river
discharge during the wet season pushed the nutrient-rich river plume farther seaward and formed a salt-
wedged estuary. With a stable water column and relatively low turbidity during this season, the bloom
could only occur in the lower part of the estuary where the phytoplankton growth rate was greater than
the water turnover rate.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

An estuary is an important transition zone where river water
and seawater meet and mix (Pritchard, 1967). Freshwater dis-
charge and salt water intrusion form a unique estuarine hydro-
dynamic system and regulate the biogeochemical processes. The
complex interactions between physical and biogeochemical factors
within the estuarine ecosystem make it difficult to define the
factors that regulate the growth and distribution of phytoplankton.

Nutrient limitation is often considered to be a major control of
biological production. The phytoplankton bloom is often regulated
by different nutrient species, mainly nitrogen, phosphorus, and
silicon (e.g. Malone et al., 1996; Myers and Iverson, 1981; Twomey
and Thompson, 2001; Yin et al., 2000). Light availability is another
important factor that controls phytoplankton growth and distribu-
tion. Its importance is a result of high suspended particle loading,
waste water discharge, and the turbidity maximum induced by
physical and chemical processes. Generally, light is the major
regulator of phytoplankton growth during winter, when water
is turbid due to intensified vertical mixing, or during high runoff

(Mallin et al., 1999; Pennock and Sharp, 1994). Hydrodynamic
conditions are also important factors for development of phyto-
plankton blooms in an estuary. Water residence time and water
column stratification/stability are well-known to be necessary
conditions for the formation of a bloom. Longer residence time
is generally more likely to induce a phytoplankton bloom (Huzzey
et al., 1990). The variation of water residence time in an estuary
will lead to the shift of the bloom location (e.g. Lucas et al., 1999).
The effect of water column stability on phytoplankton is more
complex. Strong vertical stratification, for example, can effectively
block the vertical mass and energy exchanges, and, as a result,
confine the phytoplankton to a shallow surface layer with strong
irradiance and isolate the phytoplankton from bottom grazers
(Cloern, 1991, 1996; Koseff et al., 1993; Masson and Pena, 2009).

Estuaries are highly diverse physical–biological systems. Var-
ious factors that control phytoplankton bloom and the response to
these factors are variable in different estuaries, at different loca-
tions within a given estuary, and at different times (Monbet, 1992).
In the ocean, variability of the phytoplankton bloom is concur-
rently regulated by combined physical and biological controls. For
example, when nutrients are limited in the surface layer, weak
stability in the water column allows nutrient replenishing in the
euphotic layer and makes a bloom possible (O0Boyle and Silke,
2010; Tremblay et al., 1997). Identification of all controlling factors
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and their combined effect is the key to rationalizing the formation
of the bloom in an estuary that is forced by complex physical–
biological processes.

The Pearl River Estuary (PRE) is a subtropical estuary embedded
in the southern coast of China and connected with the continental
shelf of the Northern South China Sea (NSCS, Fig. 1). It is triangular
with Guangzhou at its northern apex, and Macau and Hong Kong at
the southwest and southeast corners, respectively. The PRE has
several very unique characteristics. It receives huge freshwater
discharge with an annual average flow rate around 10,000 m3 s�1

(Zhai et al., 2005). The Pearl River is the 13th largest river in the
world and the 2nd largest river in China in terms of freshwater
discharge. The estuary encompasses a large area of about 1900 km2

and extends about 60 km from the river mouth to the open shelf. Its
width varies from �10 km in the upper reach to �60 km in the
lower reach and is wide enough that shelf circulation influences the
lower estuary and not just the gravitational circulation as in a
traditional estuarine hydrodynamics (Zu and Gan, this issue). The
physical and biogeochemical processes in the PRE have strong
seasonality because of the southwesterly/northeasterly monsoon
in summer/winter and the significant seasonal variation of river
discharge. About 80% of the discharge from the Pearl River happens
during the wet season from April to September (Zhai et al., 2005).
Meanwhile, variability induced by tidal forcing of �1 m magnitude
exerts additional high frequency variation on the seasonal processes.

Due to the fast development of industrial and agricultural activ-
ities and urbanization in the last 30 years, the PRE receives a very
high load of anthropogenic nutrients. Dissolved Inorganic Nitrogen
(DIN; NO3

� , NO2
� , NH4

þ) is the main component of the anthropogenic
nutrient input, and the N/P ratio in the PRE is generally very high,
ranging from �30 in the lower estuary to over 100 in the upper
estuary (Harrison et al., 2008; Huang et al., 2003; Zhang et al., 1999).
This provides the potential for phosphate limitation (Xu, 2007).
Meanwhile, the DIN and phosphate concentration is generally
above 20 μM and 0.5 μM in most parts of the estuary, respectively.
This is obviously higher than the half-saturation concentrations for
phytoplankton uptake of DIN (generally 0.5–2 μM) and phosphate

(generally 0.07–0.5 μM) (Chen et al., 2002; Fennel et al., 2006;
Guillaud et al., 2000; Liu and Yin, 2007; Parekh et al., 2005), which
indicates that nutrients may not limit phytoplankton growth in the
region.

Although the nutrient concentration in the PRE is high, the
phytoplankton biomass is not as high as one would expect, and
there is no frequently occurring large scale hypoxia (Yin et al.,
2004). The effect of zooplankton grazing on chlorophyll or primary
production is also relatively minor. Tan et al. (2004) found that the
grazing impact for zooplankton on chlorophyll in the PRE is only
about 20721.5% during the wet season and 4.573.2% during the
dry season. To explain this phenomenon, dilution of phytoplank-
ton biomass due to river discharge, estuarine circulation, and
vertical mixing due to wind and tidal effects were studied and
proposed as potential regulating factors (Harrison et al., 2008; Yin
and Harrison, 2007). Yet there is no systematic and comprehensive
study on the seasonality of the phytoplankton bloom in the PRE. In
particular, combined physical and biogeochemical field measure-
ments on a seasonal time scale have not been documented. In
addition, the qualitative description or multi-factor regressions
that were used in previous studies may not be sufficient to identify
the inherent controlling mechanisms for the temporal and spatial
variations of phytoplankton biomass (Huang et al., 2004). A
quantitative or quasi-quantitative analysis on the correlation
between estuarine hydrodynamics and ecosystem response has
never been provided for the PRE.

In this study, we used seasonal observations to quantify, for the
first time, the relative importance of water residence time, water
column stability, and turbidity on the formation of the phyto-
plankton bloom in the PRE. We explored the possibility of bloom
occurrence under single/multiple regulator(s), and provided expla-
nations for the temporal and spatial variation of the blooms that
were observed.

2. Materials and methods

This study is a part of the PRE time-series observation project
that was carried out from March 2010 to March 2011. Four cruises
were conducted in 2010 from March 29 to April 2, from August
1 to 2, from November 7 to 8, and from December 27, 2010
to January 1, 2011. These represented typical spring, summer,
autumn, and winter conditions, respectively. The field observa-
tions were carried out along sections A, B, L, and C (Fig. 1).
Longitudinal section A was used to identify seasonal chlorophyll
variation along the estuary. The spatial intervals of sampling were
�7 km along section A and �5 km along the other sections. We
conducted a supplementary cruise on 7 July 2011 to obtain the
turbidity distribution along section A. The variation of the Pearl
River discharge during this period was represented by data from
the Xijiang River (a.k.a. West River, one of the most important
tributaries of the Pearl River) (Fig. 2). Daily flow rate was obtained
from the Information Center of Water Resources (Bureau of
Hydrology, the Ministry of Water Resources of PR China) (http://
xxfb.hydroinfo.gov.cn/EN/eindex4winter.jsp). The freshwater dis-
charge received by the PRE can be estimated according to the
discharge ratio between different outlets. For convenience, we
separated the estuary into upper and lower estuaries using Inner
Lingding Island as the dividing point.

In situ salinity, temperature, and chlorophyll were measured at a
sampling rate of 8 Hz by a SBE-25 SEALOGGER CTD (Conductivity–
Temperature–Depth) profiling system that was calibrated by the
manufacturer just before the field survey (Sea Bird Electronics, Inc.).
The accuracy of the CTD profiling system is 0.002 1C, 0.0003 S/m, and
0.1% of full scale range for temperature, conductivity, and pressure,
respectively, and the resolution is 0.0003 1C, 0.00004 S/m, and 0.015%

Fig. 1. Map of the Pearl River Estuary. The thick dashed lines are the survey
sections and the color contours show the bathymetry (m). The red circle denotes
the Gaoyao hydrological station. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this paper.)
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of full scale range, respectively. The CTD profiling systemwas lowered
and raised in the water column at a rate of �0.2 m/s. The current
velocity was measured by a WHS-300 Workhorse Acoustic Doppler
Current Profiler (ADCP) system (Teledyne RD Instruments) at a
vertical resolution of 0.5 m with a working frequency of 300 kHz.
Surface water turbidity (at �1m depth) was measured by an YSI
6600V2 Multiparameter Water Quality Sondes (YSI Incorporated).
Water transparency (Secchi depth) was measured by a 30-cm
diameter white Secchi disk.

3. Results

3.1. Seasonal hydrographic characteristics

The PRE is significantly affected by the seasonal variation of
freshwater discharge from the Pearl River. During the four cruises
of this study, the discharge rate of the Xijiang River varied with a
range from �1500 m3 s�1 in the dry season to �14,000 m3 s�1 in
the wet season (Fig. 2). The volume discharge rate received by the
PRE (Table 1) can be derived by taking the Xijiang River as �68.5%
of the total Pearl River discharge and the combined runoff
discharged into the estuary from the four outlets (Humen, Jiao-
men, Hongqimen, and Hengmen) in the upper estuary as �53% of
the total Pearl River discharge (Zhai et al., 2005).

Hydrographic variability in the PRE is also distinctly seasonal as
is shown by the vertical structures of salinity (Fig. 3) along section
A. In the dry season, the water column was generally well-mixed
(Fig. 3A, C, and D), especially in the lower part of the estuary due
to the enhanced vertical motion at the plume front (Zu, 2009). The
PRE was a partially or well-mixed estuary during the dry season
and was a typical salt-wedge (Fig. 3B) estuary in the wet season. A
front separated the upper fresh river water from seawater in the
mid-estuary in the dry season and it became sharper near the
entrance and tilted landward with depth in the wet season.
Evidently, the magnitude of the river discharge (Fig. 2) character-
ized the seasonal water mass distributions in the PRE.

3.2. Spatial and seasonal variability of the phytoplankton bloom

Considering the complex hydrodynamic conditions in the PRE,
we designed three additional cross-estuary sections (B, L, and C) in
our field study, aside from section A, to see the horizontal
distribution of different variables. Fig. 4 shows the horizontal
distribution of density and chlorophyll during the dry and wet
seasons. The horizontal distribution of density (Fig. 4A and B)
shows that there is a significant north to south gradient and that
the contours of constant density tilted southwestward in both dry
and wet seasons. The high chlorophyll zone (Fig. 4C and D) was
mainly confined to the mid-estuary for the dry season and to the
lower estuary for the wet season, and did not reflect the strong
physical regulation of the phytoplankton distribution. Obviously,
the three cross-estuary sections did not sufficiently cover the
potential bloom regions to resolve the horizontal distribution of
chlorophyll and could not provide sufficient information for us to
investigate its horizontal structure and control mechanisms.
Therefore, in this study, we will focus on section A to investigate
the spatial and seasonal variability of the phytoplankton bloom.

The nutrient distribution varied along the PRE, ranging from
several μM in the lower estuary to over 100 μM in the upper
estuary for NO3þNO2, and from �0.5 μM in the lower estuary to
over 1 μM in the upper estuary for PO4 (Cai et al., 2004; Dai et al.,
2008; He et al., 2010). Although the PRE0s nutrient load is very
high, we did not observe a persistent phytoplankton bloom over
the entire estuary. The phytoplankton blooms were always con-
fined to very limited locations during all four cruises as is shown
by the vertical distributions of chlorophyll along section A (Fig. 5).
Chlorophyll maxima occurred distinctly in particular places in the
PRE during different seasons. In general, the blooms were gener-
ated in mid-estuary (between �22.41N and 22.51N) in the dry
season (Fig. 5A, C, and D), but moved to the lower reach of the
estuary during the wet season (Fig. 5B).

By carefully examining the chlorophyll distribution for the
different seasons, we found that there were different bloom
patterns in the PRE. These differences occurred not only in wet
and dry seasons, but also within the dry season itself. The bloom
was strong and concentrated in the upper- and mid-estuary in
spring (Fig. 5A), and mid-estuary in autumn (Fig. 5C). However, the
bloomwas relatively weak and spatially dispersed over the estuary
and had a concurrent chlorophyll maximum in the mid-estuary
(Fig. 5D) in winter. The high chlorophyll value in the upper reach
during the spring cruise was likely induced by the inactive
phytoplankton from the river discharge instead of by cells gener-
ated locally. This speculation is supported by the low level of
dissolved oxygen measured at the same location (Fig. 6A) because
high phytoplankton productivity always corresponds to high
dissolved oxygen concentration. The highest chlorophyll values
existed in the upper layer near the entrance of the estuary in
summer (Fig. 5B). The blooms in the middle of the estuary and at
depth during the dry season were absent in the wet season.
Similar distributions of chlorophyll/phytoplankton in the PRE were
also shown in previous studies (Cai et al., 2004; He et al., 2010;
Huang et al., 2004; Qiu et al., 2010) where all studies found that in
the wet season, the highest chlorophyll was generally in the lower
part of the estuary, while in dry season, higher chlorophyll was
mainly observed mid-estuary. The spatial and temporal variabil-
ities of the blooms appeared to have close correlation with the
seasonal hydrographic characteristics (Fig. 3) that is, in turn,
associated with the variable river discharge. They represented
the processes jointly controlled by the water residence time, water
column stability, and turbidity in the PRE, although details of these
processes remain unclear. Quantitative assessment of these con-
current forcing elements on the phytoplankton bloom in the PRE is
provided in next section.
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Fig. 2. The flow rate of the Xijiang River during the study period. River discharge
data were obtained from Gaoyao hydrological station (Fig. 1).

Table 1
Cruise time and river flow rate. The flow rate of the upper four outlets¼flow rate of
Xijiang/68.5%�53%.

Surveying time Season River flow rate (m3 s�1)

Xijiang Upper four outletsn

March 29–April 2, 2010 Spring 1500 1161
August 1–2, 2010 Summer 14,000 10,832
November 7–8, 2010 Autumn 3300 2553
December 27, 2010–January 1, 2011 Winter 3100 2399

n The four outlets are Humen, Jiaomen, Hongqimen, and Hengmen.
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4. Analyses and discussions

As described in the previous section, the location of the
phytoplankton bloom was highly variable in different seasons
along the PRE. In general, the bloom will occur only when the
depth integrated production exceeds the depth integrated loss
(Obata et al., 1996; Sverdrup, 1953). In an estuary, factors such as
river discharge, wind/tidal mixing, and light availability largely
control the residence time, stability, and phytoplankton growth
rate in the water column and regulate the temporal and spatial
distribution of the bloom (Cloern, 1996).

The PRE is a complex and integrated system where various
processes occur and interact with each other concurrently. We will
first examine the effect of each individual bloom-controlling
factor, and then their joint regulation on the phytoplankton bloom
in the PRE.

4.1. Residence time

Residence time of freshwater is defined as τ¼ V=q, where τ is
the residence time, V is the volume of a given pool, and q is the
flow rate. Residence time is a very important parameter of the
pelagic ecosystem and is associated with the flow field by defini-
tion. For a given pool, the increase of phytoplankton biomass from
growth will exceed the loss from dilution only when the water
residence time is longer than a critical value (Cloern et al., 1983;
Malone, 1977; Relexans et al., 1988). This accumulation of phyto-
plankton biomass is a prerequisite for bloom occurrence.

In an estuary, the residence time varies largely with the
seasonal variation of river discharge. By assuming growth is the
sole source of phytoplankton biomass increase, and that outflow
is the only source of phytoplankton biomass loss, then the change
of phytoplankton biomass, P, would be governed by ∂P=∂t ¼
μP�ðq=VÞ P, where μ is the growth rate of phytoplankton.
Obviously, the bloom would only occur when μ4 ðq=VÞ (Cloern
et al., 1985). Here, q=V (the mathematical inverse of τ) is known as

turnover rate (TR), which represents the fraction of water that
enters/leaves a given pool in a given time interval. For each cruise
in our study, the freshwater flow rate was assumed to be constant.
Thus, the residence time gradually increases (turnover rate
decreases) from the upper to the lower estuary, as a result of the
increase of the total volume in the estuary. Under the regulation of
water residence time/turnover rate, the location where μ¼ TR¼
1=τ is the critical point for bloom generation along the longitudinal
axis of the PRE.

To discuss and evaluate the effect of residence time/turnover
rate on the phytoplankton bloom, we created a model in which the
PRE was simplified as a trapezoidal prism according to its
geographic shape (Fig. 7). The apex represents the entrance of
the estuary (Humen outlet, 1 km wide) and the lower side
represents the boundary between the PRE and the NSCS (60 km
wide). The length of the estuary is �60 km. We used a domain-
averaged water depth of 5 m to calculate the volume because the
variation of the area of the cross-section along section A is linear
(Harrison et al., 2008). We used 10 km as the unit length for the
residence time/turnover rate calculation because the blooms in the
PRE were generally �10 km in length along the longitudinal axis
of the PRE in the spring, autumn, and winter cruises (Fig. 5).
Although the total spatial scale of the bloom was 410 km
extending from the lower estuary to the adjacent shelf during
the summer cruise, its axial extension inside the PRE was still
within �10 km. The variation of water turnover rate in the PRE
under different river flow rates is shown in Fig. 8. According to the
definition, the turnover rate decreases with the widening of the
estuary for a given river discharge rate in a specific season.
Meanwhile, at a given location in the PRE, the turnover rate
increases with the strengthening of river discharge.

With the exception of nutrient availability and species compo-
sition, the growth rate of phytoplankton is mainly regulated by
temperature and light availability (Fasham et al., 1990). Therefore,
the in situ phytoplankton growth rate in the PRE for each cruise
can be estimated from incubation experiments, the relationship

Fig. 3. The vertical distribution of salinity along section A for different seasons in the PRE: (A) April 2010 for spring, (B) August 2010 for summer, (C) November 2010 for
autumn, and (D) January 2011 for winter. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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between growth rate and temperature, and the relationship
between growth rate and light. Yin et al. (2000) conducted a
series of on-deck incubation experiments in the PRE during a
cruise in July 1998 and found that the phytoplankton growth rate
increased with salinity. As indicated in Figs. 3 and 5, the salinity at
the position of the bloom during the dry season varied from 20 to
25. Within this range, the experimental growth rate was 2.36 d�1.
Meanwhile, the phytoplankton growth rate is also a function of
temperature. The growth rate under different temperatures in
spring, autumn, and winter cruises can be estimated with the
empirical equation (Eppley, 1972): μT ¼ μ0 U1:066

T , where μT is the
growth rate at temperature T, and μ0 is the growth rate at 0 1C. The
water temperatures at the position of the bloom during the spring,
autumn, and winter cruises were 21 1C, 22 1C, and 18 1C, respec-
tively. With the incubation temperature of �28 1C (i.e. μ28 ¼
μ0 U1:066

28), we calculated the phytoplankton growth rates at
the position of the bloom during spring, autumn, and winter
cruises to be 1.51 d�1, 1.61 d�1 and 1.25 d�1, respectively. Simi-
larly, the salinity at the position of the bloom during summer was
�15. The corresponding experimental growth rate was �1.7 d�1

and the water temperature at the position of the bloom was 28 1C.
Therefore, we estimated the phytoplankton growth rate during the
summer cruise to be �1.7 d�1.

To evaluate the effect of water residence time/turnover rate on
the phytoplankton bloom, the average growth rate in the whole
water column should be used. The above estimated phytoplankton
growth rate is the potential maximum value under the light
immediately below the surface of the water. To obtain the growth
rate averaged over the whole water column, we need to consider
the effect of light attenuation in the water column. Phytoplankton
growth depends on the photosynthesis-light function f ðIÞ ¼ αI=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2T þα2I2

q
, in which I represents the light intensity and α repre-

sents the initial slope of the P–I curve (0.125 was applied in this
case) (Evans and Parslow, 1985). In general, the light in water
decreases exponentially with depth or Iz ¼ I0 � expð�k� zÞ
(Fennel et al., 2006), where Iz is the light intensity at z meters
below the surface, I0 is light intensity at the sea surface, and k is
the light attenuation coefficient. Zeu is the depth of the euphotic
layer, through which the light intensity is reduced to 1% of its

Fig. 4. The horizontal distribution of (A, B) density (kg m�3) and (C, D) chlorophyll (μg L�1) in (left column) dry and (right column) wet seasons in the PRE. The density is
represented by the density anomaly (sigma-t,¼density�1000). Dry season was averaged from spring, autumn, and winter; wet season was represented by summer. The data
were averaged over the top 5 m of the surface. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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surface value. It is obtained from Secchi depth (SD) (Preisendorfer,
1986) measurement, Zeu¼m� SD, where m �2 (Aarup, 2002). The
Zeu in the PRE along section A varied from �0.7 m upstream to
�1.6 m downstream (Fig. 9). Fig. 10 is a schematic diagram
showing the vertical profile of Iz and f(I) in the euphotic layer.
Values of I0 for each cruise were derived from the monthly average
solar radiation record from the Hong Kong Observatory (http://
www.weather.gov.hk/cis/normal/1971_2000/normals_c.htm):
137 W m�2 for spring (April), 186 W m�2 for summer (August),
146 Wm�2 for autumn (November), and 122 W m�2 for winter
(January). According to the Secchi depth measurement, a spatial
variable k was adopted in the light intensity calculation of the
water column, which was �4.6 mid-estuary and �3.3 in the
lower estuary with respective Zeu of �1 m and �1.4 m. By
obtaining the growth rate at specific salinity and temperature

using incubation growth rate, Eppley0s formulation, and light avail-
ability, we derived the depth-dependent growth rate, averaged over
the water column, to be 0.19 d�1, 0.34 d�1, 0.21 d�1, and 0.16 d�1

for the spring, summer, autumn, and winter, respectively.
Under a given river discharge rate, the location of the residence

time/turnover rate critical point for phytoplankton bloom can be
estimated from μ¼TR. The residence time/turnover rate critical
points for each cruise are shown in Fig. 8. Taking the autumn
cruise as an example, q was 2553 m3 s�1, μ was estimated to be
0.21 d�1, so the bloom could only be generated when TRo0.21 or
where the width of estuary is greater than �22 km (�22.51N).
Therefore, if we consider the water residence time/turnover rate as
the only regulator, the satisfactory turnover rate for the phyto-
plankton bloom during the autumn cruise would occur seaward of
22.51N.

Fig. 5. The vertical distribution of chlorophyll along section A for different seasons in the PRE: (A) April 2010 for spring, (B) August 2010 for summer, (C) November 2010 for
autumn, and (D) January 2011 for winter. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)

Fig. 6. The vertical distribution of dissolved oxygen (mg L�1) along section A for different seasons in the PRE: (A) April 2010 for spring and (B) August 2010 for summer.
The data were obtained from a CTD sensor. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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Comparing the results in Fig. 8 with the observations in Fig. 5,
we find that the estimated bloom starting points (i.e. the critical
points) matched the observed ones quite well during the summer,
autumn, and winter cruises, with �22.51N for the autumn/winter

cruises and �22.21N for the summer cruise. However, the above
analysis cannot explain why the observed blooms during the
autumn and the winter cruises covered a spatial length scale of
only �10 km in the region seaward of 22.51N and why the bloom
was absent in the rest of the bloom-favorable region. Moreover, TR
as a sole controller of the bloom was totally invalid for the spring
cruise. The bloom favorable region during spring should be down-
stream of �22.71N according to Fig. 8, but the observations
showed that the bloom started farther downstream at �22.51N
over a strip of only �10 km. Clearly, other controlling processes/
factors must be considered for the occurrence of the phytoplank-
ton bloom in the PRE.

4.2. Water column stability

It is well-known that water column stability is essential for
phytoplankton growth. A bloom will only develop when the
mixing depth is less than a critical depth in which the water
column integrated production exceeds the water column inte-
grated respiration (Sverdrup, 1953). In the PRE, the buoyancy input
by freshwater discharge was the major source of the vertical
density gradient. At the same time, turbulence induced by the
vertical velocity shear of tidal circulation tended to vertically mix
the water and weaken the stratification. Because the euphotic
layer of the PRE was quite shallow, the phytoplankton bloom can
only be generated when vertical stratification/mixing was strong/
weak enough to ensure a net growth within the euphotic layer.

Water column stability can be indicated by the Richardson
number Ri¼ �gð∂ρ=∂zÞ=ρððð∂u=∂zÞ2þð∂v=∂zÞÞ2Þ, where ρ is poten-
tial density, g is the gravitational acceleration, z is the vertical
coordinate directed upward, u is the east–west velocity compo-
nent, and v is the north-south velocity component. Large/small Ri
indicates a relatively stable/unstable condition (Miles, 1961). In
this study, CTD and ADCP data, sampled from stations A01–A11,
along section A, were used to estimate Ri. Fig. 11 shows Ri averaged
over the whole water column for different seasons.

5 m

Fig. 7. Sketch of the simplified PRE model. The black trapezoidal prism represents
the PRE, and the green trapezoidal prism represents the moving unit for residence
time/turnover rate calculation. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this paper.)

Fig. 8. The water turnover rate as a function of width of the PRE and freshwater
discharge of the Pearl River. The pink open circles indicate the locations of critical
points for the phytoplankton bloom in different seasons. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of
this paper.)
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Data from the four cruises (Fig. 11) show a common decreasing
Ri from upper to lower estuary. According to its definition, Ri is
a measure of relative importance of water column stratification
to vertical velocity shear. Stratification is indicated by buoyancy
frequency:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ðg=ρÞ ð∂ρ=∂zÞ

p
and shear is defined as ð∂u=∂zÞ2þ

ð∂v=∂zÞ2. Fig. 12A shows that the stratification of the water column
was weakening seaward as freshwater was mainly trapped in the
upper part of the PRE during the dry season. During the wet

season, the high river discharge, with freshwater in the upper
layer and seawater in the bottom layer, formed a strongly stratified
water column in the middle and lower estuary. The patterns of
along-estuary variation of the vertical velocity shear (Fig. 12B)
were similar to those in the stratification: weak in the nearly
barotropic flow in the partially or well-mixed estuary during the
dry season, and strong in the two-layer flow in the stratified
estuary during the wet season. The combined stability effects of
stratification and vertical velocity shear, as reflected in Ri, led to a
relatively stable water column upstream where buoyancy input by
river discharge dominated and a less stable or unstable water
column downstream where vertical velocity shear overcame the
weakened stratification.

According to Miles (1961), Ri40.25 is critical and necessary for
the stability of stratified shear flow to occur. However, in general,
an experimental range of 0.4–0.8 was often suggested as the
approximate critical value (Ellison and Turner, 1959; Price et al.,
1978). In this study, the value of Ri¼0.5 was selected to separate
the relatively stable and unstable water columns so that Ri40.5,
averaged over the whole water column, meant that conditions
were bloom-favorable. Based on that criterion, we found from
Fig. 11 that bloom-favorable conditions only existed in the upper
estuary during spring, autumn, and winter, and that the critical
position for the transition from static stability to dynamic instabil-
ity was roughly located at �22.41N. During these seasons, the
phytoplankton bloom occurred upstream of the critical position
and was absent downstream of the stability critical position, as
seen in the observed chlorophyll distributions (Fig. 5). Among
these three cruises, Ri rapidly increased upstream of the critical
position for the spring and autumn cruises (Fig. 11). In contrast, Ri
remained relatively small over the entire estuary during the
winter cruise. As a result, the bloom was generally stronger in
spring and autumn and it was relatively weak in winter. Vertical
mixing by the strong northeasterly monsoon was likely the reason
for the less stable water column in winter. During the summer
cruise, Ric0:5 throughout the estuary due to the extremely
strong vertical gradient of density (Figs. 3 and 12A).

The combined effect of seasonal variation of residence time and
water column stability explains the observed bloom occurrence in
summer, autumn, and winter. However, these combined effects
still failed to explain why there was no bloom between �22.51N
and 22.71N, where the conditions of both residence time/turnover
rate and water column stability were all favorable. Another
controlling factor must be introduced to provide the answer.

4.3. Turbidity maximum

Light is essential for phytoplankton growth. Light limitation
was frequently reported in the PRE because the estuary0s turbidity
was generally high due to terrestrial input and waste water
discharge (Xu, 2007; Yin et al., 2000; Zhang et al., 1999). In
general, a turbidity maximum exists in the upper reach of
estuaries as the result of sediment resuspension and flocculation
(Schubel, 1968), where phytoplankton growth and productivity
have the lowest value (Cloern, 1987).

In this study, we used suspended sediment concentration data
obtained from seasonal field observations by Wai et al. (2004) and
turbidity data from the supplementary cruise along section A in
July 2011. The turbidity in the PRE was generally high between
�22.351N and 22.751N, with values of turbidity maxima
embedded between the two latitudes (Fig. 13). The turbidity
maximum in the dry season tended to shift upstream due to low
river discharge rate. The turbidity was much higher in the dry
season than in the wet season, as seen in the suspended sediment
concentration (SSC). During the dry season, the turbidity max-
imum mostly occurred in the bloom-free region north of �22.51N
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(Fig. 5). This, in particular, offered an explanation for the absence
of a bloom between �22.51N and 22.71N during spring, even
though the conditions of both residence time/turnover rate and
water column stability were favorable. A turbidity maximum in
the upper reach of the PRE was also reported in other studies (Guo
et al., 2008; He et al., 2010; Huang et al., 2003), suggesting that
light limitation was the dominant control on the bloom in this
region.

4.4. The combined effects of all factors

Different bloom regulators have different controlling mechan-
isms that lead to various potential bloom distribution patterns.
Because it is an integrated system, the resulting bloom that
appeared in the PRE must have been regulated by a combination
of various processes. Fig. 14 shows the combined effects of water
residence time, water column stability, and turbidity on the
formation of the phytoplankton bloom in the PRE. The bloom-
favorable regions derived from the combined effects matched
those shown in the field observations very well (Fig. 5).

Spring was the driest season as indicated by the very low river
discharge shown in Fig. 2. The water residence time in the PRE in
spring was much longer than in other seasons. Therefore, the
satisfactory residence time condition for the phytoplankton bloom
generation began to appear downstream of �22.71N. Likewise, a
satisfactory water column stability could only exist upstream of
�22.451N because the buoyancy input from the freshwater discharge
dominated the stability of water column in the PRE. In addition,
increased turbidity upstream of �22.51N suppressed the phytoplank-
ton growth and bloom development. After synthesizing all these
controlling factors, the region where all three factors were theoreti-
cally bloom-favorable was between 22.451N and 22.51N (indicated by
the region with overlapped arrow-bars in Fig. 14A). The result agrees
reasonably well with the observations shown in Fig. 5A.

In contrast, in summer, the river discharge was �4–10 times
higher than in other seasons so that the water column was strongly
stratified over the entire estuary due to the huge buoyancy input
(Fig. 14B). As a result, water column stability was far from a limiting
factor in the PRE. The huge river discharge also led to a very short
water residence time in the PRE. According to calculations, the bloom
favorable residence time could only be achieved downstream of
22.21N (Fig. 14B), which explains the observed chlorophyll distribu-
tion in Fig. 5B. Turbidity was too low to be a limiting factor of the
bloom in this region. Thus, the water residence time became a
distinct regulator of the bloom under this circumstance.

During the autumn and winter cruises, river flow rates were
almost identical (with �6% difference). The relatively lower river flow
rate during these two seasons resulted in a bloom-favorable residence
time located farther upstream. However, since the growth rate of
phytoplankton was smaller in winter due to lower temperature, the
region with bloom-favorable residence time shifted farther down-
stream. The distributions of water column stability for these two
seasons were also similar except that Ri in winter was generally
lower. The areas affected by the large values of turbidity in these two
seasons were generally upstream of the region with the bloom-
favorable residence time. Considering their joint effect, the bloom-
favorable region for both autumn and winter was between �22.381N
and 22.51N (Fig. 14C, D), which was comparable to observations
(Fig. 5C, D). Both water residence time and water column stability
controlled the bloom in these two seasons.

5. Summary

Unique seasonal variations of the phytoplankton bloom in the
nutrient-rich PRE were studied using field observations and associated
quantitative assessments of different controlling factors. The PRE was a
typical salt-wedged estuary in summer and a partially/well-mixed
estuary in other seasons. The bloom was found in the middle part of
the estuary during the dry season, but was pushed seaward to occur in
the lower part of the estuary during thewet season. We found that the
formation and variability of the seasonal bloomwere jointly controlled
by the spatial and temporal variability of water residence time, water
column stability, and turbidity in the estuary. Unlike previous studies,
this study, for the first time, presented evidence of the seasonal
variation of the phytoplankton blooms in the PRE and quantitatively
consolidated different controlling factors that jointly regulate the
variation.

Water residence time in the PRE is highly variable due to the
strong seasonal variation of river discharge and acts as an important
regulator to the pelagic ecosystem. With fixed river discharge, it
increases gradually from the upper estuary towards the lower estuary
due to variable geometric conditions. The phytoplankton bloom tends
to be generated in the region where the growth rate is greater than
the water turnover rate (the mathematical inverse of residence time).
The bloom-favorable residence time is a necessary condition for its
development. In general, the higher the river discharge, the farther
downstream the bloom would start. By synthesizing residence time/
turnover rate with the depth-averaged phytoplankton growth rate, the
region with bloom-favorable residence time in the PRE was estimated
to be in the region downstream of about 22.7, 22.2, and 22.51N for
spring, summer, and autumn/winter, respectively. In this study,
we utilized the approach that combines the incubation experiments
with the growth rate–temperature relation and photosynthesis-light
function to derive the average growth rate of phytoplankton in the
euphotic layer.

The regulation of water column stability on the phytoplankton
bloom was evaluated by examining the Richardson number (Ri)
along the longitudinal axis of the PRE, given that a stable water
body is favorable for the bloom to occur. Under the interaction of
buoyancy input from river discharge and vertical velocity shear
induced by estuary circulation, Ri generally decreased from the
upper to lower estuary. This indicated a downstreamweakening of
water column stability and worsening of a bloom generating
condition. With seasonal variation of physical forcing associated
with the changes in monsoon winds and river discharge, the
critical position where static stability turned to dynamic instability
was identified to be around 22.41N in the dry season. However, the
water column was dominated by a stable stratification due to the
huge river discharge in the wet season and the stability was far
from limiting the bloom over the entire estuary.
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The increasing turbidity towards the upper reach of the estuary
hindered the development of phytoplankton blooms, even when
other bloom controlling factors were favorable. When river dis-
charge was very low, it was the turbidity maximum that prevented
the formation of the phytoplankton bloom in the upper reach
(�22.5–22.81N) of the PRE.

Although all controlling factors concurrently controlled
the blooms, we found that the key controlling factor(s) for the
development of the phytoplankton bloom in the PRE was resi-
dence time/stability/turbidity, residence time, and residence time/
stability in spring, summer, and autumn/winter, respectively.
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