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Phytoplankton biomass in estuarine and continental shelf regions are regulated and
modified by physical processes, but these interactions have mostly been investigated
at a scale of tens of kilometers, and the role of meso- to sub-mesoscale dynamical
processes of freshwater plumes in regulating the spatial and temporal variations of algal
biomass is largely unknown. To assess the importance of features at these scales,
high-resolution (horizontal spacing < 1 km) cross-sectional profiles of hydrographic
and biogeochemical variables were collected in the lower Changjiang Estuary and
adjacent continental shelf with a towed, undulating vehicle equipped with sensors
measuring fluorescence, turbidity and irradiance. Discrete stations were also occupied
to allow for the characterization of nutrients. Multiple physical features at different scales
regulated the spatial variation of phytoplankton biomass. Phytoplankton biomass was
initialized by an improved irradiance field driven by reduced turbidity together with a
rapid development of subsurface stratification at the main plume front (isohaline of 23)
downstream from the turbidity maximum zone. Phytoplankton blooms did not occur until
outcrops located within the main front that were characterized by surface convergence
and downwelling, which contributed to large algal biomass by mass trapping and
enhanced light penetration. Wave-like features were detected seaward of the main front,
coinciding with deacceleration of currents, indicating that they are front-released internal
waves that increase algal retention time. This study revealed the critical role of small-
scale processes near the plume front in triggering phytoplankton blooms under the
large-scale context of improved light conditions, coastal upwelling and nutrient additions
from intruding oceanic waters.

Keywords: Changjiang Estuary, phytoplankton biomass, dynamical control, small-scale processes, high-
resolution observation
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INTRODUCTION

Estuaries in low to moderate turbidity states and continental
shelf regions are biogeochemical hot spots in the world’s oceans
and major sites of elevated primary production and energy
transfer within food webs (Moline et al., 2008; Spahn et al., 2009;
Gao et al,, 2014; McSweeney et al.,, 2017). They are recognized
as dynamic environments that are controlled by stratification
between the fresh and saline waters (for salt-wedge and partially
mixed estuaries), energetic mixing in the freshwater plume, and
secondary circulations associated with fronts or with complex
topography (Wright and Coleman, 1971; Simpson et al., 1990;
Chant, 2002; Horner-Devine et al., 2015). Physical processes
may influence biogeochemical features as a result of sediment
suspension and light availability (Schubel, 1968; Cloern, 1987;
Desmit et al., 2005; Xu et al., 2013), nutrient cycling (Moline et al.,
2008), and transport of biogenic elements and phytoplankton
(Lucas et al., 1999; Geyer et al., 2004; Schofield et al., 2013),
and ultimately affect ecosystem production and phytoplankton
distributions (Hickey et al., 2010; Cloern et al., 2014).

There are key processes associated with the estuaries that
need to be assessed to fully understand the physical control
of these complex systems. One such process is the control of
estuarine primary productivity and biomass in different zones.
Phytoplankton accumulations commonly occur at intermediate
salinities on the seaward side of the freshwater plume in nearly
all of the world’s major rivers (e.g., DeMaster et al., 1996; Lohrenz
et al., 1999; Moline et al., 2008; Gao et al., 2014). However, the
relationship between the phytoplankton biomass distributions
and fresh water plume dynamics is not fully understood. Several
physical factors, such as enhancement or inhibition of sediment
suspension (Cloern, 1987; DeMaster et al., 1996; Wang et al,,
2019), sediment advection (Geyer et al., 2004), tidal stirring
(Cloern, 1991), frontal convergence, and secondary circulations
(Bai et al., 2015), topographically induced coastal upwelling (Liu
and Gan, 2015) and supply of nutrients limiting phytoplankton
growth by intruding ocean water masses (Zhang et al., 2007;
Tseng et al., 2014) can all affect phytoplankton production and
algal growth by modulating light or nutrient availability. These
processes occur on different temporal and spatial scales, and the
relative dominance of these processes at different locations of
the estuary and shelf area determine the spatial variability of
phytoplankton production and the associated nutrient cycling.
Quantifying the role of these processes from the river mouth
to the outer plume area with variations in algal biomass is
crucial for understanding the initialization and evolution of
phytoplankton blooms.

A number of estuaries have been studied to assess the linkage
between physical and biological processes. For example, extensive
work has been done on the Hudson River (Fisher et al., 1988;
Chant et al., 2008; Jurisa and Chant, 2014), the Mississippi
River plumes (Lohrenz et al, 1999, 2008; Guo et al, 2012),
and the Changjiang River (Chen et al, 2003; Tseng et al,
2014), all being regions of complex bathymetry and fresh water
releases. These studies showed the importance of irradiance,
fresh water dynamics, conservative mixing, and biological uptake
in regulating the magnitude and location of phytoplankton

biomass and growth. However, these studies are mostly based
on traditional station measurements and did not address the
importance of mesoscale and sub-mesoscale features, and hence
may have missed some important processes that contribute to
the regulation of algal standing stocks, such as frontal dynamics
and wave features.

The Changjiang (Yangtze) River is one of the world’s largest
rivers, delivering a huge amount of freshwater (~9.24 x 10! m3
yr~!) and nutrients (inorganic nitrogen of ~6.1 x 10'° mol
yr=!) into the East China and Yellow Seas (Shen et al,
2003). The freshwater forms an extensive buoyant plume that
affects both the dynamical and ecological environments of the
coastal and shelf areas of Chinese marginal seas (Chen et al.,
2003; Wu et al, 2012; Jiang et al, 2015; Wu, 2015; Zhou
et al., 2017). The large inputs of freshwater and nutrients, the
presence of a submarine canyon favorable to the generation
of mesoscale processes, and close interactions with the Pacific
Ocean water via the Kuroshio intrusion makes the Changjiang
Estuary a challenging region to study the role of different
physical processes in the regulation of phytoplankton growth
and accumulation. Physical control on phytoplankton in the
Changjiang estuary has been suggested by several studies based
on station surveys at a resolution of tens of kilometers and
by numerical simulations based on hydrostatic models. These
studies attributed phytoplankton blooms to improved light
conditions seaward of the estuarine turbidity maxima zone
(TMZ) where nutrients are still elevated (Zhu et al., 2009; Wang
et al., 2019), to upwelling on the inshore flank of the head of a
submarine canyon in the estuary (Pei et al., 2009; Liu and Gan,
2015), or to nutrient supply from the Kuroshio water masses that
alleviates phosphorous limitation in the freshwater plume (Tseng
etal,, 2014; Jiang et al., 2015). Smaller scale processes that are vital
to phytoplankton production by inducing accumulation and/or
vertical exchange of nutrients, such as plume frontal convergence
and mixing and/or internal waves, can neither be resolved by
measurements with resolutions greater than 10 km or reproduced
in numerical simulations from hydrostatic models. The only way
to reveal the role of such processes in estuarine production is to
perform synchronous, high-resolution observations of physical
and biogeochemical quantities.

As such, a multidisciplinary research cruise was conducted in
the lower Changjiang Estuary and adjacent shelf region in the
summer of 2017 (i.e., the flooding season when eutrophication
and phytoplankton blooms occur frequently in this area;
Chen et al,, 2003). Cross-shore profiles of hydrography and
biogeochemical variables with a spatial resolution of a few
hundred meters to 1 km were obtained by a towed, undulating
vehicle carrying multiple sensors, from which we aim to
reveal the coupled physical-biogeochemical processes controlling
phytoplankton biomass at meso- to sub-mesoscales.

DATA AND METHODS

Study Area and Background Information
The cruise was conducted between 1 and 8 July 2017 in the lower
Changjiang Estuary and the adjacent continental shelf of the East
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China Sea (Figure 1A) onboard the R/V Zheyuke II. Synoptic,
high-resolution observations of physical and biogeochemical
variables were made along two cross-shelf transects (Figure 1B)
that extended from two major outlets of the Changjiang river
mouth to the offshore regions covered by the Changjiang plume.
Transect Cl, surveyed during the daytime of July 3, extended
from the South Passage of the river mouth to the shelf region.
The inshore section of Transect C1 was reoccupied on July 7
during a spring tide, with a focus on the upper water column
shallower than 6 m. Transect C2 was surveyed on July 4 and
extended from the North Channel of the river mouth offshore to
a submarine valley.

Instrumentation, Sampling, and

Laboratory Chemical Analyses

Environmental Data

River discharge was measured at the Datong hydrographic
Station 630 km upstream of the survey area (hourly data available
at Changjiang Water Resources Commission of the Ministry
of Water Resources)'. Wind data (speed and direction) were
collected by the ship’s meteorological station.

Uhttp://www.cjw.gov.cn/

High-Resolution Measurements of Coupled
Physical-Biogeochemical Parameters

The coupled physical-biological high-resolution observations
were made using a towed, undulating vehicle Acrobat (Sea
Sciences Inc., Arlington, MA, United States), which was equipped
with an AML MVP-X conductivity-temperature-depth (CTD)
sensor package (AML Oceanographic, BC, Canada) and a
RBR concerto logger (RBR Ltd., Ottawa, Canada) carrying
sensors for colored dissolved organic matter (CDOM), turbidity,
photosynthetically available radiation (PAR) and fluorescence.
The AML-CTD and RBR logger have sampling frequencies
of 25 and 12 Hz (for all sensors on RBR), respectively, and
all parameters were converted to 1-s-average values manually.
Fluorescence measurements were converted into chlorophyll-
a (Chl) units in pg L™! using the manufacturer’s calibration,
which are used to indicate phytoplankton biomass. During
the operation of this Acrobat-Environmental Sensing System
(AESS), the ship cruised at a speed of 6 knots. In nearshore
areas, the AESS undulated between a depth of 1-2 m below the
surface to 4-5 m above the sea floor. In offshore areas, it oscillated
between 3 and 4 m below the surface and 30-40 m. The AESS
oscillation took from 1 to 2 min in nearshore waters and 5-6 min
in offshore waters, so that the horizontal resolution between 2
successive profiles was 200-400 m and 1,000 m in nearshore and
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offshore areas, respectively. The vertical ascent/descent rate of the
AESS was approximately 0.2 m s~ L.

All sensors on the AESS were calibrated by the manufacturers
before the cruise. After the cruise, we also compared
measurements from the CDOM, turbidity and fluorescence
sensors on the AESS to lab measurements of water samples
collected at three stations that were surveyed immediately after
AESS surveys (see the details in Supplementary Material).
CDOM from these water samples were determined from an
Ultraviolet-visible spectrophotometer (Pgeneral TU-1901) from
200 to 800 nm. The absorbance at 350 nm (a350) was chosen
as an index of CDOM abundance. A detailed description can
be found in Del Vecchio and Blough (2004). The concentration
of the total suspended matter (TSM) was measured by weight.
Samples were filtered onto polycarbonate filters, dried and
weighed on a Cahn electrobalance. Chlorophyll concentrations
were determined after 90% acetone extraction for 24 h in a
refrigerator and calculated by the trichromatic method (Parsons
et al., 1984) using a Hitachi spectrophotometer (F-2700). The
laboratory values of CDOM, TSM, and Chl concentrations
and the relevant variables generated by the sensors were all
significantly correlated (r > 0.9, p < 0.05; see the comparison in
Supplementary Table S1), giving us the confidence that the AESS
accurately captured the spatial variations of these parameters.
The Chl concentrations measured by AESS were calibrated by
the lab-analyzed Chl values using the linear regression method
(see Supplementary Table S1).

Underway Surface Dissolved Oxygen (DO)
Measurements

An optode sensor (Anderra 4531) was installed about 50 m from
underway water intake of the research vessel. To minimize the
oxygen consumption during the water flow, the water line was
bleached for 30 min and washed thoroughly prior to the cruise.
The optode continuously measured the oxygen concentrations
in water pumped from 5 m, with a sampling frequency of 15 s.
This oxygen sensor was calibrated before deployment, and the
measurements were then compared with discrete DO samples
from the same water source during the cruise using the Winkler
titration method.

Nutrient Sampling and Analyses

Each AESS survey was immediately followed by occupation
of stations spaced at a relatively coarse resolution of tens of
kilometers. At each station, water samples were collected at
2-4 depths using a CTD-rosette sampler equipped with 12
12 L Niskin bottles. A fraction of water was filtered through
a polycarbonate membrane (pore size: 0.4 pwm, Whatman®)
to quantify the concentrations of dissolved inorganic nitrogen
(DIN; DIN = NO3~ + NO,~ + NH4"), phosphate (DIP)
and silicate [Si(OH)4]. The filtrate was frozen at —20°C,
and nutrient concentrations were determined by a flow
injection analyzer (Skalar Analytical B.V., Netherlands) using
standard colorimetric procedures (Hansen and Koroleff, 1999),
with the analytical accuracy < 3%. Nutrients in the surface
layer (from 3.5 to 5 m) at 7 stations on both Transect
C1,C2 (Figure 1B) were used to explore the relationship

between nutrient concentrations and coupled physical-biological
processes. When investigating nutrient variations along salinity
gradient, we also employed data from 6 stations in the outer
plume area from a cruise which was surveyed from 27 July
2017 to 2 August 2017 (Figure 1B). While the cruise was
conducted about 3 weeks after our main cruise, previous
studies demonstrated that the nutrient:salinity ratio in the
Changjiang Estuary and adjacent shelf are relatively stable over
the timescale of a few weeks in summer (Zhang et al., 2007),
making it reasonable for us to use the nutrient data from
the cruise as the oceanic end member. The nutrient data
from the cruise were analyzed in a similar manner to those
described above.

Surface Drifters

Five Davis drifters (Davis, 1985) were released for tracking
surface freshwater movement. The drifters were released at 10:00
on 5 July 2017 seaward of the North Channel of the Changjiang
Estuary (Figure 1B). The Davis drifters were equipped with GPS
receivers and Iridium-based satellite telemetry, and the drifter
locations were sent hourly. As the plume thickness was between
5 and 10 m, the drogue center of the drifters was set at 2.5 m to
track the plume spreading trajectory, the surface velocity and the
retention time of the plume water.

Physical Indices
Stratification was quantified by the stratification frequency N2,
which is given by:
ISR ) (1)
po 0z

where g is the gravitational acceleration constant (9.8 m s~2),p is
density, po is the mean density (taken as 1,020 kg m~?), and z is
the vertical axis (Cushman-Roison and Beckers, 2011). Larger
N? values denote larger vertical gradient of density and thus
stronger stratification.

The flow state is indicated by the Froude number Fr, which is

given by:
Fr=u/,\/gh, (2)

where u is the flow speed, g/ is the reduced gravity, and h is
the surface layer thickness above the maximum stratification
of the water column (Farmer and Armi, 1986). g’ is given by
g =gAp/po, where Ap is the density difference between the
two layers above and below the stratification interface. Fr > 1
implies that the flow is in a supercritical, energetic state, and
Fr < 1 implies that the flow is in a subcritical, less energetic state
due to energy release.

RESULTS

The South Passage

Phytoplankton Biomass in Well-Mixed and Stratified
Zones Near the River Mouth

Large gradients of temperature, salinity, density and CDOM
were observed along Transect C1 (Figures 2A-C,E), with salinity

Frontiers in Marine Science | www.frontiersin.org

October 2020 | Volume 7 | Article 587539


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zhang et al. Phytoplankton Distributions Controlled by River-Plume

0 20 40 60 80 100 120140 km 0 20 40 60 80 100 120140 km
e TR 27 ; y . 35
WM L N

) 25
— 10 | 25
£ 23 20
b= o
2 20+ 21 15
o 10
| 19
301 B
- 17 1,
— 1025 — _
Sa 1020 0.4
: 10159 = 03
£ T
1010 2 201 0.2
1005 304 0.1
(D)N?
1000 T - . : - . . 0:0
- 10 — 500
8 ! 400
6 300
- ¢ -
: g : =
4 200
s 2 100
; 0 0
‘ 100 ‘ 30
20
T, 109 ¥
10 T L
E
S 201 > g
€
=
301 1 301
(G)PAR i (H)Chl
12 314 5 6 7 1 2 34 5 6
. : : 2.0 80— : ;
140
4 70
120 i
100 60 4
% 80 a %
= 10% s 50
o 604 a
40 4
401 0.5
204 304
() —— DIP 0
0+ T T T T T 0 20 T T T T T T
121.8E 122.2E 122.6E 123E
300 . + . - . - 160
280{ —— DO
X F140 ¢
260 A 0, saturation ’\ &
— j oy
i 240 4 * 120 _%
o 2204 5
a ) r 100 s
=00 g y-r\./ N
180-rw Lso O
160 {"(K) o
121.8E 122.2E 122.6E 123E
FIGURE 2 | (A-G) Vertical profiles of (A) temperature, (B) salinity, (C) density, (D) stratification frequency (N?), (E) CDOM concentrations, (F) turbidity, (G) PAR, and
(H) Chl concentrations along Transect C1 surveyed on 3 July 2017. Numbers on the upper x-axis denotes the distance (unit: km) from the inshore boundary of the
transect. Isohalines of 23 and 31 are denoted by the gray lines in (B). The white line in (G) denotes the euphotic layer depth. (I) Surface DIN (black line) and DIP (blue
line) concentrations along C1. (J) Surface ratio of DIN to DIP along C1. (K) Surface dissolved oxygen (DO) concentrations (black dots) and oxygen saturation (red
dots) along C1. Stations are labeled on top of (I,J).

increasing and CDOM generally decreasing from the river to  and the spatial pattern of CDOM was similar to that of salinity.
the shelf region, respectively. A series of salt wedges indicated The profile of stratification frequency reveals strong vertical
by large salinity gradients were detected in the salinity profiles, ~mixing, as indicated by low N? values (< 0.01 s~ !) in the salinity
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range of 0-5. In the salinity range of 5-15 (122.1-122.25°E, 30-
60 km away from the inshore boundary of Cl), stratification
developed at the surface due to the thermal, salt and density
fronts, and N? exceeded 0.5 s~ !. In this area, N? values below 5
m remained below 0.1 s~!, indicating energetic vertical mixing
in the deep layers. CDOM in the freshwater layer was diluted
by being mixed with low-CDOM oceanic water, confirming the
extensive vertical mixing. Turbidity (Figure 2F) in the subsurface
layers reached maximum values in the estuarine region (300-400
NTU) denoting the existence of an estuarine TMZ. Sediments
in the lower portion of the water column were resuspended by
interaction with the sea floor and the strong vertical mixing,
and extended to 2 m, where further upward penetration was
inhibited by the surface stratification. In this area surface PAR
values (Figure 2G) increased from nearly zero to 5-100 pmol
m~2 57!, while the Chl values did not change significantly.
Further offshore and in the salinity range of 15-30 (122.25-
122.6°E, 50-90 km), a notable salt wedge appeared near the
isohaline surface of 23, followed by a sharp density front at
the isopycnal surface of 1,015 kg m~3. Large N? values were
concentrated in a narrow band, suggesting that this is the main
front of the Changjiang river plume. The 23-isohaline has also
been noted as an indicator for the main front of the Changjiang
plume in summer in previous work (Xuan et al, 2012). The
stratification associated with this subsurface front effectively
confined resuspended sediments below 5 m, and the decreased
sediment concentrations in the upper layer led to an immediate
increase in in situ PAR as well as a deepening of the euphotic
zone, which is calculated as the depth where the PAR value equals
1% of the surface PAR value, from 2 m to 5-7 m. With high
concentrations of nutrients delivered in the river runoff (ca. 132.3
uM and 1.9 uM for DIN and DIP, respectively, Figure 2I) at
the inshore boundary of this area, together with significantly
improved light conditions, Chl in the surface layer began to
increase and reached 4 jLg L™!. The surface DO values increased
from 200 to 220 uM (Figure 2J), and oxygen saturation increased
from 80 to 95%. At the offshore boundary of this stratified zone,
the DIN concentration had dropped to 44.1 M, while the ratio
of DIN to DIP (DIN/DIP) did not noticeably change (Figure 2J).

Phytoplankton Accumulation at the

Plume Surface Front

In the region between 122.6°E and 122.7°E (90-100 km) where
the 23-isohaline outcropped at the surface (i.e., the surface
front location, Figure 2B), a headwave structure characterized
by downwelling and vertical mixing (Kilcher and Nash, 2010)
was observed. This headwave had a horizontal length scale of
approximately 10 km. The downwelling was reflected by the
depression of the 31-isohaline that represents the base of the
freshwater plume (Lie et al., 2003) from 13 to nearly 20 m.
Downwelling is also clearly observed in the temperature and
density profiles by the depression of isotherms and isopycnals at
the surface front. Such downwelling led to a further decrease in
sediment concentrations in the mid-water column due to a lack of
sediment resuspension (Figure 2F), and within the layer between
5 and 10 m, turbidity decreased from 120 NTU in the stratified

zone to below 100 NTU in the frontal zone, and then increased
slightly further offshore. The decrease in sediment concentration
was followed by a noticeable increase in the euphotic layer depth
to 10 m (Figure 2G). The frontal vertical mixing was reflected
by the signals of high-temperatures (above 21°C, Figure 2A) and
low-salinities (below 32, Figure 2B) reaching the bottom. At the
bottom of the frontal region, the temperature and salinity values
were still greater and lower than those in ambient waters by
0.5°Cand 1.

At this front location, the Chl concentrations at the surface
increased sharply from 4 pg L™! to 10-20 pg L™}, denoting
the existence of phytoplankton blooms. The change in Chl was
accompanied by a rapid increase in the surface DO concentration
from 207 to 270 pM, and an increase in oxygen saturation from
95 to 120%. These signals together indicate active phytoplankton
growth at the front. Within the zone of strong downwelling and
vertical mixing, Chl concentrations above 15 g L~! penetrated
to about 10 m, and Chl concentrations of 2-3 pg L™} were
observed in waters deeper than 15 m.

In addition to the frontal headwave structure, immediately
seaward of the main surface front, a series of pulses featured by
high temperature, low salinity and high CDOM concentrations
were observed in the area from 122.7°E to 122.9°E (100-120 km).
These wave-like features were characterized by a spatial scale of
3-5 km, and caused a 10 m undulation of the plume base. Those
patterns are also clearly visible in the Chl field as indicated by the
pulse-like plunging of surface high-Chl signals. In this area, the
Chl concentrations in the upper 10 m were increased by 10-20
g L™! relative to those of surrounding waters. The undulating
signatures were also imprinted in the surface DO and oxygen
saturation fields. The DO concentration in the zone of 122.6-
122.9°F oscillated between 240 and 290 wM in a wavelike pattern
with a length scale of 3-5 km, and the oxygen saturation in this
area oscillated between 120 and 150% in a similar way.

Spatial Distributions of the Physical and
Biogeochemical Variables During a Spring Tide
Survey

The spatial patterns of hydrographic and biogeochemical
variables re-surveyed on the inshore section of Cl on July 7
were compared to the patterns on July 3 in the same section
(Figure 3). The freshwater fronts in the salinity range of 0-15
had moved considerably seaward on July 7 compared to those
on July 3 (Figures 3A,B), while the location of the TMZ did not
change significantly (Figures 3G,H). On July 7, stratification west
of 122.3°E became weaker (Figure 3D vs. Figure 3C) under the
spring tide associated with stronger mixing, and as a consequence
the sediment concentrations in the upper water column of the
TMZ were much larger compared to those on July 3.

While information of stratification was missing in the
hydrographic distributions on July 7 due to the shallow depth
range covered by the AESS measurements, the light fields
(Figures 3I,)J) showed that irradiance significantly increased
in the upper water column at nearly the same location
(122.2°E) on July 3 and July 7, indicating similar locations
where strong subsurface stratification associated with the main
plume front began to develop. Correspondingly, increases in
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Chl concentrations under improved light conditions during the  stratification was less than that on July 3. On July 7, near
two surveys appeared at similar locations (Figures 3K,L). On  122.5°E the Chl concentration in the surface layer increased
July 7, the Chl increase accompanying the strengthening in  from 2 to 5-10 jug L™!, and there was a downward penetration
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of high Chl concentrations to ~10 m following downward
depression of isotherms (Figure 3B) and isohalines (Figure 3D),
indicating the existence of the surface plume front characterized
by downwelling and vertical mixing. The location of this
front was shifted landward by approximately 20 km relative
to that on July 3.

The North Channel

Coupled Physical-Biogeochemical Processes in the
Well Mixed and Stratified Zones

The  relationships  between  mixing/stratification  and
phytoplankton production were also found on Transect C2
(Figure 4), with some differences from Transect C1. Energetic
vertical mixing indicated by vertically uniform temperatures,
salinities, densities, CDOM concentrations, and low N? below
0.01 s—! (Figures 4A-E) occurred inshore of 122°E (ca. 35 km
from the inshore boundary of C2). As a result, resuspended
sediments penetrated to the surface and created a TMZ on this
transect (Figure 4F), while the turbidity values in the subsurface
layers (150-300 NTU) were less than those in the TMZ of
Transect C1 (300-500 NTU).

The development of stratification started at ~122°E (35 km),
where intrusion of saline water with salinity above 10 was
detected near the bottom, and N? increased above 0.2 s~ !
in the mid-water column. Sediments were confined below the
stratification interface and the surface turbidity was reduced
to 100-150 NTU. The stratification was strengthened between
122.2°E and 122.7°E (60-120 km). The enhanced subsurface
stratification was accompanied by a slight increase in the
penetration of PAR (Figure 4G). Unlike C1, within C2 a
noticeable increase in phytoplankton biomass at the onset of
strong stratification was not observed, and Chl concentrations
remained near 1 pg L™ ! between 122°F and 122.5°E (35-85 km,
Figure 4H). The surface DIN concentration decreased from 103.5
uM at 122.1°E to 70.5 uM at 122.5°E (Figure 41), and the DIP
concentration decreased from 1.40 to 0.29 WM in this zone. The
DIN/DIP value showed only a slight decrease (Figure 4]). There
was no significant change in the surface DO concentration or
oxygen saturation in this area (Figure 4K).

An upwelling feature existed on the western flank of the
submarine valley (i.e., between 122.4 and 123°E, 70-130 km)
indicated by the doming of the isotherm 20.5°C. Seaward of
122.5°E in the upwelling zone, the surface Chl concentration
showed a sharp increase from ~1 to > 20 pg L™ 1. This location
coincided with where vertical mixing developed at the base of the
plume, which spanned from 122.5 to 123°E (85-130 km). The
vertical mixing was identified in the salinity and density fields,
but was most notable in the CDOM profile as reflected by the
penetration of high-CDOM signals into the oceanic water of 15-
25 m. The rapid increase in phytoplankton biomass was followed
by a sharp increase in the surface DO concentration from 200
to 450 LM, and an increase in oxygen saturation from < 100%
to above 200%. Surface DIN concentrations decreased from 70.5
to 22.9 wM, while the DIN/DIP value dramatically changed,
increasing from 58 to 140 in 122.5-122.9°E and then declining
to 55 at 123°E.

The Surface Plume Front and Phytoplankton
Accumulation

On Transect C2, the surface plume front accompanied by
downwelling occurred at 122.9-123.1°E (125-150 km) as
revealed from the hydrography fields (Figures 4A-C), and the
wide horizontal span of the downwelling indicates a more diffuse
front (over 25 km) compared to C1 (10 km). The downwelling
reached a depth of 8 m, carrying high-Chl concentrations (> 10
pg L™1) to this depth (Figure 4H). Deep vertical mixing at the
front was indicated by a depression of isotherms, isohalines and
isopycnals between 25 and 35 m. Large phytoplankton biomass
was present at the surface of the frontal region, where surface
DO concentrations and oxygen saturations reached their maxima
within Transect C2 (450 uM and 250%, respectively), and DIN
concentrations reached their minima (22.9 wM).

Phytoplankton Biomass Influenced by Oceanic Water
Masses

Seaward of 123°E (135 km) on C2, a water mass with high
temperatures and salinities was observed (Figures 4A,B). The
temperature and salinity ranges were 20.5-24.5°C and 33-
34.2, respectively, and resembled the characteristics of Taiwan
Warm Current Surface Water (TWCSW) that originates from a
mixture of Kuroshio surface water and the Taiwan Strait water
that intrudes into the Changjiang Estuary (Tang and Wang,
2004; Zhang et al., 2014). The TWCSW was delineated by the
21°C isotherm from the deeper Taiwan Warm Current Deep
Water (TWCDW) (Figure 4A) originating from the Kuroshio
subsurface water (Zhang et al., 2014). The temperature-salinity
characteristics reveal that the upwelled water in 122.4-123°E
originates from TWCDW (Figure 5). TWCDW is a nutrient-rich
water mass with low nitrate to phosphate (N/P) ratios compared
to the Changjiang plume water (Zhang et al., 2007; Yang et al,,
2013). The DIN/DIP ratio on C2 exceeded 125 between 122.5°
and 122.9°E, and decreased to 54 offshore of 122.9°E where
TWCDW occurred at depth, indicating the role of the TWCDW
entrainment in reducing the DIN/DIP value in plume water.
The alleviation in phosphorous stress corresponded with high
phytoplankton biomass in both the surface and subsurface layers.

The Dispersion and Retention Time of

Plume Water From Drifter Measurements
The five surface drifters were released seaward of the TMZ on C2
(see Figure 4F). Most drifters traveled northeastward (Figure 6),
the typical dispersion path of the Changjiang river plume in
summer. The drift paths can be classified into three groups.
Drifters D3 and D5 drifted northward near the river mouth and
then northeastward, whereas Drifters D1 and D2 initially drifted
southward for 2-3 days and then turned northeast. Drifter D4
moved southeastward to 30°N during the first 10 days and then
moved to northeast under the influence of shelf currents.

The drifter-derived retention times of the Changjiang plume
water west of 124°E, the area of major algal blooms in the
Changjiang river delta (Jiang et al., 2015), were from 5-6 days
when they move directly northeastward (like Drifters D3 and
D5), ~10 days when they drift like Drifters D1 and D2, and
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~18 days if they move southwestward to Hangzhou Bay and then  s~! during ebb tides, varying between 1.0 and 1.7 m s~ 1. Offshore
turn northeast (Drifter D4). For Drifters D1, D2, D3, and D5,  of 122.5°E, the velocity during ebb tides decreased to less than
west of 122.5°E the surface velocity stayed mostly above 1.2 m 0.8 ms™!.
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DISCUSSION

The Relative Importance of Mixing and
Biological Consumption on Cross-Shelf
Nutrient Gradients

On Transect C1, dramatic decreases in nutrient concentrations
were observed in the strongly stratified zone created by the
subsurface plume front (122.2-122.6°E, Figure 2), where DIN
and DIP were reduced by 88.2 and 1.1 M, respectively. This area
is also where phytoplankton biomass was elevated with improved
light conditions under low turbidity. The contribution of
biological consumption to the nutrient reduction was estimated
by the ratio of Chl to C (Chl/C) and the Redfield stoichiometry.
The Chl concentration in this region was 2.0-4.0 pg L7%,
yielding a phytoplankton carbon biomass of 6.0-12.0 pM based
on a Chl/C ratio of 30 for the Changjiang plume water in
summer (Liu et al., 2019). The estimated consumption of DIN
and DIP from the Redfield stoichiometry (106:16:1 for C:N:P)
was, respectively, 0.91-1.81 and 0.06-0.11 wM, much smaller
than the observed reduction in DIN and DIP in this strongly
stratified zone. This indicates that the large nutrient gradient
in this area was not solely created by biological production,
but mostly from mixing between the plume water and oceanic
water, similar to other estuarine plumes (Fisher et al., 1988;
Lohrenz et al, 1999). The variations of DIN with salinity
on C1 (Figure 7A) showed that in the surface salinity range
of 10-25 corresponding to the zone of strong stratification,
DIN concentrations were above the conservative mixing line,
indicating the addition of DIN, possibly from regeneration from
suspended sediments (Figure 7D; Jiang et al., 2020). Nutrient
regeneration, resulting from decomposition of organic debris,
can also be inferred from CDOM that remained above the mixing

line in this salinity range (Figure 7E), as mineralization of organic
matter also produces marine-derived CDOM (Lefevre et al.,
2017). The variation of DIN followed the conservative mixing
line, suggesting that the lateral gradient of DIN was primarily
driven by mixing. The Si(OH)4 concentration (Figure 7B) fell
directly on the conservative mixing line, indicating the stability
of the nutrient-to-salinity ratio over the time period between
the two cruises. The DIN/DIP ratio was constant in this salinity
range (Figure 7C), again suggesting that biological activities
did not dominate nutrient reductions. These results further
suggest that the improved light field with reduced turbidity
cannot immediately promote phytoplankton production and
algal blooms, as time is required for phytoplankton growth
and accumulation.

On Transect C2, within the salinity range of 0-17
corresponding to the sampling area of 121.7-122.5°E, the
variation of DIN (Figure 8A) and Si(OH); (Figure 8B)
concentrations with salinity fell onto the conservative mixing
line, indicating that the nutrient reduction in this zone was
mainly a result of physical mixing; the noticeable reduction of
DIN/DIP in the salinity range of 3-15 from 74 (at station 10)
to 58 (at station 11) (Figure 8C) suggests the role of upwelling
(see Figure 4) in supplying phosphate into the plume water. In
the salinity range of 20-25 (corresponding to station 12 and 13
that are still in the upwelling region), the DIN concentrations fell
below the conservative mixing line, accompanied by a dramatic
increase in the DIN/DIP value. This indicates the initialization
of primary productivity by the combined effects of upwelling
and vertical mixing, and the active biological activities could
accelerate the utilization of DIP, although phosphate can be
supplied from the upwelled water (Tseng et al., 2014). This
salinity range does not exactly correspond to the range where
the maximum Chl concentrations were observed (Figure 8D),
possibly due to the fact that the station sampling for nutrients
were conducted after the AESS measurements for the entire C2
transect were completed, and there was temporal and spatial
variation of phytoplankton distribution related to the plume
dispersion. At station 14 the DIN/DIP value dropped to 54,
suggesting that the phytoplankton accumulation in this area
(Figure 4H) was mainly a result of physical processes such as
frontal convergence rather than active algal growth.

Convergence at the Main Plume Front
and Its Impact on Algal Biomass

On Cl1, a sudden increase in Chl concentrations to 10-20 g
L~ ! was observed at the front location near 122.6°E (Figure 2H).
The observed downwelling and vertical mixing was a result of
convergence at the front as found for other river plumes (e.g.,
O’Donnell et al., 1998; Bai et al., 2015). Drifter D1, the trajectory
of which was close to Transect C1 between 122.3 and 122.7°E,
drifted from the inner boundary of the stratified zone (~122.3°E)
to the surface plume front (~122.6°E) over 6-7 h during ebb tides
and remained there for 5 h with velocities < 0.3 m s~!; thereafter
the drifter moved continuously and rapidly (Figure 6A). This
suggests the existence of convergence at the surface front that
caused mass trapping and phytoplankton accumulation. On
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(A) and in 122.5-122.6°E (C) which indicate surface flow convergence.
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the other hand, downwelling arising from surface convergence
increased the light penetration by 5 m (Figure 2G), which could
enhance phytoplankton growth and contribute to the increased
algal biomass (Smith and DeMaster, 1996) near the surface front.
Long retention times under low velocities were also observed for
Drifters D2, D3, and D5 near 122.5°E (Figure 6). In particular,
the trajectory of D3 was close to Transect C2. The lingering of
D3 for 8 h near 122.55°E indicates convergence associated with
the plume surface front. While this front did not appear from
the AESS measurements on C2 (Figure 4B), vertical mixing at
the base of the plume was noted here (Figures 4B,C,E), which
was possibly resulted from internal waves generated from the
main plume front once exiting this area (see section “ Potential
Role of Internal Waves on the Retention Time of Phytoplankton
and Algal Bloom”). It is noted that seaward of the surface
front of C2 where the Chl concentration increased to above 10
ng L-1 (Figure 7F), the nitrate concentration (Figure 7A) fell
below the conservative mixing line, indicating the role of surface
front and phytoplankton bloom in genenrating the horizontal
nutrient gradient.

Potential Role of Internal Waves on the
Retention Time of Phytoplankton and
Algal Bloom

On Transect Cl, wave-like features were found seaward of
the surface front of the Changjiang plume, together with

the undulations of surface Chl concentrations and DO levels.
Generation of internal waves by river plume fronts have been
observed in other systems, such as the Columbia River (e.g.,
Nash and Moum, 2005; Kilcher and Nash, 2010), though the
role of the plume-generated internal waves in phytoplankton
production has not been extensively studied. These waves
propagate toward the seaward side of the front and occur more
frequently under upwelling favorable conditions than during
downwelling (Jay et al., 2009). The wave-like signatures seaward
of the surface front on C1 could be the manifestation of plume-
front generated internal waves. The southerly winds in the

TABLE 1 | Values of the parameters used to calculate the Froude number Fr on
different sections of Transect C1 and C2.

c1 c2
Inshore of Offshore of Inshore of Offshore of
122.5°E 122.5°E 122.5°E 122.5°E
ulms™1 1.2 0.7 1.3 0.7
Ap kg m~3] 10 102 15 5-102
hm] 5 10° 4 10-15P
Fr 1.7 0.7 1.7 0.6-1.0

aAp s the difference in density above and below the plume base. Ph is the plume
thickness.
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Changjiang Estuary in summer are upwelling favorable and thus
favor the generation of such waves.

Pan and Jay (2008) suggested that internal waves can remove
up to 75% of the total energy of the Columbia River plume
front, and change the flows in the plume from a supercritical,
energetic state to a subcritical, less energetic state. Drifters
D1, D2, D3 and D5 all showed dramatic reductions in the
plume speed seaward of 122.5°E (Figure 6), where the ebb tidal
velocity dropped from 1.2-1.7 m s~! to below 0.9 m s~!. On
Transect C1, the area seaward of 122.5°E, which was the surface
front location, coincided with where wave-like features appeared
(Figure 2B). On C2, there were no wave-like patterns observed
near the main front, but there was a zone between 122.5 and
122.9°E characterized by significant vertical mixing, which was
possibly induced by waves passing through the area before the
measurements were completed.

To investigate if the wave-like patterns and mixing features
are related to the front-generated internal waves, we combined
the drifter and hydrographic data to estimate the change in the
flow state. Drifter D1 passed around the section between 122.3
and 122.8°E of Transect C1, and Drifter D3 passed around the
section between 122.2 and 122.7°E of Transect C2. Though the

passage of drifters and the AESS measurements did not occur on
the same day, it has been found that the surface front location
at different time (July 3 and 7) under different discharge and
tidal conditions were only shifted by 20 km, indicating that
the hydrographic distributions do not change significantly over
time. This allows us to use the velocity of Drifter D1 and D3,
together with the thickness of the plume and the vertical density
difference derived from the AESS measurements to estimate
the change of Fr from inshore of the surface front to seaward
of the front where internal waves were released, in order to
determine if there was a transition of flow state related to energy
removal by internal waves. The parameters used to calculate
Fr in different sections of Transect Cl and C2 are listed in
Table 1. For Transect Cl, inshore of 122.5°E where the surface
front in located, Fr was ~1.7, indicating that the flow was in
a supercritical state. Seaward of the front to 122.8°E where
wave features were observed, Fr dropped to 0.7. These results
indicate that the observed wave signals were front-generated
internal waves that transitioned the flow from supercritical to
subcritical state. On Transect C2, inshore of 122.5°E where
noticeable vertical mixing appeared, the estimated Fr was also
~1.7, indicative of supercritical flows. Seaward of 122.5°E the

mixing zone stratified zone

upwelling

FIGURE 9 | Schematic diagram of the multi-scale physical controls on the phytoplankton biomass and associated biogeochemical processes in the Changjiang
Estuary and adjacent coastal area. The green dots represent phytoplankton, and brown dots denote sediment particles. The blue thick arrow represents river inflow,
and the orange thick arrows represent currents. The yellow thin line illustrates the euphotic layer depth. The curled arrows denote vertical mixing. The ecosystem
production is initialized by the development of subsurface stratification related to the main plume front seaward of the TMZ, while significant increase in
phytoplankton biomass does not occur in this area since algal growth needs time. Phytoplankton blooms appear at the outcrop location of the main front due to
mass convergence that increases the phytoplankton retention time and downwelling that enhances light penetration. Front-released internal waves can possibly
induce phytoplankton blooms by transitioning the plume currents from supercritical to subcritical, thus increasing the phytoplankton retention, and by promoting
vertical mixing that can entrain nutrients from the upwelled oceanic waters into the surface layer.

internal waves
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flow speed decreased to around 0.7 m s~!, and Fr dropped to
0.6-1, suggesting the flow had changed to subcritical state, again
indicating the role of internal waves in releasing energy from
the plume currents. The appearance of vertical mixing between
122.5 and 122.9°E could be a footprint of the internal waves
affecting this area, and the wide and diffusive surface front on
C2 can be another consequence of internal waves that released
energy from the front, as found by Jay et al. (2009) for the
Columbia River plume.

On CI, the area dominated by waves coincided with the
highest surface Chl concentration on the transect, and we believe
that the enhanced biomass resulted from increased retention
times of phytoplankton due to reduced plume momentum by
internal waves. In addition, vertical mixing from internal waves
can entrain nutrients from depth where relatively high nitrate
concentrations (10.7 wM) are found at 40 m (Jiang et al., 2020).
On C2, upwelling existed in the zone between 122.4 and 123°E,
but phytoplankton blooms did not occur until vertical mixing
occurred at 122.5°E. This suggests that the vertical mixing from
internal waves can supply additional nutrients from the upwelled
TWCDW which in turn alleviates phosphorous stress. While
upwelling has been widely recognized as an important physical
means to stimulate phytoplankton growth in the Changjiang
Estuary (Pei et al., 2009; Tseng et al., 2014; Liu and Gan, 2015),
the role of smaller-scale features such as internal waves should
not be ignored since they may be the factor that actually entrain
nutrients from the upwelled water into the surface layer and
define the onset location of the bloom area.

Temporal Variation of the Physical and
Biogeochemical Controls on

Phytoplankton Growth and Accumulation
The freshwater fronts in the salinity range of 0-15 had moved
considerably seaward on July 7 compared to that on July 3
(Figure 3), which can be associated with two factors. First, the
region between 122 and 122.25°E was surveyed during flood tides
on July 3, while on July 7, this area first experienced ebb tides
and then flood tides. Second, the freshwater discharge had been
increasing during our cruise from ~56,000 m s~ on July 3 to
~69,000 m s~% on July 7, thus driving the freshwater further
from the river mouth. On July 7, turbidity in the upper layer
of the TMZ was much greater than that on July 3. This likely
resulted from the spring and ebb tides during the survey on
July 7 generating stronger mixing and bringing more suspended
sediments into the upper layers (Wu et al., 2012).

On July 7 the Chl increase accompanying the strengthening
in stratification was less than that on July 3, which we believe
was a consequence of stronger ebb currents under the spring
tide as well as larger freshwater discharge that caused greater
advection of phytoplankton offshore. The outcropping location
of this main front was shifted landward by approximately 20 km
relative to that on July 3, and the discrepancy in location is
related to the different plume spreading rates under different tidal
phases. Overall, while the locations of physical processes might
change under different environmental conditions at different
times (in fact the mixing and stratification regions were quite
similar between July 3 and 7), the tight coupling between physical

and biogeochemical processes, such as sediment suspension, light
availability, and phytoplankton growth and distributions, was
robust over time, suggesting the possibility of using physical
parameters associated with the river plume to define and predict
estuarine biogeochemical zones in the future.

CONCLUSION

Based on synoptic high-resolution measurements of physical
and biological variables in the Changjiang Estuary and the
adjacent coastal ocean, we demonstrate that spatial variation
of phytoplankton biomass in an estuary is driven by a variety
of dynamical processes on different scales associated with the
river plume. These processes determine phytoplankton standing
stocks by influencing irradiance availability, retention times and
surface mass convergence, and nutrient concentrations. Multiple
physical controls on biological processes in the Changjiang
Estuary occur on varying time and space scales (Figure 9). Rapid
development of strong subsurface stratification related to the
main plume front is crucial for the initialization of phytoplankton
biomass by reducing sediment suspension and improving light
availability. While large nutrient gradients are observed in
this strongly stratified zone, the biological removal makes a
limited contribution to the nutrient gradients in this area, and
reduction in nutrients is primarily driven by conservative mixing
between fresh and saline waters. Phytoplankton blooms first
appeared near the surface front of the plume, where the frontal
convergence can cause phytoplankton accumulation and frontal
downwelling can increase the light penetration depth. High
phytoplankton biomass indicating algal growth also occurred in
areas characterized by wave-like features or noticeable vertical
mixing, resulting from front-generated internal waves that
enhance phytoplankton biomass by retaining algae in the local
area via flow energy release and/or by enhanced vertical nutrient
exchange from regenerated nutrients in deep layers or from
upwelled oceanic waters.

This study also suggests that while improved light conditions
under reduced turbidity, upwelling and intrusion of an
oceanic water mass with elevated nutrients all contribute to
phytoplankton blooms, the small-scale features, such as frontal
convergence and waves, determine their onset location. These
findings may apply to other partially mixed and salt-wedge
estuaries with strong freshwater fronts, such as the Amazon River,
the Columbia River, and the Mississippi River Estuary, where
the coupled physical-biological processes on small scale have less
been investigated. These processes need to be assessed to fully
understand the generation mechanisms and temporal evolution
of phytoplankton blooms in the lower estuary and nearby coastal
regions, and greater attention needs to be given to sub-mesoscale
processes operating in estuaries.
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