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Riverine nutrients act in concert with local hydrographic conditions to create distinct
ecological niches for phytoplankton communities across river-ocean continuums. Here
we compare two of the world’s largest river-ocean systems, the Amazon River Plume
(ARP) which outflows into the Western Tropical North Atlantic and the Changjiang Diluted
Water (CDW) which empties into the East China Sea to show how distinctly different N:
P supply ratios of their source waters, shape phytoplankton communities along the
river-ocean continuum. Sampling in the relatively unpolluted surface waters of the ARP
during peak river discharge revealed that phytoplankton communities along the river-
ocean continuum were strongly limited by Dissolved Inorganic Nitrogen (DIN, nitrate plus
nitrite) which was low or beyond detectable, while Dissolved Inorganic Phosphorous
(DIP, phosphate) and Silica were not limiting. The resulting low N:P supply ratio allowed
diazotrophs to co-exist with non-diazotrophs. Diatom-Diazotroph Associations (DDAs)
such as Hemiaulus hauckii-Richelia proliferated, while in the oligotrophic oceanic waters,
Trichodesmium spp. thrived. In contrast, in the CDW, anthropogenic nitrogen inputs
from human pressures in the Changjiang River system has led to a system where
the changing supply rate of the single nutrient (DIP) is responsible for the interannual
variability seen in the phytoplankton community structure of the CDW. During years
of low discharge, DIP limitation can be ameliorated by on-shelf upwelling of DIP rich
Kuroshio Intermediate Waters leading to domination of diatoms and dinoflagellates.
Conversely, during years of heavy discharge, the westward flowing CDW plume was
severely DIP limited, probably because water column stratification dampened upwelling
of subsurface waters. The consequent DIP limitation led to the proliferation of small
phytoplankton such as Chlorophytes and Cyanobacteria. The absence of diazotrophs
in the CDW, leads us to hypothesize that river-ocean continuums, whose source waters
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are heavily impacted by anthropogenic activities and with high nitrate concentrations
often substantially in excess of Redfield ratios, may not support diatoms offshore on
account of DIP limitation nor diazotrophy because of excess DIN.

Keywords: Amazon River Plume, Changjiang River Diluted Water, East China Sea, resource competition, nutrient
stoichiometry, phytoplankton communities, diazotrophy

INTRODUCTION

Rivers are the primary conduit transporting weathered, leached,
and human-derived material from land to the oceans (Sharples
et al., 2017). In addition to carbon, rivers export nitrogen,
phosphorus and silica which are the key potentially limiting
nutrients required for phytoplankton growth. Thus riverine
nutrients can not only augment primary productivity but also
contribute to regulating the long-term biological productivity of
the ocean and hence ocean carbon storage (Jickells et al., 2017).
Several studies show that anthropogenic disturbance of river
nutrient loads and export to coastal and ocean marine systems
has increased, creating a global problem affecting water quality,
and biodiversity (Bouwman et al., 2005). Increasing inputs of
nitrogen and phosphorous from human activity, predominantly
from land-based activities, now have the potential to modify
oceanic, and even global, biogeochemical systems. The total
river input of nitrogen and phosphorous to the coastal seas
has approximately doubled over the last few hundred years
(Seitzinger et al., 2010; Beusen et al., 2016; Jickells et al., 2017).
Nitrogen inputs are a consequence of urbanization, sanitation,
development of sewerage systems, and lagging wastewater
treatment, as well as increasing food production and associated
inputs of N fertilizer, animal manure, atmospheric N deposition,
and biological N fixation in agricultural systems. P has increased
through the use of rock phosphate as fertilizer, detergent
additives, animal feed supplements etc. (Seitzinger et al., 2010).
Sharples et al. (2017) calculated that globally 75 and 80%
Dissolved Inorganic Nitrogen (DIN) and Dissolved Inorganic
Phosphate (DIP) respectively, reaches the open ocean although
these are considered as the upper limits as estuarine processes
were ignored in the study. However, there is a significant and
systematic spatial variability in supply materials to the open
ocean as well as the amount and kinds of nutrients supplied.
Sharples et al. (2017) reported that the proportion of nutrients
reaching the open ocean, from tropical and subtropical rivers
tend to be the most important for nutrient delivery because
the weak Coriolis force allows direct across-shelf movement of
river plumes unlike in temperate and polar regions, where the
Coriolis force moves freshwater flows along the shelf (Jickells
et al., 2017). Hence low latitude rivers such as the Amazon, and
the rivers in Southeast Asia including the Changjiang River are
major sources of nutrients for the oceans or seas into which they
discharge.

As nutrient loads change, so does the stoichiometry of the
coastal and open ocean waters resulting mostly in increasing N:P
supply ratios and consequent variations in algal communities
(Glibert et al., 2014). There has been a large body of work
(Anderson et al., 2002; Heisler et al., 2008; Glibert et al., 2010)

on eutrophication which report that inland and coastal waters
are witnessing increased algal growth and development of high
biomass blooms as well as changes in species diversity from
increased riverine nutrient loads. However, only a few studies
document changes in regions of the open ocean where riverine
nutrients are exported and which can influence phytoplankton
biodiversity and productivity.

Here we compare two widely disparate river-ocean
continuums, the tropical Amazon River Plume (ARP) which
outflows into the Western Tropical North Atlantic and the
Changjiang Diluted Water (CDW), the plume of low salinity
water from the Changjiang River which extends across East
China Sea (ECS).

Comparison of the Amazon River and the
Changjiang River Continuums
The magnitude of discharge (120,000 m3 s−1) from the Amazon
River is unique in the global oceans; the Amazon River discharges
as much freshwater as the next 8 largest rivers in the world
combined (Coles et al., 2013). This tremendous volume of
freshwater forms a very dynamic and extensive surface plume that
protrudes well offshore into the WNTA (Figure 1a). Because the
Amazon discharges at the equator and on the western boundary
of the ocean, its waters are entrained in energetic boundary
currents associated with the North Brazil Current, the North
Equatorial Counter Current, and the coastal Guyana Current
(Figure 1a; Coles et al., 2013). These currents have strong
seasonal variations in response to the atmospheric Intertropical
Convergence Zone (ITCZ) which is located in the southern
position in winter, and northern in summer. Thus, during
the winter and spring months, the plume follows the North
Brazil Current along the northeastern coast of South America,
carrying low salinity water to the Caribbean and in summer
and fall, it retroflects to the east, entrained in the North
Equatorial Counter Current (Muller-Karger et al., 1988; Coles
et al., 2013; Weber et al., 2017). The discharge, introduces
tremendous quantities of nutrient-rich water to the Western
Tropical North Atlantic, with nutrients being mostly plant
derived as it traverses for over 6000 km from the Andes in
Peru to the Atlantic Ocean, and covers a watershed that includes
the largest tropical rainforest in the world as well as areas of
dry grassland, or savannah (Del Vecchio and Subramaniam,
2004).

The Changjiang River, the third largest in the world and the
largest outflowing river in China (Yan et al., 2010) discharges
into the ECS, one of the world’s largest marginal seas (Figure 1b)
with 70% of its area characterized by a continental shelf slope
shallower than 200 m. The freshwater discharge and total
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FIGURE 1 | (a) Cruise track of R/V Knorr cruise KN197-8 in May-June 2010 showing CTD stations occupied and underway sampling track overlaid on a map of
model (1/6◦ HYCOM) derived salinity distribution. Currents according to Coles et al. (2013) are North Brazil Current (NBC), Guyana Current (GC), and North
Equatorial Counter Current (NECC) (b) Sampling locations during four cruises in July (2009 to 2011 and 2013) in the mid-shelf East China Sea overlaid on a map of
model (Japan Coastal Ocean Prediction Experiment) derived surface salinity distribution. Solid lines indicate the Kuroshio Current, the Changjiang Diluted Water
(CDW), the Taiwan Warm Current (TWC), and Yellow Sea Coastal Water (YSCW). Dashed lines indicate two Kuroshio intrusions one into the northeast of Taiwan and
the other into the southwest of Kyushu.

suspended matter from the Changjiang River spreads over the
entire shelf (Sukigara et al., 2017), accounting for 90–95% of the
total riverine input into the ECS (Zhang et al., 2007). Heaviest
discharge is in summer in association with the monsoons with
its buoyant plume, known as CDW, spreading eastward over
the ECS over an area ca. 85×103 km2 (Zhang et al., 2007). In
winter when discharge is lower, the northerly monsoonal winds
prevail over the ECS and the Changjiang discharge is restricted
to the western side of the ECS with waters moving southward
and forming a narrow belt along the coast of China and toward
the Taiwan Strait (Figure 1; Zhang et al., 2007). Anthropogenic
activities appear to be the principal driver of the high DIN and
DIP in the coastal environment of the Changjiang River (Zhang
et al., 2007) with DIN inputs having increased almost 4-fold
from 1970 to 2003 (Yan et al., 2010). In contrast, the Yellow Sea
Coastal water flowing from the north, provides only marginal
amounts of DIP and DIN (Zhang et al., 2007). High levels
of nutrients from land sources brought in by the Changjiang
are usually constrained to coastal and inner-shelf regions with
nutrient species in surface waters gradually decreasing from
eutrophic coastal to oligotrophic open shelf waters depending
on the hydrographic stages of the river (Chen, 2008). Highest
nitrate concentrations are found near the Changjiang estuary
with DIN concentrations often exceeding 50 µM and DIP
concentrations >1 µM (Zhang et al., 2007) and in some cases
N:P ratios exceeding 100 (Chen and Wang, 1999). However, large
phytoplankton blooms primarily of diatoms and dinoflagellates

rapidly consume the DIP which is reduced to below 0. 2 µM
while DIN is still higher than 1 µM (Chen, 2008) making DIP
a limiting nutrient in the shelf waters of the ECS as well as in
the mid-shelf and offshore region (Wang and Wang, 2007). Off
the shelf break, the northward intrusion of the nutrient-rich,
sub-surface Kuroshio waters into the ECS at 50-100m depth also
affects the nutrient regime of the ECS (Figure 1b). These waters
can upwell in summer when winds are favorable (Zhang et al.,
2007) alleviating the severe P limitation at least in the ECS shelf
region (Yang et al., 2012; Yang et al., 2013; Tseng et al., 2014)
Relative to shelf waters, the Kuroshio intrusion waters are high
in DIN and DIP (Zhang et al., 2007) providing a much required
DIP source to phytoplankton in the euphotic layer.

Compared to the Changjiang River which flows through
highly industrialized regions (Beusen et al., 2016) where riverine
N and P have increased tremendously, the Amazon river delivers
relatively low anthropogenic inorganic nitrogen because of both
less intensive catchment agriculture and dilution of nitrogen
inputs by the high river flow (Jickells et al., 2017). The nitrate
in this source water exists at sub-Redfield ratios, and hence is
quickly drawn down by blooms of coastal diatoms that benefit
from the DIP and Si-rich water (Stukel et al., 2014). This leaves
a plume that extends more than 3000 km from the river mouth
(Hu et al., 2004) which is nitrogen-poor but both Si and DIP rich.
DIP and Si exhibit patterns that suggest near conservative mixing
between high nutrient river water and oligotrophic oceanic water.
Additional inputs of DIP from particle leaching both in the
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estuary and offshore contribute to the low N:P ratios (DeMaster,
1996) establishing nitrogen limitation early in the life of the
plume and propagated offshore (Weber et al., 2017). As the plume
extends from the river mouth, it spreads as a thin cap well
beyond the river mouth, leading to surface stratification that can
impede nutrient inputs and strongly influence the structure of the
phytoplankton communities.

While a considerable effort has been made to study the
relative impacts of nutrients, physical forcing, and grazing on
the phytoplankton niche communities along the Amazon river
continuum (Subramaniam et al., 2008; Goes et al., 2014; Stukel
et al., 2014; Conroy et al., 2016; Conroy et al., 2017; Weber
et al., 2017)., there is sparse information on how the CDW
influences the phytoplankton community structure of the ECS.
Extensive studies have focused on the nutrient contribution of
the Changjiang outflow to the river-ocean continuum as well
as the role of sub-surface nutrient rich Kuroshio waters (Zhang
et al., 2007; Chen, 2008 and references within) in modulating
the nutrient regime of the ECS while others have focused
either on the phytoplankton communities of the nearshore
Changjiang estuary (Li et al., 2009; Guo et al., 2014) or of
the Kuroshio influenced region (Jiao et al., 2005). Our recent
study (Xu et al., 2018) improves the situation by examining
the phytoplankton community structure in the ECS during
the summers of 3 consecutive years from 2009 to 2011 as
well in 2013 clearly demonstrating the interannual variability
of phytoplankton communities of the ECS associated with
variations in the Changjiang River discharge and its spread
eastward.

In this study we compare these two highly disparate river-
ocean continuums to show that variability in the stoichiometry
of their waters supports two distinct gradients of phytoplankton
communities as the plumes move offshore from nutrient-rich
coastal waters to offshore oligotrophic regions.

MATERIALS AND METHODS

Sampling and Hydrographic Properties
ARP
In order to investigate the system of phytoplankton communities
as they adapt to nutrient limitation and changing N:P ratios
we undertook 3 cruises in the ARP (Coles et al., 2013; Goes
et al., 2014; Stukel et al., 2014; Weber et al., 2017). This paper
describes the findings of the first cruise on board the R/V Knorr
from 22nd May to 25th June, 2010 when the discharge was at its
maximum.

For a detailed description of the sampling strategies and
methods, the reader is directed to Goes et al. (2014) and Weber
et al. (2017). Briefly, a total of 25 stations were occupied along
a cruise track (Figure 1a) which traversed the plume four times
and extended well offshore to provide contrast with waters
within the plume (Weber et al., 2017). Samples were collected
with Niskin R© bottles attached to a Conductivity-Temperature-
Depth (CTD) Sea-Bird Electronics R© Rosette from 4 depths
within the euphotic zone determined from in-water profiles of
photosynthetically available radiation (PAR) using a Biospherical

Instruments R© in-water quantum scalar radiometer (Goes et al.,
2014). Additionally, surface samples were collected at hourly
intervals along the cruise track from the ship’s uncontaminated
seawater flow-through system, filtered and stored in the same
manner as the hydrocast samples. While, samples were also
collected from the deep chlorophyll maximum (DCM) and from
below the euphotic depth, in this paper we only discuss data from
surface samples and information on depth profiles is available
in Goes et al. (2014). A highly refined phytoplankton structure
of surface waters was obtained using microscopically determined
phytoplankton species (Goes et al., 2014) while in this paper some
pigment derived phytoplankton classes have also been added.

ECS
All studies were conducted on board the T/V Nagasaki Maru
in late July of each year (Figure 1b). Sampling locations were
confined to the ECS, in an area extending from 124.6 to 128.8oE
and from 31.4 to 33.0oN. This allowed a better understanding
of how phytoplankton composition in the mid-shelf ECS can be
impacted by variations in the mixing of different water masses, in
particular the flow and the extent of mixing of the CDW and the
Kuroshio with their different nutrient contents. A more thorough
and detailed description on the methods is available in Xu et al.
(2018). Briefly, a CTD was used to obtain profiles of seawater
Temperature (T) and Salinity (S) of the upper 80 m. Seawater
samples from the surface were collected using an acid washed
bucket and analyzed for pigments, and nutrients (DIN and DIP).
Nutrient samples were immediately frozen in polyethylene tubes
after sampling and transferred under frozen conditions to the
shore laboratory for analysis using an Auto-analyzer (AACS-IV,
BLTEC).

High Pressure Liquid Chromatography
(HPLC) Pigment Analysis and CHEMTAX
ARP
Total phytoplankton biomass was collected by gently filtering
1–2.5L surface seawater onto 47-mm GF/F filters, which were
frozen in liquid nitrogen at sea and transported to shore for
analysis by HPLC. Acetone extracted phytoplankton pigments
were separated and characterized by methods described
in Van Heukelem and Thomas (2001) and Hooker et al.
(2005). Currently this method is recognized as one of the
most efficient and reliable methods to analyze algal pigments
(Serive et al., 2017). HPLC provided separation of almost
15 pigments including the primary pigment, Chlorophyll
a (Chl a) and a suite of accessory pigments (carotenoids
and chlorophylls) many of which are specific to individual
phytoplankton taxa or groups (Mackey et al., 1996; Vidussi
et al., 2001; Wright, 2005; Wright and Jeffrey, 2006) and can
be used to categorize phytoplankton classes such as diatoms,
dinoflagellates, prochlorophytes etc. This was undertaken
using CHEMTAX, a free statistical software program that
estimates algal class abundances from pigment markers by
applying an iterative process to find the optimal ratio of
biomarker pigment: Chl a (Mackey et al., 1996; Higgins
et al., 2011) and then generates the fraction of the total Chl a
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pool belonging to each pigment-determined group (Mackey
et al., 1996). Accurate estimates necessitate that the initial or
seed ratios be close to those of the phytoplankton populations
that are being assessed (Latasa, 2007; Swan et al., 2016). As
this constitutes the first report on pigment based phytoplankton
distribution of the Amazon plume continuum we do not have
pigment ratios exclusively for this region and have relied on the
extensive and recently published synthesis of culture and field
pigment ratios for major algal groups (Table 1; Higgins et al.,
2011). These ratios have been used by Swan et al. (2016) for
their global analysis and by others for select regions (Armbrecht
et al., 2015; Barlow et al., 2016). However, we were also guided in
our choice of ratios by microscopy data detailed in our earlier
paper (Goes et al., 2014) and the extensive taxonomic report
of Wood (1966) for the ARP. Another a priori assumption
required for effective CHEMTAX analysis is that the accessory
pigment-to-chla ratios should be constant across the data subset
under consideration i.e., the phytoplankton community must be
relatively homogeneous (Swan et al., 2016). We have minimized
this problem by clustering the data into subsets of pigment ratios
with similarities (Dandonneau and Niang, 2007; Torrecilla et al.,
2011; Wolf et al., 2014) using the statistical package PRIMER
(ver. 6.1.13) on log(X + 1) transformed pigment to Chl a ratios
from the upper 5m. Considering only linkage distances greater
than 50%, our pigment ratios separated into 3 clusters (Bray
Curtis similarity index) which comprised of samples from similar
salinity ranges as well as coincided with the water types proposed
by Goes et al. (2014) based on fluorescence data. Cluster 1
(salinity > 35) comprised mostly open ocean samples, Cluster
2 was made up of mesohaline samples in the extension of the
plume (salinity 30–35), and cluster 3 were samples in the plume
(salinity < 30). Each data cluster was assumed to be made up of
samples of similar phytoplankton populations and CHEMTAX
was run separately on each cluster.

The initial ratios or ‘true’ pigment ratios (Table 1; Higgins
et al., 2011) were used to generate about 30 ‘artificial’ ratios
within a certain range (S. Wright, personal comm.). CHEMTAX
was applied to each cluster using these initial 30 matrices.

CHEMTAX quantitatively estimates the contribution of algal taxa
by iteratively modifying the user-specified Pigment:Chla ratios
using a “steepest descent” algorithm to successively reduce the
amount of unexplained pigment measured as the RMS of the
residuals. The output of the matrix with the smallest RMS error
was used to create 30 more matrices. However, prior to selecting
this matrix, the ratios were plotted to see that they had stabilized
as RMS decreased. When the RMS and the Pigment:Chla ratios
had stabilized, the matrices associated with the 6 best RMS
were averaged. This ‘best’ matrix was then compared to the
initial matrix to see if the ratios had deviated in which case
the matrix was discarded. This procedure was repeated until we
were confident that the RMSE was low but more importantly,
that the pigment ratios had converged to within known ranges.
The output (phytoplankton classes) from the 6 best RMS
were averaged to provide the final phytoplankton classes for
that cluster (Final Ratios in Table 1). Prochlorococcus sp. was
quantified exclusively by its unambiguous divinyl Chlorophyll a
(DVChla) signature (Chisholm et al., 1992; Swan et al., 2016) and
was not included in the CHEMTAX analysis.

ECS
Pigment analysis of samples collected in the ECS was undertaken
as described in Section 2.1.2 and (Xu et al., 2018). Initial
pigment ratios were from (Furuya et al., 2003) and are based
on earlier pigment studies in the ECS. CHEMTAX was run as
described in Section ARP. Initial and Final Ratios are shown in
Xu et al. (2018). For accuracy, (see Section ARP) CHEMTAX
was run on surface datasets of 2009, 2010, 2011, and 2013
separately.

Phytoplankton Taxonomy
ARP

Details of sample collection and processing for phytoplankton
taxonomy are in Goes et al. (2014). Briefly, phytoplankton cells
were filtered onto 8 µm pore size, 47 mm diameter Nuclepore R©

filters and examined under an epifluorescence microscope
(Carpenter et al., 1999), and enumerated within 24 h.

TABLE 1 | Initial pigment: Chl a ratios entered into the CHEMTAX program are from Higgins et al. (2011), Swan et al. (2016) and Wright, S. (personal comm.), and Final
ratios are the output after completion of CHEMTAX runs.

Phytoplankton
Class

Chl c3 Chl c1 Peridinin ButFuc Fucox Prasinox Violax Hex-fuco Zea Allox Chl b Chl a

INTIAL RATIOS

Prasinophytes-2 0 0 0 0 0 0 0.049 0 0.032 0 0.32 1

Cyyptophytes 0 0 0 0 0 0 0 0 0 0.38 0 1

Haptophytes 0.18404 0 0 0.00632 0.35 0 0 0.5 0 0 0 1

FINAL RATIOS

Phytoplankton
Class

Chl c3 Chl c1 Peridinin ButFuc Fucox Prasinox Violax Hex-fuco Zea Allox Chl b Chl a

Prasinophytes-2 0 0 0 0 0 0.174 0.01747 0 0.01988 0 0.15524 1

Cyyptophytes 0 0 0 0 0 0 0 0 0 0.26514 0 1

Haptophytes 0.28286 0 0 0.23239 0.22161 0 0 0.82225 0 0 0 1

These ratios are for analysis of pigments from the ARP while similar ratios for the ECS can be found in Xu et al. (2018). Pigment abbreviations are Chlorophyll c3 and
c1 (Chl c3, c1), Chlorophyll b (Chl b), Chlorophyll a (Chl a), 19’butanoyloxyfucoxanthin (ButFuc), Fucoxanthin (Fucox), Prasinoxanthin (Prasinox), Violaxanthin (Violax),
19’hexanoyloxyfucoxanthin (Hex-fuco), Zeaxanthin (Zea), and Alloxanthin (Allox).
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ECS
Taxonomy was solely based on pigments and no microscopy was
undertaken.

RESULTS

ARP
The trajectory of the ARP is clearly defined by its salinity
gradient (Figures 1a, 2a) as it traveled northward in narrow
coastal band, broadening and dispersing off the continental shelf
at around 8oN. Salinities < 35 were evident as far north as
18oN and west of 47oW (Figure 2a). Based on high frequency
fluorescence data we previously delineated three water types
along the plume continuum (Goes et al., 2014), which are
coincident with the salinity based demarcations of Subramaniam
et al. (2008). These water types include an oceanic type of high
salinity (salinity > 35), a mesohaline type with salinities from
30-35, and plume waters with salinity < 30.

The ARP clearly influenced the nutrient (DIN, DIP, and SiO3)
concentrations of the otherwise oligotrophic Western Tropical
North Atlantic. DIN was almost depleted from the waters by large
coastal blooms (Goes et al., 2014; Figure 2b) and concentrations
ranging from 0.1–1.5 µM were found at only 9 locations, 6 of
them in the plume. The highest value of 1.5 µM was at 6oN
(Figure 2b) where depth profiles indicated an upward flux of
the nutrient from deeper depths (see vertical profile in Figure 4e
of Goes et al., 2014). In contrast, higher concentrations of DIP
(Figure 2c) and SiO3 (Figure 2d) were measured in the plume
than in the surrounding waters indicating riverine influence.
Although DIP distribution followed the conservative mixing line
at least below 9oN, north of this, there were strong positive
deviations along the axis of the plume (Goes et al., 2014; Weber

et al., 2017) which have been ascribed to the release of DIP
from suspended particles and dissolved organic matter (Goes
et al., 2014; Weber et al., 2017). N:P ratios of surface waters
were mostly negative indicating severe nitrogen limitation. This
is best illustrated using the diagnostic parameter Excess Nitrate
(ExN), which measures departure from classic Redfield ratios
and is calculated as ExN = DIN–(R∗DIP) (R = Redfield N:P
ratio of 16 ). ExN values of < 0 indicate DIP enrichment, while
ExN > 0 µM (N:P > 16) indicates the converse (Wong et al.,
1998). ExN was consistently between −17.5 and −7.5 as the
plume moved northwestward indicating severe DIN limitation.
Low ExN arises from a combination of rapid uptake of DIN in
the plume and the addition of DIP from leaching (Fox et al.,
1986). Surface SiO3 concentrations (Figure 2d) ranged widely
from 0.37 to 50 µM and mostly followed a conservative behavior
as a function of salinity but with lower values in the plume and
the northwestern edge of the plume because of high uptake rates
by diatoms (Figure 2d).

Pigment derived phytoplankton classes and microscopically
determined phytoplankton communities show the formation of
niches governed by the stoichiometry of the region. A very
dense and mixed bloom of diatoms comprising primarily of
Skeletonema marinoi (sensu lato, costatum), Pseudo-nitzchia spp.,
Thalasiossira alienii, and Chaetoceros spp. occupied the low
salinity core of the plume (Figure 3a). These blooms were fueled
by riverine derived SiO3 (Figure 2d) and cross-shore and upward
flux of DIN into the surface layers. Maximum cell counts for some
of the diatom species included Pseudo-nitzschia spp (1.5 × 106

cells L−1), Thalassiosira spp. (3.5 × 106 cells L−1), Guinardia
flaccida (9.0 × 104 cells L−1), Chaetoceros spp (3.6 × 105 cells
L−1), Coscinodiscus (3.3.8× 106 cells L−1), and Odontella sinensis
(4.5 × 107 cells L−1). These blooms depleted DIN from surface
waters in the mesohaline and open ocean regions (Figure 2b).

FIGURE 2 | Surface Distribution of (a) Salinity (b) Dissolved Inorganic Nitrogen (DIN, µM), (c) Dissolved Inorganic Phosphorous (DIP, µM), (d) Silicate (µM). Black
dots along the track indicate sampling locations. Redrawn from Goes et al. (2014).
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FIGURE 3 | Surface (a) Percent proportion of Microplankton (Diatoms, DDAs, Dinoflagellates, Trichodesmium (b) Percent proportion of Nano and Picoplankton
(Prochlorococcus, Cryptophytes, Prasinophytes, Haptophytes), and (c) Total Synechococcus (cells L−1).

Consequently, in the mesohaline waters, the moderately high
Silicate (28–33 µM) and DIP (0.5–0.9 µM) allowed a very
different group of diatoms, the DDAs to emerge (Figure 3a).
These symbiotic diatom-diazotrophic assemblages are capable of
photosynthesizing and growing actively in the absence of DIN,
because their nitrogen requirements are met via the N2 fixing
ability of their endosymbiont Richelia intracellularis (Foster et al.,
2007; Foster et al., 2011). The dominant DDA was Hemiaulus
hauckii with a maximum cell count of 9.7 × 105 cells L−1 and
high cell counts on the western side of the plume. Another
DDA, Rhizosolenia clevei was also observed but in much smaller
numbers, with maximum concentrations of about 800 cells
L−1. Additionally, the free living, non-symbiotic, cyanobacteria,
Trichodesmium was also seen but more broadly distributed than
the DDAs. Higher Trichodesmium concentrations were seen
just north of the plume and in the oligotrophic waters east
of the plume (Figure 3a). In addition to the microplankton
(diatoms, dinoflagellates, and DDAs) (Figure 3a), nanoplankton
like Cryptophytes, Prasinophytes and Haptophytes were also
observed in large numbers in the two regions where DIN was
available albeit at low concentrations (Figure 3b). This included
the plume region and the mesohaline region where DDAs
replenish DIN when cells disintegrate. Cryptophytes proliferated
only in the low salinity plume waters with numbers ranging
from 3.2 × 103–6.3 × 105 L−1. This was also the case with
prasinophytes but Haptophytes were seen in both the plume
and the mesohaline area coincident with the DDA blooms
(Figure 3b). Picoplanktonic Synechoccocus (Figure 3c) were
also seen in large numbers especially in the plume where their
numbers ranged from 5.0 × 103–6.9 × 105 L−1. Outside of the
plume, Synechoccocus were only seen in the mesohaline, DDA
dominated region. Conversely, Prochlorococcus identified by their
unique Divinyl Chl a signature were absent from the nutrient
rich plume waters but were ubiquitous elsewhere especially in
the waters east of the plume (Figure 3b), where all three macro
nutrients were below the level of detection.

The significance of the ARP in driving changes in the
hydrography, chemistry, and phytoplankton communities
of the western Tropical North Atlantic is illustrated by

Principal Component Analysis (PCA) of hydrographic data
and microscopic and CHEMTAX derived phytoplankton
communities (Figure 4a). PCA enables a visualization of the
similarities and differences between samples, as well as the
correlations between the variables. The first principle component
accounted for 32% of the variance and divided the data set
into phytoplankton communities that proliferated in the plume
(diatoms, dinoflagellates, cryptophytes and prasinophytes)
from those in the mesohaline and oligotrophic waters (DDAs,
Trichodesmium, Prochlorococcus, and Haptophytes). The former
group correlated with DIN indicating its importance in the
growth of these micro and nanoplankton. The latter group
which comprised diazotrophs, Haptophytes, and picoplanktonic
Prochlorococcus with low nutrient requirements were found in
high salinity waters outside of the plume. The PC2 axis separated
DIN, the limiting nutrient from DIP and silicate which were not
limiting.

ECS
Our four-year study clearly demonstrated that the hydro-
chemical environment of the ECS undergoes large interannual
variations linked to the discharge of the Changjiang River and
the eastward movement of its plume (CDW) which strongly
influences phytoplankton distribution. As in the case of the
ARP, and based on T-S plots, Xu et al. (2018) defined three
water types viz. CDW (T > 23oC, S < 28) primarily influenced
by discharge from the Changjiang River, the Kuroshio surface
waters associated with the deeper, higher salinity Kuroshio waters
(S > 32.9) and the Shelf waters. The latter is a mixed water mass
(Salinity of 30–32.9) of the CDW and Kuroshio surface waters,
located in the central part (125–128oE) of our study area. The
large interannual variability in temperature, salinity and nutrients
of the ESC was mainly from the variable influence of CDW
and Kuroshio surface waters as is evident in Figures 5a–v. The
influence of the CDW was greatest in 2010 with colder, lower
salinity waters extending up to 127.5oE (Figures 5b,f) followed by
the consecutive year of 2011 when the CDW was confined to west
of 126oE (Figures 5c,g). In contrast, 2009 and 2013 experienced
a greater influence of warmer, more saline Kuroshio surface

Frontiers in Marine Science | www.frontiersin.org 7 September 2018 | Volume 5 | Article 343

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


fmars-05-00343 September 24, 2018 Time: 16:49 # 8

Gomes et al. Riverine Plumes Influencing Phytoplankton Distribution

FIGURE 4 | Principal Component Analysis (PCA) of the hydrographic parameters (Temperature and Salinity), nutrients, and phytoplankton classes for (a) Amazon
River Plume and (b) East China Sea. Abbreviations used: PROC (Prochlorococcus), DDAs (Diatom-Diazatroph Associations), TRICH (Trichodesmium), HAPTO
(Haptophytes), DINOS (Dinoflagellates), CRYP (Cryptopytes), PRAS (Prasinophytes), SAL (Salinity), DIN (Dissolved Inorganic Nitrogen), DIP (Dissolved Inorganic
Phosphorous), Si (Silicate), ExN (Excess Nitrate). Redrawn from Goes et al. (2014) and Xu et al. (2018).

waters (Figures 5a,e,d,h). This resulted in mixed Shelf waters
covering the entire study area. During these 2 years, waters in the
eastern part of the observation area were warmer (SST > 28.5oC)
(Figures 5a,d) and more saline (>32.9) (Figures 5e,h).

The surface waters of the eastern region of the study area,
which are less influenced by riverine discharge and in the path
of the Kuroshio extension were generally depleted of nutrients
during all 4 years of study. DIN in these waters ranged from
0.02 to 0.11 µM (Figures 5i–l), and DIP was less than 0.07 µM
(Figures 5m–p). In these Kuroshio influenced waters, ExN
measured around 0 µM (Figures 5q–v) indicating invariant
stoichiometry. In contrast, the CDW waters showed distinct
interannual differences in their nutrient regime with significantly
higher (non-parametric Mann-Whitney U test, p < 0.05) ExN
values in 2010 and 2011 (5–25 µM) (Figures 5t,u) indicating
severe DIP limitation. This is contrast to 2009 and 2013 when
ExN was <0 µM (Figures 5q,v). As expected, in the former
years, the CDW was characterized by extremely high DIN (>10
µM, maximum of 26.1 µM) derived from the anthropogenic
load of the Changjiang River (Figures 5j,k) but low DIP (<0.05
µM) (Figures 5n,o). A contrasting situation emerged in 2009
and 2013 when only one station to the west of 125oE showed
high DIN (Figures 5i,l). DIP in 2009 and 2013 was higher (up
to 0.2 mg m−3) compared to concentrations in 2010 and 2011
when it was almost below the limit of detection. Statistically,
the differences in DIN, DIP, and ExN between higher DIP years
(2009, 2013) and high lower DIP years (2010, 2011) were highly
significant (p < 0.01) indicating the predominant influence of
the Changjiang River on the stoichiometry of the ECS. Overall,
phytoplankton biomass reflected the large west-east differences

in N:P ratios in the ECS. Chl a was higher in the CDW region
(0.25–4.0 mg m−3) but decreased in the shelf waters (0.14–
0.9 mg m−3) (Figures 5w–z). Lowest values were observed in
Kuroshio surface waters where Chl a rarely exceeded 0.2 mg
m−3.

Similar to phytoplankton communities in the ARP
continuum, those in the ECS also adapted to the changing
nutrient regime influenced by the Changjiang River discharge.
Phytoplankton communities of the CDW (Figure 6) showed
clear distinctions between low DIP (2010, 2011) and high DIP
(2009, 2013) years. Diatoms dominated the latter years and
diatom-derived Chl a ranged from 3–2.1 mg m−3 compared
to concentrations of 0.02–0.34 mg m−3 during low DIP years.
In contrast, during 2010 and 2011, cyanobacteria dominated,
contributing 6–76% of the Chl a as opposed to 1–20% in
2009 and 2013. A substantial population of Prymnesiophytes
also contributed to the Chl a (25–55%) in 2013. Although
we have chosen to show only the phytoplankton community
structure of the CDW, it is apparent from Figure 4b of
Xu et al. (2018) that there were no interannual differences
in the phytoplankton structure of the mixed shelf waters.
However, diatom populations did show dominance in the high
DIP year of 2009 (Chl a contribution 28–83%). A mixture
of cyanobacteria and the picoplanktonic prochlorophytes
dominated (>61% of the total Chl a) the low Chl a at waters
of the oligotrophic Kuroshio surface waters during all 4 years
of study (Figure 4c in Xu et al., 2018). Prochlorophytes, the
second highest group after cyanobacteria, comprised more
than 30% of the phytoplankton community in 2009, 2010,
and 2013 and 19% in 2011 (Xu et al., 2018 ). Diatoms were
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FIGURE 5 | (a–x). Surface distribution of Temperature (a–d), salinity (e–h), DIN (i–l), DIP (m–p), ExN (q–v), and Chl a (w–z) in the East China Sea from 2009 to
2011 and 2013. Black dots are sampling stations. Redrawn from Xu et al. (2018).

absent or negligible except in 2011 when 18% of Chl a was
from this group. As in the case of the ARP (Goes et al., 2014),
large diatom blooms were seen in the coastal waters of the
Changjiang River Continuum (Zhou et al., 2008; Guo et al., 2014)
advantaged by the abundant nutrients available from the river
discharge.

The possible dependence of the various algal groups on
Salinity, Temperature and nutrients is also examined by means
of PCA (Figure 4b). PC1 accounted for 27.3% of the variance
in this data separating DIP and DIN. PC1 also divided the data
set into large microplankton (diatoms and dinoflagellates) with
high P requirements versus smaller nano and picoplankton such
as Chlorophytes, Cyanobacteria and Prochlorophytes which can
grow at lower DIP concentrations. DIP correlated with large
microplankton (diatoms and dinoflagellates) showing it to be
the limiting nutrient that determined the transition from small
to large phytoplankton in the CDW. Conversely, cyanobacteria,
chlorophytes, and prochlorophytes were associated with warmer
waters of low DIP concentrations characteristic of Kuroshio
surface waters. This is also demonstrated by the positive
correlation of smaller phytoplankton with ExN on PCA1
axis and the converse with microplankton. Both PC1 and
PC2 show a strong negative correlation between Salinity and
DIN indicating riverine inputs of DIN. In contrast to PC1,
the PC2 axis which accounted for 24% of the variance
in the dataset showed a positive correlation between DIN,
DIP, and diatoms but notably a negative correlation with
Temperature. This typifies the intrusion of colder, upwelled
waters which bring in DIP and result in the domination of
diatoms. The latter is elaborated further in the Discussion
section.

DISCUSSION

Revisiting and comparing the previously conducted research
in two of the world’s largest river-ocean systems gave us
an opportunity to understand how fluctuations in nutrient
availability and nutrient ratios shape phytoplankton communities
along the river-ocean continuum to produce highly distinct and
specialized groups that can profoundly affect the food web and
carbon fluxes to deeper depths. As we discuss below, it is likely
that the N:P supply ratios from the two systems determine
whether or not diazotrophs are part of the community, while it
is likely that supply of a single limiting nutrient (such as DIP) is
responsible for the interannual variability seen in the ECS. We use
resource competition theory and resource supply ratio to describe
the distribution of phytoplankton communities of the ARP and
CDW in relation to changing in N:P supply ratios and changing
DIP supplies along the river-ocean continuums.

Simply stated, Tilman (1977)’s resource competition theory
states that in an equilibrium environment, each competing
phytoplankton type is capable of drawing the limiting nutrient
down to distinct low subsistence concentrations, known as R∗.
The value of R∗ for any nutrient is set by the ecophysiological
characteristics of the phytoplankton type and represents both
the concentration of the limiting nutrient at which growth is
balanced by mortality (top down) and the minimum nutrient
concentration (bottom up) required for survival (Ward et al.,
2014). If multiple organism types are present, the ambient
resource concentration will be drawn down to the lowest R∗ and
only that class of organisms will survive while other organisms
will be excluded over time (Dutkiewicz et al., 2009). This
theory then implies that the smallest cells which have higher
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FIGURE 6 | Phytoplankton classes derived by pigment analysis and CHEMTAX in the CDW in 2009, 2010, 2011, and 2013. plot. Redrawn from Xu et al. (2018).

nutrient uptake rates should accumulate biomass by drawing
down nutrients to the lowest level thus excluding any larger
phytoplankton with higher nutrient requirements. However, this
is not the case because the smallest and most competitive
phytoplankton groups are in fact kept under control by grazing
by the small zooplankton, allowing larger size classes to become
established when excess nutrients become available (Ward et al.,
2012; Ward et al., 2014). In this situations the R∗s intersect and
stable coexistence is possible. Thus, when nutrient supplies are
higher, more classes of larger phytoplankton (with less efficient
nutrient uptake rates) could coexist with the smallest types.
This seems to the case in the ECS where the CDW waters
were DIP limited. However, in years (2009, 2013) when DIP
concentrations increased we saw predominance of diatoms while
in years when DIP concentrations were low or beyond the level
of detection, small cells like cyanobacteria and chlorophytes
predominated. Dinoflagellates remained invariant during all 4
years of sampling with Chl a ranging from 0.1–0.4 mg m−3 of
the total Chl a. Many dinoflagellates are mixotrophic, and it is
possible that this mixing of trophic levels allows them to exist in
all situations.

On the eastern side of our sampling grid, in the oligotrophic
waters dominated by the nutrient poor Kuroshio surface waters
only picoplanktonic Prochloroccocus proliferated (Xu et al., 2018).
The increased DIP concentrations appear to be regulated by
the extent of low saline CDW in the western region which as
determined by the surface temperature and salinity was limited
westward in 2009 and 2013. In our more extensive study (Xu
et al., 2018), we have investigated the physical forces driving the
higher DIP concentrations in the mid-shelf of the ECS in 2009

and 2013. All evidence points to upwelling of DIP-rich Kuroshio
Intermediate Water onto the upper layers of the shelf (Tseng
et al., 2014) and its advection eastward by the CDW into the
mid-shelf of the ECS. In Xu et al. (2018) we explain the higher
surface DIP in 2009 and 2013 and the converse situation in 2010
and 2011 as follows. In the latter, when the Changjiang River
discharge was higher, DIP from coastal upwelling was not only
diluted as the CDW moved eastward, vertical stratification from
density differences also prevented mixing. In contrast, during low
discharge years, DIP from coastal upwelling could be transported
further eastward into the mid-shelf where it supported the growth
of larger phytoplankton.

In case of the ARP, we can also explain the appearance of
diazotrophs versus non-diazotrophs (non-nitrogen fixing marine
phytoplankton) in terms of the resource supply-ratio theory.
Ward et al. (2013) describes the competition between the two
(diazotrophs versus non-diazotrophs) through their interaction
with the three essential nutrient elements viz. Fe, DIN and DIP.
Fe is not limiting for phytoplankton both in the ARP and the
CDW largely because of intense weathering and erosion that
takes place in the drainage basins of this river system (Edmond
et al., 1985; Bergquist and Boyle, 2006). Whereas in the CDW,
DIP appears to be the single nutrient that controls the size
structure of phytoplankton communities, in the ARP, it is the
N: P ratio that will determine whether diazotrophs or non-
diazotrophs will establish themselves. Generally, diazotrophs
exhibit slower growth rates than non-diazotrophs so they will
be outcompeted if both nutrients are limited. But if there is
excess DIP relative to the stoichiometric requirements of the
non-diazotrophs then this DIP can fuel diazotroph growth,
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since it is assumed that diazotrophs can fix N. In other words,
in situations where DIP:DIN supply rates are in excess of
the non-diazotroph requirements, then diazotrophs can co-
exist with the non-diazotrophs (Dutkiewicz et al., 2012). In the
case of the ARP, away from the inner shelf where sediment
load is reduced and light levels are not limiting, large mixed
blooms (Shipe et al., 2006; Goes et al., 2014) deplete the
DIN and reduce DIP although the riverine Si required for
diatoms was not limiting. As the plume flows offshore, DIP
is replenished through desorption (Fox et al., 1986; Berner
and Rao, 1994) and the system transitions to diazotrophy and
the acute shortage of DIN is thus mitigated. As stated earlier,
a variety of diatom diazotroph assemblages as well as non-
symbiotic and non-siliceous diazotrophs like Trichodesmium
proliferated in the mesohaline waters. Small nitrogenous inputs
from symbiotic diatoms supported populations of nanoplankton
such as Prasinophytes and Haptophytes which were earlier
not reported but are identified in this study using pigment
biomarkers. Experimental evidence from other locations (Gulf
of California and the subtropical North Pacific) shows that
Richelia fixes 81–744% more N than needed for its own growth
and up to 97.3% of the fixed N is transferred to the diatom
partners (Foster et al., 2011). This same study also showed
that N2 fixation rates of Richelia and another cyanobacterial
symbiont Calothrix were 171–420 times higher when the cells
were symbiotic compared with the rates for the cells living
freely.

It is well known that diazotrophy is inhibited when DIN
and/or ammonium concentrations exceed 1 µM (Knapp, 2012)
and the resource supply-ratio theory suggests that high N:P
supply ratios will not support diazotrophy, so it is not surprising
that we did not see either DDAs or non-symbiotic diazotrophs
such as Trichodesmium in the ECS during our 4 years of
study as DIN was not a limiting nutrient in these waters.
What is noteworthy about the results from the ECS is the
marked interannual variability in the hydrology, stoichiometry
and consequent phytoplankton community structure of ECS
modulated by the extent of the Changjiang River and its DIP
inputs.

Long term changes being monitored in the ECS using satellite-
derived salinity algorithms (Bai et al., 2014) show that the spread
and direction of CDW plume on the ECS continental shelf are
affected by the Changjiang River discharge while other long term
studies of summer phytoplankton community in the Changjiang
estuary during the past 50 years (Jiang et al., 2014) suggest
that anthropogenic loading is leading to increase in smaller
phytoplankton and dinoflagellates which could exacerbate
harmful algal blooms. Although similar information is not
available for the Amazon River continuum, model projections
of climate change effects on discharge and inundation in the
Amazon basin (Sorribas et al., 2016) show a system in transition
(Davidson et al., 2012). A study of all the rivers of South America
(van der Struijk and Kroeze, 2010) including the Amazon river
shows that exports of DIN and DIP increased between 1970
and 2000 although the increases were more prominent in rivers
south of the Amazon. If DIN export were to increase and attain
concentrations higher than DIP loading, then we would expect

diazotrophy to disappear from the ARP. Elsewhere, nutrient
reduction measures such as in the Chesapeake Bay Estuary
along the east coast of the US, have resulted in a decrease in
diatoms from a decrease in DIN (Harding et al., 2015) whereas
the reverse was seen in Patos Lagoon Estuary, Brazil which
showed increasing signs of eutrophication (Haraguchi et al.,
2015). Not surprisingly and considering the extent of the rapid
economic development of China during the past 30 years, the
Pearl River which empties into the northern part of South China
Sea showed the same situation that we observed in the ECS. While
diatoms proliferated in the inner estuary, limited DIP resulted
in the proliferation of picophytoplankton in the mesohaline and
nearshore oceanic waters (Qiu et al., 2010).

The varied taxonomical diversity of the two river continuums
should be reflected in the geochemical fluxes to deeper depth.
Variations in the impact of the CDW through its nutrient
supply and consequently on the phytoplankton community are
also reflected in the carbon fluxes. Sukigara et al. (2017) who
operated sediment traps in 2000 and 2011 in tandem with
our studies, showed that sinking particles were thrice as high
in 2000 when our study showed the dominance of diatoms
than in 2011. Particulate carbon and nitrogen contents as well
as isotope ratios, showed that the particles that sunk out the
euphotic zone in 2010 were primarily from the CDW layer
with a secondary contribution from the SCM layer. Concomitant
with our ARP studies Chong et al. (2014), showed a distinct
axis of POC and biogenic silica deposition on the deep floor
aligned with the plume and a footprint of approximately 1
million km2 of carbon and biogenic silica on the deep sea
floor.

Traditionally, the elemental stoichiometry of both
phytoplankton biomass and dissolved nutrient pools has
been viewed as having limited variability. Expressing the
relevance of the canonical Redfield ratio, Falkowski and
Davis (2004) wrote that “the uniformity of elemental Redfield
ratios in the oceans and the life they contain underpins our
understanding of marine biogeochemistry.” But just as this near-
constant ratio laid the foundations for the twentieth-century
advances in our understanding of marine biogeochemistry,
deviations from this ratio are now providing twenty-first-
century insights into the nutrient dynamics of oceans modern
and ancient (Nature Geoscience, 2014). Questions remain
with respect to fundamental facts such as the flexibility of
phytoplankton stoichiometry and the relationship of internal
ratios to resource availability and growth rates (Hillebrand
et al., 2013). Relationship between available and internal
N:P ratios are not necessarily linear. While Goldman et al.
(1979) found that phytoplankton N:P ratios varied widely at
low N:P converging to classic N:P ratio of 16 only at high
growth rates, Hillebrand et al. (2013) revisited this premise
to show that although N:P ratios did converge to an optimal
ratio it was different for different species and phylogenetic
groups. We think that river continuums with changing
spatial and temporal stoichiometry are ideal environments to
study the flexibility of phytoplankton stoichiometry vis a vis
resource availability and its implications for size and functional
traits.
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CONCLUSION

We have compared the distribution of phytoplankton
communities in the river-ocean continuums of two of the
world’s largest rivers, the Amazon River, the nutrient content
of which is largely governed by forest derived nutrients and the
Changjiang River, the waters of which are heavily impacted by
human activities. We show that phytoplankton communities
along the axes of their plumes are shaped largely by the
initial N: P content of the rivers. In the case of the ARP,
phytoplankton populations downstream of the river plume were
largely controlled by the availability of inorganic nitrogenous
nutrients with diatoms dominating upstream where nitrogenous
were available either from the source water or from the onshore
advection of nutrient rich waters from depth. In the case of
the Changjiang River plume, phytoplankton communities were
limited significantly by a single nutrient viz. inorganic phosphate
and downstream of the plume, diatoms were observed during
years when coastal upwelling was more intense and inorganic
phosphate from deeper depths advected offshore. One of the
largest differences between the ARP and the Changjiang River
plume waters was the absence of DDAs and Trichodesmium spp.
in the latter, which appears to be tied to different N:P supply
ratios.
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