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Abstract Phytoplankton diversity and abundance in
estuarine systems are controlled by many factors. Salin-
ity, turbidity, and inorganic nutrient concentrations and
their respective ratios have all been proposed as princi-
pal factors that structure phytoplankton diversity and
influence the emergence of potentially toxic species.
Although much work has been conducted on temperate
estuaries, less is known about how phytoplankton di-
versity is controlled in tropical, monsoonal systems that
are subject to large, seasonal shifts in hydrology and to
rapidly changing land use. Here, we present the results
of an investigation into the factors controlling phyto-
plankton species composition and distribution in a trop-
ical, monsoonal estuary (Bach Dang estuary, North
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Vietnam). A total of 245 taxa, 89 genera from six algal
divisions were observed. Bacillariophyceae were the
most diverse group contributing to 51.4 % of the
microalgal assemblage, followed by Dinophyceae
(29.8 %), Chlorophyceae (10.2 %), Cyanophyceae
(3.7 %), Euglenophyceae (3.7 %) and Dictyochophyceae
(1.2 %). The phytoplankton community was structured
by inorganic nutrient ratios (DSi:DIP and DIN:DIP) as
well as by salinity and turbidity. Evidence of a decrease in
phytoplankton diversity concomitant with an increase in
abundance and dominance of certain species (e.g.,
Skeletonema costatum) and the appearance of some po-
tentially toxic species over the last two decades was also
found. These changes in phytoplankton diversity are
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probably due to a combination of land use change
resulting in changes in nutrient ratios and concentrations
and global change as both rainfall and temperature have
increased over the last two decades. It is therefore prob-
able in the future that phytoplankton diversity will con-
tinue to change, potentially favoring the emergence of
toxic species in this system.

Keywords Vietnam - Southeast Asia - Phytoplankton
diversity- HAB

Introduction

Human activities are responsible for the discharge of
large amounts of nutrient-rich organic and inorganic
waste into estuaries and coastal areas. Already a prob-
lem in many areas, eutrophication is now causing seri-
ous environmental impacts in developing countries.
Faced with accelerating industrial and economic devel-
opment, many estuarine and coastal ecosystems in these
regions are rapidly becoming degraded. Increased ur-
ban, agricultural, and industrial inputs have led to alter-
ations in the ecological and biogeochemical functioning
of freshwater, marine and coastal ecosystems, leading to
eutrophication and toxic algal blooms events, which in
turn are causing huge economic losses to coastal com-
munities (Anderson et al. 2002). Although many studies
have highlighted the factors controlling phytoplankton
diversity and community composition in temperate eco-
systems, less work has focused on tropical systems,
particularly those in Southeast Asia. This is despite the
ecological and economic importance of these coastal
ecosystems (Borges 2005; Halpern et al. 2008).
Phytoplankton species are sensitive to changes in
environmental factors (Chapman 1996; Fonge et al.
2012). Variations in the structural characteristics of phy-
toplankton communities (i.e., diversity, richness, and
dominant species groups) in estuaries and coastal waters
can be due to changes in the environment such as
eutrophication or turbidity shifts (Paerl 2009; Tas et al.
2009; Jaanus et al. 2009). Changes in nutrient concen-
tration (e.g., N, P, Si) and the relative ratios between
these nutrients play a significant role in controlling
phytoplankton species diversity (Justi¢ et al. 1995a, b).
Redfield stated that for balanced Bacillariophyceae
growth, the ratio between dissolved silicate (DSi), dis-
solved inorganic nitrogen (DIN) and dissolved inorgan-
ic phosphorus (DIP) should be 16:16:1 (Redfield et al.
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1963). Moreover, given that DSi is an essential element
for Bacillariophyceae growth, decreases in this ratio
will mean that other, non-siliceous species such as the
Dinophyceae or the Chlorophyceae may well become
dominant (Officer and Ryther 1980; Justi¢ et al. 1995b).

The Red River system in North Vietnam is charac-
teristic of Southeast Asian estuaries in that it has high
temperatures, a rapidly growing population, an intensi-
fication of agriculture accompanied by large changes in
land use, combined with increasing urbanization and
industrialization. All of which have considerably altered
the biogeochemistry and phytoplankton diversity of the
ecosystem, particularly in the upstream waters (Trinh
et al. 2012; Duong et al. 2006). The intensification of
agriculture and industry in a drainage basin often results in
an increase in nutrient concentrations and in shifts in their
relative ratios (Howarth et al. 2012; Xu et al. 2010). Both
of these are known to be important in structuring phyto-
plankton diversity in several East and Southeast Asian
estuaries (Xu et al. 2010; Lui and Chen 2011; Lie et al.
2011; Huang et al. 2013). Finally, the monsoonal climate
of Southeast Asia also means that large seasonal changes
in hydrology are observed resulting in large changes in
salinity, turbidity, and colored and non-colored dissolved
organic matter over the length of the estuary (Lefebvre
et al. 2012; Rochelle-Newall et al. 2011, 2014), all of
which are important factors in structuring planktonic
communities (Nayar et al. 2005b; Karlsson et al. 2009;
Muylaert et al. 2009; Canini et al. 2013).

The aim of this study was to identify the main factors
controlling phytoplankton community composition and
abundance along the salinity gradient of the Bach Dang
estuary during a complete annual cycle. We then com-
pared this data to previous datasets from the last two
decades in order to determine if phytoplankton commu-
nity composition is changing and to propose what might
be the causes of this change.

Methods
Description of study area

The Bach Dang estuary, located to the northeast of the
Red River delta is a semi-closed, well mixed system
characterized by a typical funnel-shaped estuary
(Fig. 1). This area is strongly influenced by the tropical
monsoon with a profound seasonal differentiation due to
the northeast monsoon from November to April, and the
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Fig. 1 Location of sampling stations in the Bach Dang estuary,
North Vietnam. The five stations are shown extending from the
freshwater regions (Stn. 4) out to the offshore stations (Stn. 28).

South-West monsoon from May to October (Vu 1994).
Average solar radiation in the Haiphong area is
10.5 keal cm 2 year ' (range 6 kcal cm 2 year ' in Feb-
ruary to 12 keal cm 2 year ' in May) and average annual
rainfall in Haiphong area is 1,600—1,800 mm year ' with
the wet season from May to October accounting for 80—
90 % of annual rainfall. Lowest rainfall is observed in
December and January (Nguyen et al. 2014).

Sampling

Samples were collected monthly at 1.5-m depth from
October 2009 to October 2010 using a 5-L Niskin bottle
at five fixed stations (Stns. 4, 10, 15, 23 and 28) along
the salinity gradient (Fig. 1; Table 1). The sampling
depth was selected to avoid the surface slick during
periods when wave-height was elevated while still en-
suring that the samples were collected in the upper
surface mixed layer. All sampling was performed during
neap tide to reduce the effect of the tide which has a
range of 4 m in this area (Lefebvre et al. 2012). The
distance between the most seaward station (Stn. 28) and
the furthest inland station (Stn. 4) is approximately
20 km and the stations were spaced approximately

Latitude and longitude of each station as well as the maximum
depths are provided in Table 1

5.0 km apart. These stations form part of the grid of
stations used in a series of programs on the Bach Dang
estuary (e.g., Lefebvre et al. 2012; Rochelle-Newall
et al. 2011) and so to ensure comparability with the
other work, the same station identifiers are used.

Physical and chemical measurements

At each sampling station, temperature, salinity and fluo-
rescence were measured in situ with a CTD profiler
(SBE19", Sea-Bird Electronics, Inc., Bellevue, WA,
USA). Turbidity (in Formazin Turbidity Units, FTU)
was measured with a Seapoint turbidity meter attached
to the CTD package.

Sub-samples for inorganic nutrient (nitrate, nitrite,
and phosphate) analyses were stored in 30-mL Nalgene
vials after filtration (Whatman GF/F), and then pasteur-
ized at 85 °C during 5 h (Aminot and Kerouel 1998).
The samples for analysis of DSi followed the same
treatment except that Whatman GF/F filters were re-
placed by cellulose ester membranes of 0.2 pm porosity
(Nuclepore membrane). Samples for analyses of ammo-
nium were immediately fixed and analyzed using the
indophenol method of Eaton et al. (1995). Nitrites were
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Table 1 Latitude and longitude and maximum depth of the five sample stations in the Bach Dang Estuary. The range of salinities,
temperatures and turbidities observed at each the stations over the annual cycle is also given

Station Latitude (N) Longitude (E) Depth (m) Temperature (°C) Salinity Turbidity (FTU)
min-max min-max (min-max)

ST4 20° 49’ 56.40” 106° 47’ 28.80" 7.5 18.67-31.37 0.12-12.92 21.75-182.85

ST10 20° 48’ 42.00” 106° 50" 24.54" 10.0 16.97-31.11 0.38-21.42 17.49-162.52

ST15 20° 45' 47.46" 106° 51’ 23.16” 45 16.68-31.42 1.46-29.02 11.38-167.39

ST23 20° 43" 27.96” 106° 53" 13.92" 10.0 17.14-31.03 4.01-30.41 3.09-59.79

ST28 20°41' 17.70” 106° 54’ 58.32" 9.0 18.06-30.41 16.06-31.77 0.11-17.53

measured following the method of Benschneider and
Robinson (1952). Nitrates were reduced using the
cadmium-copper method (Wood et al. 1967) and then
measured as nitrites. DIPs were measured following the
method of Murphy and Riley (1962) and silicates (dis-
solved and colloidal) were determined according to
Mullin and Riley (1955) as adapted by Fanning and
Pilson (1973). The detection limits were 0.005, 0.05,
0.005, and 0.05 uM for nitrite, nitrate, phosphate, and
silicate, respectively. DIN was determined from the sum
of nitrate, nitrite, and ammonium concentrations. Chlo-
rophyll a (Chl a) was measured fluorometrically on
methanol-extracted samples collected on GF/F filters
using the method of Holm-Hansen et al. (1965).

Phytoplankton diversity and abundance

Samples for phytoplankton identification and abun-
dance were collected at 1.5-m depth and fixed on boat
with acidified Lugol’s solution (3 mL L™"; 0.3 % final
concentration) and stored in the dark until return to the
laboratory. Samples were allowed to settle for 48 h in 1-
L glass cylinders in the dark. The supernatant was then
gently siphoned off the top with a narrow plastic tube
until about 50-100 mL remained. The remaining 50—
100 ml was then transferred to 100 mL glass cylinders.
After a further 24 h of settling, the upper volume was
siphoned off leaving a volume of 20-30 mL. Samples
were then stored in small vials until identification and
counting, and three replicate samples were counted.
Phytoplankton species were identified based on their
morphology under epifluorescence microscopy (Olym-
pus BX51, Japan) using standard references (Balech
1995; Cronberg and Annadotter 2006; Duong and Vo
1997; Fukuyo et al. 1990; Ricard 1987; Taylor 1976;
Tomas 1997; Truong 1993; Yamagishi 1992). Cell den-
sity was determined using an inverted microscope

@ Springer

(Leica DMIL) and a Sedgwick-Rafter counting slide
(1 mL volume).

Statistical analysis

The species diversity and dominance were investigated
according to Shannon and Pielou (Shannon and Weaver
1963) and as discussed by Pielou (1975), Berger and
Parker (1970) and Chao et al. (2005). The biological
diversity (H') and the dominance () indices were cal-
culated according to the following equations:

H = —Z P; x log,P; (1)

i—1

where P;=n,/N, n; is the number of cells of the i
species, N is the total number of cells of all the species
in a sample.

d = N /N (2)

where Ny, 1s the number of cells of the most abun-
dant species, N is the total number of cells of all the
species in a sample.

The correlation between phytoplankton diversity and
the environmental factors was assessed by Canonical
Correspondence Analysis (CCA). CCA was performed
with MVSP v3 software (Kovach Computing Service,
Anglesey Wales). Relative abundances of phytoplank-
ton species were transformed with arcsin (x°) accord-
ing to Legendre and Legendre (1998) to normalize the
distribution of the data as it is a condition required
before applying multivariate statistical analysis
(Dollhopf et al. 2001). Relationships between environ-
mental factors and the abundance of the most dominant
species in the estuary were estimated by Spearman
correlation analysis with Systat.Sigma Plot v11 software
(Systat Software Inc.).
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Results
Environmental parameters

Monthly rainfall from October to April (dry season) was
less than 100 mm. Maximum rainfall occurred during
August (532 mm; Fig. 2) in the middle of the wet
season. The lowest average temperatures over the whole
transect were recorded in January (19.6 °C) whereas the
highest were observed in July (30.1 °C; Table 1) and
tended to decrease slightly (~1 °C) from the freshwater
stations seaward. Salinity varied between 0.1 and 31.8,
with the lowest values observed at Stn. 4 and the highest
at Stn. 28 (Fig. 3a; Table 1). Average salinities were
highest in April and lowest in August (Fig. 3a). In
general, turbidity decreased from riverine to seaward
stations with the maximum of 182.9 FTU observed in
Stn. 4 and minimum 0.1 FTU in Stn. 28 (Fig. 3b;
Table 1). The lowest turbidity occurred during the dry
season with average values of less than 20 FTU in
March and April. Turbidity then peaked during the wet
season with the average values higher than 90 FTU
observed in July and August (Fig. 3b).

Chlorophyll @ and nutrients

Chl a concentration ranged from 0.4 ug L' at Stn. 28 in
September to 24.6 pg L™ at Stn. 23 in July (Fig. 3c)

with no clear seasonal pattern. Concentrations of nitrate
+ nitrite and ammonium varied between station and
season (Fig. 4a, b). The lowest concentrations of these
nutrients were observed in the dry season and the
highest were found in the wet season with a peak during
July and August coincident with higher rainfall. The
only exception was in early spring when a secondary
peak of nutrients was observed (Fig. 4a—d). The propor-
tion of nitrate to total DIN decreased from the riverine
station to the most seaward station, varying between 75
(Stn. 4) and 21 % (Stn. 28) whereas the proportion of
ammonium varied in the opposite direction, reaching 22
and 77 % in Stn. 4 and Stn. 28, respectively. The
concentrations of nitrite were always low and represent-
ed only 4.9 % (+4.3) of the total DIN for all stations and
all seasons combined (data not shown).

In general, phosphate concentrations were highest at
Stn. 4 and lowest at Stn. 28 and followed the same
pattern as for DIN with maximum values observed
during July and August (Fig. 4c). Silicate concentrations
also followed a similar pattern with peaks during the wet
season and lower values observed during the dry season
(December and January; Fig. 4d). This pattern of higher
silicate concentrations during the wet season when flow
is highest is common in estuaries where silicate is
transported in river water from its terrestrial source.

In general, the DIN:DIP decreased seaward (Table 2)
and varied between 7.2 in January at Stn. 28 to over 338
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Fig. 2 Rainfall data measured at Phu Lien station, Haiphong city, Vietnam
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Fig. 3 Contour plots of the temporal variation in salinity (ppt;
panel a), turbidity (FTU; panel b) and Chl @ (ug L™'; panel ¢) for
each station over the sampling period. The intensity of the hot
colors (red, orange) indicate higher concentrations and then dark-
ness of the cooler colors (blue) indicate lower temperatures

in July at Stn. 23 and, apart from a few exceptions, was
always higher than the Redfield ratio of 16 (Redfield
et al. 1963). In general, the DIN:DIP ratio was
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significantly higher during the wet season than during
the dry season (Table 2; p<0.05), the only exception
was at Stn 23. The DSi:DIP was always higher than the
value for balanced Bacillariophyceae growth of 16
(Justi¢ et al. 1995a) and in one case was over 600 at
Stn. 23 (July). Similar to the DSi:DIP, the DSi:DIN ratio
was in excess of the values for balanced growth (a value
of 1).

Phytoplankton composition and distribution
Phytoplankton abundance

In general, phytoplankton abundance varied along the
estuary with a clear seasonal difference (Fig. 5a; Table 3,
Supp. Mats Table 2). Two peaks of cell density were
observed, the first during July—August concomitant with
the highest Chl a concentrations (over 1x10° cells L™
at Stn. 23 on the 1st of August), and the second during
November—December (Fig. 5a). In contrast, the lowest
cell densities were observed during the dry season with
only 2,000 cells L™" observed at Stn. 4 during March.

Phytoplankton community composition

A total of 245 species and sub-species (including 48
unidentified species), hereafter referred as taxa, belong-
ing to 89 genera from 6 algal classes were observed
(Table 3; Supp. Mats. Table 1). Of the 126
Bacillariophyceae taxa, the main genera were
Chaetoceros (23 taxa), Coscinodiscus (10 taxa),
Rhizosolenia (8 taxa) and Pleurosigma (7 taxa). The
most common genera of the Dinophyceae were
Protoperidinium (22 taxa) and Neoceratium (12 taxa).
These genera were generally found in the marine influ-
enced area of estuary. The two dominant Chlorophyceae
genera (i.e. Pediastrum and Scenedesmus) had 9 taxa
each and were mainly found in the inner, lower salinity
part of the estuary. Fuglena was the most common
Euglenophyceae and was observed in the riverine-
influenced area of estuary. There were 52 freshwater
and brackish water taxa found in the estuary, belonging
mainly to the Chlorophyceae and Cyanophyceae (34
taxa; Supp. Mats Table 1).

Phytoplankton species composition showed a typical
variation pattern along the salinity gradient. The number
of species of Bacillariophyceae, Dinophyceae and
Dictyochophyceae increased gradually seaward. In con-
trast, the number of Chlorophyceae, Cyanophyceae and
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Fig. 4 Contour plots of the temporal variation in dissolved nutrients at each station during the sampling period. Panel a nitrate + nitrite
(uM), panel b ammonium (1M), panel ¢ phosphate (uM) and panel d silicate (uM). The same color scheme is used as for Fig. 3

Euglenophyceae species were highest in the low salinity were also dominant during the wet season. During the
areas and decreased with increasing salinity (Fig. 6; dry season at these stations Pseudo-nitzschia spp.,
Table 3, Supp. Mats. Tables 1, 2). C. curvisetus, Thalassiosira spp. (Bacillariophyceae),
In general, the Bacillariophyceae dominated the phy- Neoceratium furca (Dinophyceae) were the dominant
toplankton assemblage with only sporadic increases in species (Supp. Mats. Table 2).
dominance of the other phytoplankton groups (Fig. 6). In summary, the lower salinity stations were charac-
For example, in Stns. 15, 23 and 28 Skeletonema terized by a community dominated by freshwater
costatum dominated during the entire annual cycle. Bacillariophyceae, Cyanophyceae, Chlorophyceae,
Other species such as Thalassionema frauenfeldii, and some Euglenophyceae whereas the higher salinity
Lauderia annulata, Chaetoceros curvisetus, Pseudo- stations were characterized by a community dominated
nitzschia spp., Thalassiosira spp. and Neoceratium by marine Bacillariophyceae and Dinophyceae (Fig. 6,
spp. were also observed during the dry season (Supp. Supp. Mats. Tables 1, 2).
Mats. Table 2). In contrast, in the upstream stations (Stn. The Cyanophyceae and Chlorophyceae were more
4 and 10), although S. costatum was present throughout abundant during the wet season than the dry season
the entire annual cycle, Pediastrum simplex var. simplex (Figs. 6¢—d). The Dictyochophyceae were only ob-

(Chlorophyceae) and Microcystis spp. (Cyanophyceae) served in the offshore stations whereas the
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Fig.5 Contour plots of the variation in total cell abundance and in
the Shannon index of the phytoplankton community. Panel a cell
density (cells L"), a log scale was used to present the contour
lines. Panel b H' index. The same color scheme is used as in Fig. 3

Euglenophyceae were only observed in the freshwater
stations during the wet season. Both of these groups had
very low abundances as compared to the dominant
species (<1,000 cells L™ and <500 cells L', for
Dictyochophyceae and the Euglenophyceae, respective-
ly). Diversity index (Shannon or A’ index) varied from
less than 1 during the period of high flow (July and

August) to over 4 at the end of the dry season (Fig. 5b).

Relationship between phytoplankton abundance,
diversity, and environmental factors

In order to further understand the interactions between
each environmental parameter and phytoplankton

Table 3 Total number of phytoplankton genera and species recorded in the Bach Dang estuary during the sampling period (October 2009 - October 2010). The number of species recorded

during each month is also given

Number of species recorded monthly

Percentage of total
species (%)

Number of  Number of

Algal group

species

genera

Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul Aug.  Sept.  Oct.
2010

Oct.

2010 2010

2010 2010

2010 2010

2010

2009 2009 2010 2010

2009

56 66 55 45 51 48 21 62 40 85
42 36

26

64
17

49

62

51.4

126
73

Bacillariophyceae 46

28 29 19 38 33

28

35

23

20

29.8
3.7

26
5
8
2

Dictyochophyceae 2

Dinophyceae
Total

Cyanophyceae

22

13

10.2
3.7
1.2

25

Chlorophyceae

Euglenophyceae

84 89 87 109 100 80 91 99 67 141 92 133

90

100

245

89
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Fig. 6 Contour plots of the temporal variation of the abundance of the six algal groups (cells L") for the sampling period. The same log
scale was used for all of the plots. The same color scheme is used as in Fig. 3
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species abundance, a canonical correspondence analysis
(CCA) was performed on the entire data set (Fig. 7). The
two axes explained almost 40 % of the variations ob-
served. Nutrient ratios, turbidity and temperature and
salinity strongly structure the populations as evidenced
by the distribution of the points along the first axis and
the inflation values (Table 4). Moreover, the spread of
the monthly points for each station also reflects the
shifting importance of each parameter in structuring
the phytoplankton community. For example, during
the dry season, Stn. 4 is located in the upper left quad-
rant, whereas during the wet season, Stn. 4 is located on
the right hand side of the first axis highlighting the role
of salinity in structuring the populations at this station
during periods of high flow. Variance inflation factors
(VIF) measure how much the variance of the canonical
coefficients is inflated by the presence of correlations
among explanatory variables. A value of over 20 indi-
cates multicollinearity whereas a variable with a VIF of
1 is one that only has unique information. The highest

inflation factors were observed for the nutrient ratios
DSi:DIP and DIN:DIP (8.9 and 11.5, respectively) com-
pared to salinity (1.7) and turbidity (1.6).

Spearman correlation analysis was also performed in
order to understand the relationship between environ-
mental factors and the abundance of the twelve domi-
nant species in the Bach Dang estuary (Table 5). As with
the CCA for the whole community, the abundance of
each of the dominant species was significantly correlat-
ed (p<0.05) with salinity, turbidity and with the
DIN:DIP ratio, regardless of where in the estuary the
species were found. In general, when a species
was negatively correlated with salinity (e.g.
S. costatum; Table 5), it was positively correlated
with turbidity and DIN:DIP ratio, reflecting the
lower turbidities and DIN:DIP ratios at higher
salinities. The opposite was also the case for spe-
cies that were positively correlated with salinity
(e.g., N. furca; Table 5) and therefore, negatively
correlated with turbidity and DIN:DIP.
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Fig.7 Canonical correspondence analysis (CCA) of phytoplankton diversity and environmental parameters (salinity, turbidity, temperature
and nutrient ratios) in the Bach Dang estuary for each of the five stations and for each date. The inflation values are provided in Table 4
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Table 4 Inflation factors from the CCA analysis of the dataset

Variable Weighted ~ Weighted  Variance inflation
mean SD factor

Temperature (°C)  25.5 4.0 1.7

Salinity 17.0 10.5 24

Turbidity 35.0 41.1 1.6

DSi:DIP 148.1 1212 8.9

DIN:DIP 70.9 66.2 11.5

DSi:DIN 25 1.1 2.7

Discussion

It is widely accepted that salinity and turbidity are the
two main structural factors in both temperate (Fisher
et al. 1988; Mette et al. 2011; Muylaert et al. 2009)
and tropical estuaries (Palleyi et al. 2008;
Lueangthuwapranit et al. 2011). Here, we show that,
unexpectedly, nutrient ratios and more specifically
DSi:DIP and DIN:DIP, along with salinity and turbidity,
were also prominent structuring agents of phytoplank-
ton diversity in the Red River estuary. This is in contrast
to previously published data from this system that pro-
posed that salinity and turbidity, along with heavy metal
concentrations were better determinants of diversity and
production (Rochelle-Newall et al. 2011; Bettarel et al.

2011; Combe et al. 2013). However, the sampling effort
was much lower in these studies (they only sampled
once or twice during the year) and given the large
temporal variability in the diversity index (H'; Fig. 5b)
observed in our study, these contrasting results obtained
in the two studies are not surprising.

Nutrients and chlorophyll a

In estuarine systems, the sources of organic and inor-
ganic nutrients are multiple and include riverine inputs
which are strongly influenced by terrestrial point and
non-point source inputs, as is the case in this system (Le
et al. 2010). The concentrations of nitrite, nitrate, and
ammonium observed here are comparable to those
found in other eutrophic estuaries (e.g., Delaware, Hud-
son and Chesapeake Bays) (Fisher et al. 1988) and to
what have been previously observed in other tropical
systems in Southeast Asia (e.g., Li et al. 2014, who
worked in Hainan Island, China). We observed two
peaks in nutrient concentration. The first corresponds
to the rainy season and is probably due to an increase in
runoff of land derived organic and inorganic nutrients.
The second, observed towards the end of the dry season
is potentially due to a combination of two different
factors. The first possible mechanism is from the wash-
out of nutrients from land and from atmospheric

Table 5 Spearman correlation coefficient between the density of dominant species and environmental factors in the estuary

NO;

PO,>” Si0;> NH,” DIN DIN:DIP Si:DIP DSi:DIN

Dominant species T°C  Salinity Turbidity NO,
Skeletonema costatum 0.36 —0.26 0.25 0.06
Chaetoceros curvisetus -044 032 —0.33 —0.20
Thalassionema frauenfeldii -032 043 -036 —0.25
Thalassionema nitzschioides -038 053 -041 -0.29
Pseudo-nitzschia sp.1 -020 039 -034 -0.38
Pseudo-nitzschia sp.2 —-0.58 045 -035 -0.42
Lauderia annulata 040 059 -0.59 —0.47
Thalassiosira sp. -034 028 -0.18 —-0.15
Neoceratium furca —-034 046 —045 -0.25
Melosira granulata var. 0.55 —0.8 0.65 0.58
angustissima
Pediastrum simplex var. 0.59 —0.76 0.64 0.48
simplex
Pediastrum duplex var. 0.69 —0.61 0.55 0.55
duplex

0.19 -0.11 0.19 021 0.8 0.28 0.34 —0.02

-035 —-0.07 021 —029 —0.34 —0.34 -0.16  0.35
—046 —-0.14 —032 —048 —047 —049 —-030 0.39
-0.52 —0.15 —043 =052 =053 =054 —040 0.33
—-043 —022 —031 —047 —045 —0.39 —0.2 0.39
-0.37 —0.02 -0.34 —0.38 —0.38 —0.43
—0.65 —031 —0.52 —-0.62 —0.65 —0.55 —043 0.35
-021 012 -0.11 —030 —0.24 —0.33 -020 021
-039 —-0.12 —0.29 —041 —040 —0.35

-0.37 0.11

-0.27 021
0.77 019 066 078 0.79 0.77 0.67 —0.30

072 017 068 070 071 0.73 0.71 —0.13

0.56 —0.05 034 062 059 0.69 0.43 —0.54

T °C, salinity, NO, , NO; PO, Si032_ ,NH,4", DIN, DIN:DIP, DSi:DIP, DSi:DIN (n= 75); turbidity (n= 70) Significant correlations

(p<0.05) are denoted in italics
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deposition as occurs during the first rain event after a
prolonged dry period. Indeed, although it is considered
as being the “dry season” rainfall does occur during the
months prior to the true “rainy season”, as can be seen
from the rainfall data (Fig. 2). A second hypothesis is
that these nutrients come from benthic resuspension
within the estuary and other work from this area has
pointed out the importance of benthic nutrient fluxes in
nutrient cycling in the Red River system (Trinh et al.
2012). However, given the two layer stratification in the
system, it is probable that the upward flux of nutrients
from the benthos is limited to the deeper, higher salinity
layer at the deeper stations. It is therefore probable that
the peak in nutrients observed during February and
March is due to washout during small rain events. We
also observed some intermediate increases in Chl a
during this period that may well be fuelled by the higher
inorganic nutrient concentrations observed at the start of
spring at the end of the dry season. During July and
August, the peaks in Chl a concentration occurred off-
shore where lower turbidities were observed, similar to
the situation observed in other estuaries (e.g., Fisher
et al. 1988). Indeed, the combination of the relaxation
of light limitation associated with a reduction in turbid-
ity and the presence of high nutrient concentrations from
riverine inputs often leads to increased Chl a concentra-
tions in the mid-salinity regions of estuaries (Fisher et al.
1998; Rochelle-Newall and Fisher 2002; Elliott and
McLusky 2002).

Structural factors

We observed large changes in the diversity index of the
phytoplankton species present (H'; Fig. 5b). This is
similar to what has been observed in other tropical
estuarine systems subject to shifting nutrient regimes
and to a monsoonal climate (Canini et al. 2013; Huang
et al. 2004). Our maximum H’ values were very similar
to those of Huang et al. (2004; range 1.24-3.55) who
worked in the Pearl River estuary, a system subject to
the same monsoon as the Bach Dang estuary. Their A’
values were also lowest during the wet season similar to
what was observed in this work. This is due to the
presence of one or two species that strongly dominated
the community during the wet season. In contrast, dur-
ing the dry season, H' values were higher because al-
though total abundances were lower, the number of
species present was higher. During the dry season, the
system tends to be more stable and flow and turbidity is

lower, allowing a larger range of phytoplankton species
to develop over the salinity gradient. This is in contrast
to the situation during the wet season when there is
higher flow, more nutrients and turbidity and a lower
range of phytoplankton species, with one or two highly
dominant species develop as has also been shown in the
Pearl River estuary (Huang et al. 2004).

Nutrient concentrations and the ratios between ele-
ments play an important role in structuring phytoplank-
ton abundance and diversity (Justi¢ et al. 1995a, b).
Seasonal shifts in discharge can lead to changes in
nutrient ratios associated with shifts in the sources of
N and P between periods of high and low discharge (Lee
et al. 2001). These shifts can then lead to changes in
phytoplankton diversity and production (Fisher et al.
1999; Anderson et al. 2002). In the Tolo Harbour system
in Hong Kong, Lei etal. (2011) also found that changing
nutrient ratios were responsible for shifts in phytoplank-
ton community composition and for the dominance of
the Bacillariophyceae. In the work presented here, we
found that all of the dominant species (e.g., S. costatum,
T. frauenfeldii, Table 5) were correlated with DIN:DIP
and most of them were negatively correlated with
DIN:DIP. Ou et al. (2008) reported that S. costatum
had a relatively higher P demand for growth and that
this species rapidly uses up P resources in order to
sustain its high growth rates. Hence, the dominance of
S. costatum might be one of the reasons for the lower
DIP concentrations at stations where this species dom-
inated. The density of S. costatum was always positively
correlated (p<0.05) with DIN:DIP and DSi:DIP ratios
(Table 5). Moreover, this species dominated at Stn. 23 in
July 2010 with d=0.97 (the highest d value of the
dominant species recorded in the estuary—Suppl. Mat.
Table 2) while the concentration of DIP was only
0.07 uM (data not shown) and DIN:DIP and DSi: DIP
ratios were highest. The importance of nutrient ratios in
structuring phytoplankton community composition is
also supported by the results of the CCA (Fig. 7, Table 4)
that shows that nutrient ratios, along with salinity and
turbidity, are shaping the phytoplankton community.

Justi¢ et al. (1995b) proposed that if Si:P>22 and
DIN:P>22 then there was potential P limitation, that if
DIN:P<10 and Si:DIN>1, then there was a potential N
limitation and if Si:P<10 and Si:DIN<1, then there was
potential Si limitation. In our dataset, we failed to ob-
serve any situations of DSi:DIP of less than 10 and only
observed a DSi:DIN of less than 1 twice during the year:
Stn. 10 (in July) and Stn. 28 (in September). In contrast,
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DSi:DIP was mostly over 22 except for Stn. 28 in
January when a value of less than 20 was observed.
DIN:DIP was frequently over 22 in the lower salinity
stations and never under 22 in the more seaward sta-
tions. Considering these values, it is probable that DSi
was not a limiting factor. DIP, however, was a potential
limiting factor in the lower salinity stations throughout
the year and in the higher salinity stations during the wet
season. DIN was a potential limiting factor in the off-
shore station (Stn. 28) in January 2010. This pattern of
differential nutrient limitation along the salinity gradient
has also been observed before in temperate estuaries
(e.g., in Chesapeake Bay; Fisher et al. 1999).

Data from the last few decades in the Red River
system and in the offshore Tonkin Gulf, and in the Bach
Dang estuary in particular, show that S. costatum fre-
quently dominates the phytoplankton community. This
species is a pivotal species for structuring the phyto-
plankton assemblage (Truong and Do 1983 and this
present work; Vu 1994; Chu and Tran 2003) as has been
observed in other tropical systems (Nayar et al. 2005a;
Patil and Anil 2008; Chu et al. 2012). Over the period
19821984, a total of 183 species were recorded in the
southern part of the estuary (Vu 1994). In February
1993, Chu (1996) found 185 and 145 species in the
Red and Bach Dang rivers, respectively and 125 and
108 species in September of the same year in the Red
and Bach Dang rivers, respectively. This is in compar-
ison to 109 and 92 species for February and September,
respectively for the period 20092010 (Table 3). Thus,
phytoplankton composition in the present study appears
less diverse than was previously recorded. Interestingly,
this lower diversity was concomitant with the appear-
ance of harmful algal bloom events during the last two
years (2011-2012; Nguyen et al. 2012). Indeed, these
blooms of Gonyaulax polygramma, Phaeocystis
globosa, Chattonella sp. were the first to be recorded
in the northern coast of Vietnam and probably indicate a
shift in the system. It is also worth noting that during the
wet season a potentially toxic species, Microcystis sp.,
formed an important part of the phytoplankton commu-
nity at the lower salinity stations. This species of
Cyanophyceae is known to proliferate in Vietnamese
freshwaters and recent work from a reservoir within
the Red River system has highlighted the potential tox-
icity of the strains found in this region (Duong et al.
2013).

Given the importance of nutrient ratios in structuring
phytoplankton populations, we can anticipate the effects
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of the continuing rapid economic development on the
estuary. In 1995, concentrations of ammonium mea-
sured at a series of stations in the Bach Dang estuary,
rarely exceeded 1 uM (HIO 1995; Supp Mats. Table 3).
In contrast, in 2001, inorganic nitrogen concentrations
were considerably higher with concentrations of ammo-
nium often exceeding 20 uM (Tran and Dinh 2004).
Phosphate and silicate concentrations tended to follow
the same pattern as for ammonium, with higher values
during 2001 than in 2010 (Tran and Dinh 2005). Little
data exists on nitrate concentrations and so it is difficult
to compare the DSi:DIN or DIN:DIP, however, we can
compare how DSi:DIP has changed between the 1990s
and the early 2000s. In 2001, DSi:DIP was 43.1+£8.2
(mean=se) at the end of the dry season/beginning of the
wet season (May) and 141.5+53.6 in the middle of the
wet season (July and August) for a station with similar
salinities to our Stn. 4 (Supp Mats, Table 3). This is in
comparison to our values (Table 2) of over 154.9 in
April 2010 and 153.8 for August 2010 for DSi:DIP.
The only data that exist for DIN:DIP in the estuary is
from April 2003 when a value of 5.9 (£2.2) was ob-
served (Supp. Mat Table 3; Tran and Dinh 2005). This
value is considerably lower than what we found during
April 2010 and over a factor of almost 10 lower than the
average DIN:DIP over the whole sampling campaign,
pointing towards N limitation during this period.

Comparing nutrient concentrations inter-annually is
fraught with difficulty as many factors often vary be-
tween years such as rainfall and land use, any of which
can influence nutrient export from land to aquatic sys-
tems. Total annual rainfall was 1,369, 1,907, and
1,438 mm for 1995, 2001, and 2003, respectively. This
is in comparison to 1,681 mm for the annual cycle
examined in this work and this should be borne in mind
when considering the causes of the shifting nutrient
ratios in the estuary over the last few decades. Never-
theless, despite the origin of the shifts in nutrient ratios
(meteorology, land use, or another factor), it is probable
that shifting nutrient concentrations and changing nutri-
ent ratios play an important role in the changing phyto-
plankton diversity in the system.

In this work, we have only looked at some of the
factors potentially controlling phytoplankton diversity
during neap tide cycles. It is known that the tidal cycle
can influence not only salinity but also dissolved nutri-
ent concentrations and turbidity in estuarine systems
(e.g., Vorosmarty and Loder 1994) and it is probable,
given the high tidal amplitude in this system (4 m;
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Lefebvre et al. 2012) that it is also the case here. Obvi-
ously, in order to fully understand the myriad of factors
controlling phytoplankton diversity in this complex sys-
tem, we would have had to sample during both neap and
spring tides. Nevertheless, the conclusions presented
here for the situation during neap tides help to provide
some answers towards the shifting situation in the Bach
Dang estuary.

Expected future trends and scenarios

Strong seasonal variations in environmental conditions,
such as are observed in this and other Southeast Asian
estuaries play an important role in determining phyto-
plankton diversity and succession. However, overlain
upon these seasonal forcing factors are the longer term
impacts of human activities and of climate change.
Rainfall has significantly decreased by about 2 % during
the period 1971-2010 in the studied area (Nguyen et al.
2014). This is concomitant with an average temperature
increase of 0.27 °C per decade over the same period
(Nguyen et al. 2014). The Bach Dang estuary is also
strongly affected by anthropogenic activities that have
led to high amounts of nutrients, heavy metals, and other
contaminants mainly from land-based sources ending
up in the estuary (Navarro et al. 2012) all of which can
alter phytoplankton diversity (Rochelle-Newall et al.
2008; Howarth and Paerl 2008; Howarth et al. 2012).
The increase in abundance of certain species (i.e.,
S. costatum) and the appearance of some toxic species
relative to that of Vu (1994) and Truong and Do (1983)
are likely due to the changes in nutrient concentrations
and their respective ratios over the last two decades.
Turbidity has also changed over the last two decades.
He et al. (2007) reported that suspended sediment loads
in the upper Red River increased over the period 1960—
1990 due to a combination of climate and land use
change and recently Vu et al. (2014) showed that this
was also the case for the Bach Dang system. This
increase in turbidity may well have played a role in
altering the phytoplankton community structure through
light limitation (Elliott and McLusky 2002). Such shifts
in phytoplankton community composition due to in-
creased dredging and suspended sediment have also
been observed in other tropical estuaries. For example,
Nayar et al. (2005a) also proposed that the dominance of
S. costatum in the Ponggol estuary, Singapore was due
to increased dredging and the capacity of this species to
adapt to the shifting light regimes caused by increased

turbidity. It is therefore probable that other tropical
estuaries faced with increased anthropogenic pressures
and future climate change may well also experience the
same shifts in phytoplankton diversity.

While it is difficult to fully compare all of the poten-
tial limiting factors over the last few decades because of
the lack of data, the few results presented here seem to
point towards the role of long term change in tempera-
ture, salinity and turbidity accompanied by changes in
nutrient concentrations and their respective ratios in the
decrease of phytoplankton diversity observed in this
estuary. It is therefore probable that in the future, given
the intensification of activities in and around the estuary
and the expected shifts in the global and local climate,
that phytoplankton diversity may well change even
more in this system, further favoring the emergence of
potentially toxic species.
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