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Abstract – This study assessed phytoplankton co
mmunity composition variation under two discrete
salinity intrusion rate experiments. Experiment 1 simulated salinization under short-term, natural tidally
induced rates of salinity change typical of the Mekong Delta, Vietnam (0–30‰ in 6 h), while Experiment 2
simulated salinization under a longer, more gradual rate of salinity change (0–30‰ at 5‰ increase per
week). Phytoplankton community composition was, overall, more abundant following prolonged salinity
change (Experiment 2) than rapid, tidally-induced salinity change (Experiment 1). Under both experimental
conditions phytoplankton species number and density varied with changes in salinity, indicating a strong
effect of salinity regardless of its rate of change. At the end of the salinity acclimation, Cyanobacteria,
Chlorophyta, Euglenophyta and Bacillariophyta were all most abundant at a salinity of 5‰ after a short-
term tidally simulated change in salinity, but with a longer, more gradual change in salinity, the abundance of
different groups varied with salinity; With a longer, more gradual change in salinity, Chlorophyta was most
abundant at 5–10‰ salinity, while Cyanobacteria, Euglenophyta and Bacillariophyta were all most
abundant at a salinity of 5‰. The species composition in treatments of less than 10‰ had high similarity
with the freshwater environment while treatments of 30‰ (Experiment 1) and 25‰ (Experiment 2) had high
similarity with the natural seawater environment. This study demonstrates the utility of mesocosm
experiments for understanding phytoplankton community composition variation in natural aquatic
ecosystems under rapid and prolonged saline intrusion rates and predicting associated impacts on food webs
in natural water bodies and aquaculture systems.
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1 Introduction

Phytoplankton communities play an important role within
the natural food webs of aquatic ecosystems and shifts in the
composition of the phytoplankton community impacts on
biological productivity (Lavens and Sorgeloos, 1996; Das
et al., 2012). The composition of phytoplankton communities
composition is influenced by changes in water quality, weather,
and the substratum (Steinberg et al., 2015; Prado et al., 2017;
Majewska et al., 2017). Changes in salinity, in particular, have
been shown to strongly influence phytoplankton community
composition and biomass in water bodies (Angles et al., 2015;
Donadel et al., 2016; Lecher et al., 2017).

Previous studies have also demonstrated that salinity
variation was the main factor affecting the structure and
abundanceofphytoplanktoncommunity (Dor andEhruch,1987;
Kondo et al., 1990; Sigaud and Aidar et al., 1993; Barron et al.,
ding author: vnut@ctu.edu.vn
2002). When investigating the effect of salinity stress on
phytoplankton abundance and growth, Floder et al. (2010)
reported that salinity had a considerable influence on composi-
tion, diversity and growth. Salinity was also demonstrated to be
one of the primary factors affecting species richness and
evenness of phytoplankton communities in microcosm experi-
ments conducted in theGreat Salt Lake, Utah, USA (Larson and
Belovsky et al., 2013). Salinity and heat shock were also shown
to alter the composition and significantly reduce species richness
of the coastal Mediterranean phytoplankton species in a
mesocosmexperiment (Stefanidou et al., 2018).When assessing
the response of shallow water phytoplankton to salinity
enrichment, McGowan et al. (2020) reported that salinization
led to an increase in biomass of planktonic siliceous algae (anion
ofCl≥1600mg•L�1) aswell as chlorophytes andcyanobacteria
(anion of Cl ≥ 2500mg •L�1). Zhang et al. (1999) investigated
the effects of salinity on algae growth in the Greenland Sea and
reported that algae species compositionwas dependent on salinity
with Chaetoceros spp. and Nitzschia spp. (Bacillariophyta)
observed to be the most abundant algae in low (�12.2‰) and
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Fig. 1. Diagram of saline intrusion simulation experimental system. A regulated amount of seawater was used to bring each experimental tank to
the target experimental salinity in 6 hours (Experiment 1) or at 5% increase per week (Experiment 2). Each treatment was conducted in triplicate.
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high (>12.2‰) salinity conditions, respectively. In addition,
Barron et al. (2002) demonstrated that Cyanobacterial
heterocyst number increased in all salinities with the largest
increase found in 2.3‰; however, Herbst and Blinn (1998)
reported that the Cyanobacteria species such as Oscillatoria
spp. occurred in very high salinity conditions (50–100‰).
Moreover, Moisander et al. (2002) and Pade and Hagemann
(2015) reported that Cyanobacteria can adapt quickly to high
salinity stress or sudden salinity fluctuations because of salt
resistance genes. Chakraborty et al., 2011 revealed that
Cyanobacteria from the Godavari River estuary in India had
become adapted to sudden salinity changes because of their
unique ability to increase zeaxanthin production, which helps
them to outcompete Chlorophyta under low salinization
conditions. Johnson (2015) also claimed that Cyanobacteria
exhibited better salinity tolerance than Chlorophyta leading to
Cyanobacteria becoming more widely distributed in the
California Delta (USA).

In Vietnam, theMekong Delta (MD) is the largest delta and
provides important ecosystem services that support the
livelihood and agricultural production of the local peoples.
Importantly, the MD is also the largest and most rapidly
developing aquaculture region in Vietnam. In recent years,
saline intrusion has become more severe in the MD, which has
led to substantial damage to agriculture and aquaculture in the
area (Duyen et al., 2012; Tri, 2016). Moreover, salinity
intrusion in the MD likely to be exacerbated by a combination
of rising sea levels and a reduction in freshwater flow during
the dry season as a result of the construction of dams upstream
on the Mekong River (Hoanh et al., 2003; Tuan et al., 2007;
Sunada, 2009). As such, it is of increasing importance to
understand the impact of salinity on the composition of
phytoplankton communities, especially in the MD. This study
utilized two discrete saline intrusion simulation models
(Experiment 1 and Experiment 2; see Methods) to assess
the impact of two different rates of salinity change, a rapid
change of over a period of six hours to simulate the daily tidal
cycle, and a more gradual change over a period of six weeks,
on the composition of the phytoplankton community in
Mekong River water under laboratory conditions. The
hypothesis for both experiments was that phytoplankton
community structure will fluctuate markedly when saline
intrusion occurs under simulated conditions. Increasing
salinity may affect the species composition of phytoplankton
and their abundance. Moreover, the fluctuation and increasing
of salinity could lead to increase of dinoflagellates and
cyanobacteria which are the harmful algae that could damage
the ecosystem as well as aquaculture in the MD. The role of
phytoplankton community is essentially part in food webs of
the aquatic ecosystem. Due to, these change could negatively
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impact on aquatic ecosystems and fisheries productivity;
however, these have not been researched in the MD. The result
of study will demonstrate clearer how the salt water intrusion
impacts on the composition (i.e. structure and abundance) of
phytoplankton under tidal cycle in MD.

2 Materials and methods

2.1 Experimental design

The impact of salinity and its rate of change on the
composition of phytoplankton communitieswas assessed in two
experiments. Both experiments were conducted in outdoor 1m3

composite tanks designed to resemble natural conditions, and
both experiments had the same eight salinity treatments: 0‰
(freshwater control-T0), 5‰ (T5), 10‰ (T10), 15‰ (T15), 20‰
(T20), 25‰ (T25), 30‰ (T30), and 32‰ (seawater control-
T32), each with three replicate tanks. At the beginning of each
experiment, a 20 cm thick layer of mud from the same source in
theHauRiver (a tributary of theMekongRiver)was added to the
bottomof all tanks. Then400 liters of unfiltered coastal seawater
(32‰ salinity) from nearby Soc Trang Province (Fig. 1) was
added to the three seawater control (T32) tanks in each
experiment, and 400 liters of unfiltered freshwater (0‰ salinity)
from theHauRiverwas added to all other tanks. InExperiment 1
(Exp. 1), unfiltered coastal sea water from Soc Trang Province
(32‰ salinity) was siphoned into each treatment tank (except
tanks with the two control treatments, T0 and T32) from a 4 m3

holding tank at a rate to reach the target salinity of the treatment
tank (5‰, 10‰, 15‰, 20‰, 25‰ or 30‰) over a period of six
hours, in order to simulate the short-term increase in salinity
likely to be associated with a rising tide. The salinity was
then maintained at the target level for a further eight weeks.
In Experiment 2 (Exp. 2), on the other hand, salinity was
increased more slowly, in steps of 5‰ over a period of a
week, until the target salinity was reached, after which the
salinity was maintained at the target level for that treatment
until the end of the eight week experiment. For example, the
5‰ salinity treatment was imposed in one week and then
maintained at that salinity for seven weeks, whereas at the
other end of the salinity range, it took six weeks to reach the
target salinity of 30‰ (5‰ per week) and this target salinity
was maintained only for two weeks when the experiment was
terminated. The salinity of both control treatments (0‰, T0
and 32‰, T32) remained unchanged throughout the
experiment. The composition of phytoplankton in the
freshwater and seawater sources at the start of the experiment
is shown in Table 2. Both experiments were conducted over a
period of eight weeks at the College of Aquaculture and
Fisheries, Can Tho University, Vietnam.
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Table 2. The initial composition of phytoplankton in freshwater and seawater resources which used in two experiments.

Experiment Phytoplankton Fresh water (FW-0‰ of salinity) Sea water (SW-32‰ of salinity)

Amount
of species

Density
(inds•L�1)

Amount
of species

Density
(inds•L�1)

Ex1

Cyanobacteria 5 54,759 ± 4291 3 4417 ± 391
Chlorophyta 19 405,074 ± 34,855 7 76,609 ± 7557
Euglenophyta 23 186,241 ± 12,293 6 8691 ± 853
Bacillariophyta 3 16,630 ± 4506 4 227,470 ± 11,496
Total 50 662,704 ± 52,542 20 367,187 ± 13,331

EX2

Cyanobacteria 4 11,537 ± 1235 1 350 ± 169
Chlorophyta 30 164,787 ± 5087 10 3026 ± 354
Euglenophyta 26 78,985 ± 5936 9 2506 ± 194
Bacillariophyta 8 195,996 ± 43,994 9 30,059 ± 1320
Total 68 451,305 ± 47,368 29 35,941 ± 952

Note: The data of densities are mean ± standard deviation.
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2.2 Environmental parameters and phytoplankton
sample collection and sample analysis

Water samples for the analysis of phytoplankton populations
were collected from the freshwater control at the start of the
experiment, and from all salinity treatments at weekly intervals
thereafter. The weekly samples in Exp. 2 were collected during
the transition time for each salinity treatment. For phytoplank-
ton, a one liter water sample was collected across several
locations within each tank and fixed with 2–4% formalin.
Following formalin fixation, all phytoplankton species present
within each water sample (i.e., each treatment tank) were
identified using both international and Vietnam taxonomic keys
(Shirora, 1996; An, 1993; Tien and Hanh, 1997; Sy, 2005;
Bellinger and Sigee, 2010). Each water sample was then passed
through a Sedgewick-Rafter counting chamber to count the
number of each phytoplankton species present. Species-specific
densities were determined using the following formula:

X ¼ T � 1000 � Vcd � 103
A � N � VM

where X is the density of phytoplankton species (inds •L�1);
T is the number of individuals of each species counted; A is the
area of a counting square (1mm2); N is the number of squares
counted (N= 180); Vcđ is the concentrated sample volume
(mL); and VM is the sampled volume.

Water samples were also collected weekly from all tanks for
themeasurement of dissolved oxygen (DO, mg L�1), biological
oxygen demand (BOD, mg L�1), chemical oxygen demand
(COD, mg.L�1), total ammonia nitrogen (TAN, mg L�1),
nitrate (NO3

–, mg L�1), total nitrogen (TN, mg L�1), phosphate
(PO4

3–, mg L�1) and total phosphorus (TP, mg L�1), analyzed
using standard methods APHA (1995). Temperature and pH
were measured in situ in the tanks using a thermometer and pH
meter, respectively.

2.3 Data analysis

Data were analyzed using Excel 2010, SPSS 20.0,
PRIMER 6.0 and PAST 4.08. Data for phytoplankton density
Page 4 o
were Log10 transformed to ensure normality and homosce-
dasticity, and significant differences between treatments in
species-specific densities (number of individuals per liter) of
each phytoplankton phylum at the end of both experiments
were analysed with a one-way analysis of variance (ANOVA
with Tukey test, a= 0.05) using SPSS 20.0 statistical software.
SIMPER and ANOSIM were used to compare phytoplankton
community structure between T0 (freshwater control), T32
(seawater control) and different salinity treatments. The
species-specific densities (number of individuals per liter)
of each phytoplankton phylum at the end of both experiments
were also analyzed using SIMPER and ANOSIM.

3 Results

3.1 Water environmental parameters in both
experiments

Ten water environmental parameters in the freshwater
sample (FW), sea water sample (SW) and other treatments at
the end of both experiments were monitored including
temperature, pH, DO, BOD5, COD, nitrate, TAN, TN,
phosphate and TP (Tab. 1). All parameters were within the
normal range for aquatic ecosystems. At the end of
both experiments, environmental parameters between T0
(freshwater control), T32 (seawater control) and other treat-
ments were slightly different, however this variation was low
across the investigation period (Tab. 1). Surprisingly, nitrate
was not detected in FW, SW or all treatments in either
experiment (Tab. 1).

3.2 Composition and abundance of phytoplankton in
water used for both experiments

The composition and abundance of phytoplankton in
freshwater sample (FW) and sea water sample (SW) used in
both experiments are shown in Table 2. The same fresh water
source was used for the fresh water control treatment,T0, and
as the initial water source for treatments T5, T10, T15, T20,
T25 and T30, so they all had the same initial phytoplankton
composition and density (see Methods).
f 13



Fig. 2. The species composition of phytoplankton at the end of both experiments.
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At the beginning of Exp. 1, there were a total of
50 phytoplankton in fresh water, made up of five species
of Cyanobacteria, 19 species of Chlorophyta, 23 species of
Euglenophyta, and four species of Bacillariophyta, while in
sea water there were three species of Cyanobacteria, seven
species of Chlorophyta, six species of Euglenophyta, and
four species of Bacillariophyts, for total of only 20 species
(Tab. 2). The density of phytoplankton in fresh water at the
start of Exp. 1 was 662,704 inds• L�1, with Chlorophyta,
(405,074 inds L�1) and Euglenophyta (186,241 inds• L�1),
together accounting for almost 90% of the total density
(Tab. 2). By contrast, the density of phytoplankton in seawater at
the start ofExp. 1wasmuch lower (367,187 inds•L�1), but again
the population was dominated mainly by two groups,
Bacillariophyta (227,470 inds• L�1) and to a lesser degree by
Chlorophyta (76,609 inds• L�1) (Tab. 2).

The number of phytoplankton species at the start of Exp. 2
was slightly higher, in both fresh water (68 species) and sea
water (29 species), than in Exp. 1, but the number of species
in each group was similar to that in Exp. 1, for both fresh
water and sea water (Tab. 2). However, phytoplankton
densities in both fresh water (451,305 inds• L�1) and sea
water (35,941 inds• L�1) at the start of Exp. 2 were
signifiantly lower than those in Exp. 1 (Tab. 2). Unlike Exp. 1,
Bacillariophyta had significantly higher densities than
other groups, both in fresh water and notably so in seawater
(Tab. 2).

3.3 Species composition of phytoplankton

The species composition of phytoplankton was determined
at the end of both experiments and shown in Figure 2. A total of
21 and 40 species was recorded in Exp. 1 and Exp. 2,
respectively (Tab. S2). In Exp. 1, Chlorophyta accounted for
greatest number of taxa (8), followed by Bacillariophyta (6 taxa),
and Euglenophyta (5 taxa). Cyanobacteria was the fewest taxa
(2). In Exp. 2, Chlorophyta and Bacillariophyta accounted for
the same number of species (12 taxa), followed by
Euglenophyta (11 taxa) and Cyanobacteria (5 taxa).
Page 5 o
There was an overall decline in the total number of
phytoplankton species with increasing salinity in both
experiments (Fig. 2). In Exp. 1, there were 14 species at T0
and the number dropped sharply with increasing salinity to just
four species at T32. Likewise, the number of phytoplankton
species decreased sharply with increasing salinity, from 20 at
T0 to three at T32 in Exp. 2 (Fig. 2). The reduction in species
number varied between groups; the most dramatic being in
Chlorophyta, where the number of species dropped from seven
(Exp. 1) and 10 (Exp. 2) in fresh water (T0) to zero at all
salinities of 25‰ and above, apart from one species in the sea
water control treatment (T32), where the salinity remained
unchanged for the duration of the experiment (Fig. 2).
A similar pattern in species number with increasing salinity
was observed in the Euglenophyta (Fig. 2). The number of
species in Cyanobacteria and Bacillariophyta fluctuated
markedly and there was only a slight downward trend in
species number with increasing salinity in the Bacillariophyta
(Fig. 2). Additionally, cumulative dominance (%) and species
rank differed between Cyanobacteria and the other three phyla
(Fig. 3). More specifically, Cumulative dominance increased
faster in Exp. 1 (Fig. 3a) than in Exp. 2 (Fig. 3b) with
Cyanobacteria exhibiting the highest species rank in both
experiments (Fig. 3). The relationship between cumulative
dominance and species rank appears dependent on the rate of
salinity shift, especially for Cyanobacteria.

In Exp. 1, the SIMPER analysis performed at the end of the
experiment showed a total dissimilitude of 65% among
treatments (ANOSIM, R= 0.8085 P = 0.0001) (Tab. 3). The
greatest differences were found between T0 (freshwater
control) and T20 (93.3%, R= 1 P = 0.103) and T32 (seawater
control) and T5 (79.3%, R= 1 P = 0.1034). The smallest
differences were found between T0 (freshwater control) and
T5 (70.6%, R = 1 P= 0.1039) and T32 (seawater control) and
T30 (39.1%, R= 1 P = 0.1051). Moreover, throughout the
treatments from T5-T30, the greatest difference was found
between T5 and T20 (97.1%, R= 1 P = 0.1009) whereas, the
smallest difference was found between T10 and T15 (21.4%,
R= –0.2222 P = 0.297) (Tab. 3).
f 13
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Fig. 3. Cumulative dominance (%) and species rank of 4 phytoplankton phyla in Experiment 1 (a) and Experiment 2 (b).
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In Exp. 2, the SIMPER analysis showed a total
dissimilitude of 73.9% among treatments (ANOSIM,
R = 0.7827 P = 0.0001) (Tab. 3). The greatest differences were
found between T0 (freshwater control) and T30 (92.3%,
R = 0.6667 P = 0.0975) and T32 (seawater control) and T20
(76.6%, R = 1 P = 0.0993). The smallest differences were
found between T0 (freshwater control) and T5 (70.5%,
R = 0.667 P = 0.0995) and T32 (seawater control) and T25
(41.0%, R = 1 P = 0.0993). Additionally, throughout the
treatments from T5-T30, the smallest difference was found
between T15 and T20 (50.7%, R= 1 P = 0.1039) and the
greatest difference was found between T5 and T20 (89.3%,
R = 1 P = 0.1008) (Tab. 3).
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3.4 Phytoplankton abundance

Densities of phytoplankton in different treatments of both
experiments are shown in Figure 4, Figure 5 and Table 4. In
Exp. 1, Cyanobacteria were more abundant in treatments T5,
T10, T15, T25, T30 and T32, while Bacillariophytawere more
abundant in T20. In the fresh water treatment, T0, Chlorophyta
had the highest density, followed by Euglenophyta and
Bacillariophyta (Fig. 4). No Chlorophyta were recorded in
T10, T15, T20, T25 and T30 (Fig. 4 and Tab. 4).

In Exp. 2, for all salinities except fresh water (T0) and 20‰
(T20), Cyanobacteria had the highest density, followed by
Bacillariophyta, while Euglenophyta had the lowest density
f 13



Table 3. The result of SIMPER and ANOSIM analysis in both experiments.

Experiment 1
Simper: Overall average dissimilarity = 65.0%
Anosim: R = 0.8085; P = 0.0001 (similarity index by Euclidean)

TMs T0 T5 T10 T15 T20 T25 T30 T32

T0 D: 70.6%
R: 1
P: 0.1039

D: 81.7%
R: 1
P: 0.0965

D: 82.4%
R: 1
P: 0.1008

D: 93.3%
R: 1
P: 0.1030

D: 80.8%
R: 1
P: 0.0992

D: 81.9%
R: 1
P: 0.0963

D: 68.8%
R: 1
P: 0.1034

T5 D: 70.6%
R: 1
P: 0.1039

D: 45.3%
R: 1
P: 0.1035

D:50.2%
R: 0.9259
P: 0.0967

D: 97.1%
R: 1
P: 0.1009

D: 59.4%
R: 0.9259
P: 0.0996

D: 78.9%
R: 1
P: 0.1039

D: 79.3%
R: 1
P: 0.0973

T10 D: 81.7%
R: 1
P: 0.0965

D: 45.3%
R: 1
P: 0.1035

D: 21.4%
R: �0.2222
P: 0.297

D: 91.9%
R: 1
P: 0.0945

D: 33.2%
R: 0.7778
P: 0.1004

D: 50.1%
R: 1
P: 0.0988

D: 57.5%
R: 1
P: 0.0986

T15 D: 82.4%
R: 1
P: 0.1008

D: 50.2%
R: 0.9259
P: 0.0967

D: 21.4%
R: �0.2222
P: 0.297

D: 92.1%
R: 0.8889
P: 0.096

D: 27.7%
R: 0.3704
P: 0.0983

D: 53.4%
R: 0.6667
P: 0.1011

D: 57.2%
R: 0.8889
P: 0.1004

T20 D: 93.3%
R: 1
P: 0.103

D: 97.1%
R: 1
P: 0.1009

D: 91.9%
R: 1
P: 0.0945

D: 92.1%
R: 0.8889
P: 0.096

D: 86.5%
R: 1
P: 0.1011

D: 72.5%
R: 1
P: 0.0964

D: 77.1%
R: 1
P: 0.1029

T25 D: 80.8%
R: 1
P: 0.0992

D: 59.4%
R: 0.9259
P: 0.0996

D: 33.2%
R: 0.7778
P: 0.1004

D: 27.7%
R: 0.3704
P: 0.0983

D: 86.5%
R: 1
P: 0.1011

D: 37.8%
R: 1
P: 0.0999

D: 46.8%
R: 1
P: 0.0988

T30 D: 81.9%
R: 1
P: 0.0963

D: 78.9%
R: 1
P: 0.1039

D: 56.1%
R: 1
P: 0.0988

D: 53.4%
R: 0.6667
P: 0.1011

D: 72.5%
R: 1
P: 0.0964

D: 37.8%
R: 1
P: 0.0999

D: 39.1%
R: 1
P: 0.1051

T32 D: 68.8%
R: 1
P: 0.1034

D: 79.3%
R: 1
P: 0.0973

D: 57.5%
R: 1
P: 0.0986

D: 57.2%
R: 0.8889
P: 0.1004

D: 77.1%
R: 1
P: 0.1029

D: 46.8%
R: 1
P: 0.0988

D: 39.1%
R: 1
P: 0.1051

Experiment 2
Simper: Overall average dissimilarity = 73.9%
Anosim: R = 0.7827; P = 0.0001 (similarity index by Euclidean)
TMs T0 T5 T10 T15 T20 T25 T30 T32
T0 D: 70.5%

R: 0.6667
P: 0.0995

D: 81.3%
R: 0.6667
P: 0.1002

D: 90.5%
R: 0.6667
P: 0.0993

D: 90.1%
R: 0.6667
P: 0.1018

D: 83.6%
R: 0.6667
P: 0.0969

D: 92.3%
R: 0.6667
P: 0.1047

D: 83.8%
R: 0.6667
P: 0.0975

T5 D: 70.5%
R: 0.6667
P: 0.0995

D: 80.5%
R: 1
P: 0.1014

D:84.0%
R: 1
P: 0.1015

D: 89.3%
R: 1
P: 0.1008

D: 82.8%
R: 1
P: 0.1061

D: 87.2%
R: 1
P: 0.1002

D: 69.3%
R: 1
P: 0.0981

T10 D: 81.3%
R: 0.6667
P: 0.1002

D: 80.5%
R: 1
P: 0.1014

D: 68.5%
R: 1
P: 0.0962

D: 79.6%
R: 1
P: 0.1022

D: 72.1%
R: 1
P: 0.0976

D: 68.0%
R: 1
P: 0.1005

D: 75.3%
R: 1
P: 0.1021

T15 D: 90.5%
R: 0.6667
P: 0.0993

D: 84.0%
R: 1
P: 0.1015

D: 68.5%
R: 1
P: 0.0962

D: 50.7%
R: 1
P: 0.1039

D: 53.9%
R: 1
P: 0.096

D: 68.6%
R: 1
P: 0.0999

D: 67.9%
R: 1
P: 0.1025

T20 D: 90.1%
R: 0.6667
P: 0.1018

D: 89.3%
R: 1
P: 0.1008

D: 79.6%
R: 1
P: 0.1022

D: 50.7%
R: 1
P: 0.1039

D: 56.0%
R: 1
P: 0.0971

D: 76.4%
R: 1
P: 0.0996

D: 76.6%
R: 1
P: 0.0993

T25 D: 83.6
R: 0.6667
P: 0.0969

D: 82.8%
R: 1
P: 0.1061

D: 72.1%
R: 1
P: 0.0976

D: 53.9%
R: 1
P: 0.096

D: 56.0%
R: 1
P: 0.0971

D: 61.9%
R: 1
P: 0.0934

D: 41.0%
R: 1
P: 0.0993

T30 D: 92.3%
R: 0.6667
P: 0.1047

D: 87.2%
R: 1
P: 0.1002

D: 68.0%
R: 1
P: 0.1005

D: 68.6%
R: 1
P: 0.0999

D: 76.4%
R: 1
P: 0.0996

D: 61.9%
R: 1
P: 0.0934

D: 67.5%
R: 1
P: 0.1011

T32 D: 83.8%
R: 0.6667
P: 0.0975

D: 69.3%
R: 1
P: 0.0981

D: 75.3%
R: 1
P: 0.1021

D: 67.9%
R: 1
P: 0.1025

D: 76.6%
R: 1
P: 0.0993

D: 41.0%
R: 1
P: 0.0993

D: 67.5%
R: 1
P: 0.1011

Note: TMs: treatments; D: Overall average dissimilarity from SIMPER test (distance/similarity measure by Bray-Curtis); R: R values from
ANOSIM test; P: p-values, uncorrected significance (from ANOSIM).
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Fig. 4. The structure of density of phytoplankton phyla at different treatments in Experiment 1.

Fig. 5. The structure of density of phytoplankton phyla at different treatments in Experiment 2.
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(Fig. 5). As in Exp. 1, Chlorophyta was most abundant in T0,
followed by Euglenophyta. Bacillariophyta was most abun-
dant in T20.Chlorophytawas not recorded in treatments with a
salinity higher than 25‰ (Fig. 5 and Tab. 4).

The results of ANOVA analysis of phytoplankton density
in different treatments at the end of both experiments are
shown in Table 4. Significant differences in phytoplankton
density were found at the end of the Exp. 1 (F = 78.7 P= 0.000)
and Exp. 2 (F= 289.7 P = 0.000) between T0 (freshwater
control), T32 (seawater control) and other treatments
(Tab. S1). Significant differences in densities between treat-
ments were found for all phytoplankton phyla including
Cyanobacteria (F= 59.4 P = 0.000 in Exp. 1; and F = 91.5
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P= 0.000 in Exp. 2), Chlorophyta (F= 944.5 P = 0.000 in Exp.
1 and F = 4634 P= 0.000 in Exp. 2), Euglenophyta (F= 2733.2
P= 0.000 in Exp. 1 and F = 574.3 P= 0.000 in Exp. 2), and
Bacillariophyta (F= 18.8 P = 0.000 in Exp. 1 and F= 151.9
P= 0.000 in Exp. 2) (Tab. 4).

In Exp. 1, the total density of phytoplankton tended to
decrease gradually from T0 (40,114 inds• L�1) to T20
(2883 inds L�1) and was significantly different (Tab. 4).
Cyanobacteria density fluctuated, which increased from T0
(6644 inds•L�1) to T5 (20,913 inds•L�1) then decreased in T10
(13,674 inds L•�1), T15 (12,690 inds•L�1) and dropped sharply
in T20 (559 inds L�1). Density of Bacillariophyta varied
irregularly in all other treatments. The highest density was
f 13
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observed in T5 (8215 inds L�1) and significantly
different (ANOVA P < 0.05) to other treatments except T0
(6444 inds• L�1). For Euglenophyta, the densities reduced
remarkably fromT0(9029 inds•L�1) toT10 (552 indsL�1) anda
significantdifference (ANOVAP<0.05)was foundbetween the
three treatments. Especially, in all treatments with salinity from
T20 to T32, Euglenophyta was not found. Density of
Chlorophyta decreased strongly from T0 (17,933 inds• L�1)
to T5 (2409 inds L�1) and this group was not detected in T10,
T15, T20, T25 and T30 (Tab. 4).

Similar to Exp. 1, at the end of Exp. 2, total phytoplankton
density tended to decrease gradually from T0 (112,827
inds L�1) to T15 (18,033 inds L�1). Cyanobacteria density
also varied irregularly. The highest density was observed in T5
(20,926 inds L�1) which differed significantly (ANOVA P <
0.05) from all other treatments except T0 (17,927 inds L�1).
The density of Bacillariophyta was highest in T5 (25,509
inds L�1) and significantly different (ANOVA P < 0.05) to all
other treatments. Chlorophyta and Euglenophyta
density fluctuated similarly to each other. The highest densities
was found in T0 (44,535 inds L�1 for Chlorophyta and 35,930
inds L�1 for Euglenophyta) and significantly different
(ANOVA P < 0.05) to the other treatments, except
Euglenophyta in T0 and T5). Chlorophyta and Euglenophyta
were not recorded in T25, T30 and T32 (Tab. 4).

4 Discussion

4.1 Phytoplankton community composition

Under both experimental conditions, species number for
Chlorophyta (green algae) and Bacillariophyta (diatom) were
observed to be higher than that of Cyanobacteria and
Euglenophyta (see Supplementary Material). Several studies
have demonstrated that Chlorophyta species perform best in
freshwater or low salinity environments (Sy, 2005; Hamilton
et al., 2000). In addition, many Bacillariophyta species are
known to be broadly distributed from freshwater to seawater
environments (Stanca et al., 2013; Pratiwi et al., 2018). The
Hau River is a typical freshwater-to-low salinity ecosystem
and, thus, Chlorophyta species, Bacillariophyta species, and
their corresponding resting spores are abundant in the water
column and bottom mud. Therefore, the greater diversity of
Chlorophyta and Bacillariophyta species observed under both
experimental conditions could be due to their greater natural
abundance the water and mud used in both experiments. For
species composition structure, all treatments with salinity less
than 10‰ had high similarity compared with freshwater
environment (FW control-T0) in both experiments. In
comparison with natural seawater (SW control-T32), the
species composition structure had high similarity at salinity of
30‰ for the simulation of tidally-induced saline intrusion, and
25‰ for the simulation of more gradual saline intrusion over
weekly stepwise increase in salinity. Many species of
Cyanobacteria, Chlorophyta and Euglenophyta are widely
distributed and have high densities in freshwater bodies and
those with low salinity, and so the phytoplankton structure in
all treatments with less than 10‰ salinity (T5, T10), which is
typical of water near the mouth of the Hau River had a
high similarity with the natural freshwater environment (T0).
In contrast, some other phytoplankton species, such as
Page 9 o
Bacillariophyta, tend to be more salinity tolerant and are
more widely distributed in environments with higher salinity,
thus, the similarity of phytoplankton structure in the 25‰ and
30‰ treatments with natural seawater (T32).

Our observations that Bacillariophyta species were the
most abundant group under both natural, tidally-induced and
longer-term, more gradual changes in salinity mirror the
findings of previous research on the effects of salinity on
phytoplankton community composition under natural and
experimental conditions. Additionally, in MD, Bacillariophyta
was reported to be the most abundant phytoplankton phyla in
the Mekong Delta tributary Ba Lai River (Luu et al., 2017) as
well as the Soc Trang to Bac Lieu coastal areas of Vietnam
(Van et al., 2012). In aquaculture, many Bacillariophyta
species have been used as high nutrient live feed (Brown,
2002; Conceicao et al., 2010; Vicose et al., 2012; Xia et al.,
2013). The abundance of Bacillariophyta species observed
in our experiments could benefit MD fisheries and aquaculture
(e.g., brackish water shrimp industry).
4.2 Effects of salinity changes on phytoplankton
community composition

Our results show that fluctuations in salinity caused by the
tidal cycle, or more grandual changes in salinity over a time
frame of a week or more, influenced significantly the species
composition and structure of the phytoplankton community.
These changes in salinity are typical of that due to saline
intrusion in the MD, and their extent varies with distance from
the river mouth, tidal amplitude and river flow rate. Overall,
phytoplankton species number and density tended to decrease
when salinity increased under both experimental shift rates and
phytoplankton abunadance was highest in T0 (FW control) and
lowest in T30 in both salinization simulation systems (Tab. 4
and Fig. 2). When salinity varied on the time scale of a tidal
cycle, a salinity of less than 5‰ (T0, T5) was optimum for
phytoplankton to reach higher densities, whereas their
abundance decreased at alinities above 10‰. When salinity
changed over a longer duration, phytoplankton density
decreased gradually with increased salinity from 0 to 15‰.
Previous studies have also demonstrated that salinity variation
was the main factor affecting phytoplankton community
composition. When investigating the effect of salinity stress on
phytoplankton abundance and growth, Floder et al. (2010)
reported that salinity had a considerable influence on
composition, diversity, growth, and biomass. Salinity was
also demonstrated to be one of the primary factors affecting
species richness and evenness of phytoplankton communities
in microcosm experiments conducted in the Great Salt Lake,
Utah, USA (Larson and Belovsky, 2013). Zhang et al. (1999)
investigated the effects of salinity on growth rates of Arctic-
sea-ice algae from the Greenland Sea and reported that algae
abundance increased over a wide salinity range (4–74‰) but
decreased in the highest tested salinity (90.8‰). Salinity was
also shown to alter the composition and significantly reduce
species richness of the coastal Mediterranean phytoplankton
species in a mesocosm experiment (Stefanidou et al., 2018).
Larson and Belovsky, 2013) and Stefanidou et al. (2018)
investigated the influence of salinity on phytoplankton
community composition in microcosm experiments in the
f 13

https://www.limn.org/10.1051/limn/2022001/olm


T
ab

le
4.

T
he

de
ns
it
ie
s
of

ph
yt
op

la
nk

to
n
ph

yl
a
at

th
e
en
d
of

bo
th

ex
pe
ri
m
en
ts
.

E
x

D
en
si
ti
es

(i
nd

s•
L
–
1
)

T
re
at
m
en
ts

A
N
O
V
A
T
uk

ey
H
S
D

te
st
re
su
lt
s

T
0

T
5

T
10

T
15

T
20

T
25

T
30

T
32

F
P

E
x1

C
ya
n

66
44

b
c
±
11
08

20
,9
13

e
±
27

53
13

,6
74

d
e
±
14

74
12

,6
90

d
e
±
25

67
55

9a
±
11
8

86
92

b
cd

±
59

6
43

22
b
±
43

7
45

22
b
±
18

3
59

.4
0.
00

0
C
hl
o

17
,9
33

d
±
18

09
24

09
c
±
73

1
0a
±
0

0a
±
0

0a
±
0

0a
±
0

0a
±
0

72
9b

±
17

0
94

4.
5

0.
00

0
E
ug

l
9.
09

2e
±
43

0
36

37
d
±
29

7
52

2b
±
71

13
16

c
±
19

9
0a
±
0

0a
±
0

0a
±
0

0a
±
0

27
33

.2
0.
00

0
B
ac
i

6.
44

4d
e
±
10

79
82

15
e
±
88

2
26

61
b
c
±
54

7
15

46
ab

±
36

4
23

24
b
c
±
42

2
94

0a
±
48

15
44

ab
c
±
23

8
34

66
cd

±
22

0
18

.8
0.
00

0
T
ot
al

40
,1
14

f
±
34

47
35

,1
74

f
±
20

22
16

,8
57

e
±
14

99
15

,5
53

d
c
±
24

34
28

83
a
±
42

9
96

33
cd

±
56

7
58

66
b
±
62

5
87

18
b
c
±
41

78
.7

0.
00

0

E
x2

C
ya
n

17
,9
27

ef
±
12

90
20

,9
26

f
±
13

03
57

89
b
±
68

5
71

39
b
±
46

7
10

,7
30

cd
±
49

8
10

,0
26

c
±
14

1
34

03
a
±
19

5
13

,7
52

d
e
±
59

91
.5

0.
00

0
C
hl
o

44
,5
35

e
±
10

36
49

44
d
±
58

2
52

77
d
±
18

0
33

05
c
±
14

7
10

63
b
±
13

4
0a

±
0

0a
±
0

0a
±
0

46
34

0.
00

0
E
ug

l
35

93
0d

±
13

14
12

,7
87

d
±
15

05
38

77
c
±
12

8
80

2b
±
18

1
13

80
b
±
27

8
0a

±
0

0a
±
0

0a
±
0

57
4.
3

0.
00

0
B
ac
i

14
,4
35

d
±
45

0
25

,5
09

e
±
83

6
47

92
c
±
11
9

67
87

c
±
26

2
13

,0
62

d
±
47

8
44

59
b
c
±
61

7
31

02
b
±
41

9
68

7a
±
98

15
1.
9

0.
00

0
T
ot
al

11
2,
82

7f
±
12

,9
35

64
,1
66

e
±
22

24
19

,7
37

c
±
82

7
18

,0
33

b
c
±
54

8
26

,2
39

d
±
55

7
14

,4
85

b
±
48

3
65

05
a
±
38

3
14

,4
38

b
±
14

9
28

9.
7

0.
00

0

N
ot
e:
T
he
se

da
ta
in

ta
bl
e
ar
e
m
ea
n
±
S
.E
.;
E
x:

E
xp

er
im

en
t;
E
x1

:E
xp

er
im

en
t1

;E
x2

:E
xp

er
im

en
t2

;C
ya
n:

C
ya
no

ba
ct
er
ia
,C

hl
o:

C
hl
or
op

hy
ta
,E

ug
l:
E
ug

le
no

ph
yt
a,

B
ac
i:
B
ac
il
la
ri
op

hy
ta
.

D
if
fe
re
nt

su
pe
rs
cr
ip
t
le
tt
er
s
w
it
hi
n
a
ro
w

in
di
ca
te

a
si
gn

ifi
ca
nt

di
ff
er
en
ce

in
sp
ec
ie
s-
sp
ec
ifi
c
de
ns
it
y
(A

N
O
V
A

P
<

0.
05

w
it
h
T
uk

ey
H
S
D
).

Page 10

T.C. Nguyen et al.: Int. J. Lim. 2022, 58, 1
Great Salt Lake and coastal Mediterranean, respectively, and
both reported that salinity was inversely correlated with
phytoplankton species richness. Taken together, these studies
demonstrate that salinity affects phytoplankton community
composition under both simulated experimental conditions
natural conditions. Our study observed the same inverse
relationship between salinity and phytoplankton species
abundance and diversity (salinity shift rate dependent) and,
therefore, demonstrates that the observed shifts in phytoplank-
ton community composition could be used to accurately
predict the likely changes in the MD phytoplankton
community composition under naturally occurring salinity
shifts. Moreover, in our experiment, the higher total
phytoplankton densities observed in Exp. 2 samples indicates
that phytoplankton perform better under slower rates of
salinity change (5‰ per week) than faster rates (within
6 hours), and indicates that short-term, rapid changes in
salinity, and longer-term more gradual changes in salinity
affected phytoplankton community structure in different ways
and to different degrees. This is because salinity changes over a
longer time may have helped phytoplankton adapt to salinity
changes better than salinity changes within 6 hours. Therefore,
the salinity-dependent changes in phytoplankton community
composition observed in this study can be used to predict the
expected shifts in the wild phytoplankton community
composition when natural salinity shifts occur within the
Mekong Delta (e.g., under climate change predictions).

Our study indicates that the variation of salinity either by
within a tidal cycle or weekly basic made different effects on
Bacillariophyta composition. In this study, diatoms were
widely distributed across the salinity range tested in both
experiments (from T0 to T32). This tendency indicates that
fluctuation of salinity induced either by a tidal cycle or more
gradual changes due to salt intrusion in the Mekong Delta are
likely to have little effect on Bacillariophyta. The ability of
diatom species to thrive under broad salinity conditions when
salinity shift is relatively slow is evolutionarily advantageous;
however, more rapid salinity shifts (within 6 hours) strongly
influenced diatom species abundance and suggests that diatom
species may be at an evolutionary disadvantage in geographic
locations where salinity shifts rapidly (e.g., daily). Both
experiments demonstrated that Chlorophyta, Euglenophyta
generally preferred lower salinities (0–5‰) and disappeared in
higher salinities (25–32‰).Cyanobacteria, likeBacillariophyta,
grew well in all salinities. These findings align with previous
observations regarding the distribution and growth of
Chlorophyta andEuglenophyta under varying salinity conditions.
Luu et al. (2017) reported that Chlorophyta species abundance
increased with decreased salinity in the Ba Lai River estuary,
which is a tributary of the Mekong River in the MD.
Lueangthuwapranit et al. (2011) reported that Chlorophyta and
Euglenophyta species composition exhibited a significant
negative correlation with salinity in the Na Thap River estuary
inThailandbut that thiswas reversedduring the local rainy season
(i.e., under naturally reduced salinity conditions). Hamilton et al.
(2000) investigated the effects of salinity fluctuations on
phytoplankton community composition in Western Australia
estuaries and found that themajority ofChlorophyta specieswere
distributed in areaswith less than12‰ salinity. This indicates that
Chlorophytagrowwell in freshwater orwaterswith lowsalinity in
both natural water bodies and artificial laboratory conditions.
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Moreover, our experiment indicates the faster rate of salinity
change (Exp. 1) had a large effect on the growth of Chlorophyta
and Euglenophyta species, thus their density decreased signifi-
cantly with increasing salinity. In particular,Cyanobacteriawere
more abundant in 0–32‰ (T0-T32) in tidal cycle saline intrusion
simulation (in Exp. 1) and 0–32‰ (T0-T32) under salinity
prolonged shift rate (e.g., weekly in Exp. 2). This indicates that
neither short-term, tidally induced fluctuations of salinity nor
more gradual fluctuations over a longer period of time had little
effect on Cyanobateria. These findings align with previous
observations regarding the distribution and growth ofCyanobac-
teria under varying salinity conditions. Barron et al. (2002)
demonstrated thatCyanobacterial heterocyst number increased in
all salinities with the largest increase found in 2.3‰, which
suggested that Cyanobacteria may be adapted to low (near-
freshwater) salinities; however, Herbst and Blinn (1998) reported
thatCyanobacteria speciesOscillatoria spp.occurred inveryhigh
salinity conditions (50–100‰). Interestingly, Moisander et al.
(2002) and Pade and Hagemann (2015) demonstrated that
Cyanobacteria can adapt quickly to high salinity stress or sudden
salinityfluctuations because of salt resistance genes. Chakraborty
et al. (2011) reported thatCyanobacteria from theGodavariRiver
estuary in India had become adapted to sudden salinity changes
because of their unique ability to increase zeaxanthin production,
which helps them to outcompete Chlorophyta under low
salinization conditions. Johnson (2015) also reported that
Cyanobacteria exhibited better salinity tolerance than Chlor-
ophyta leading to Cyanobacteria becoming more widely
distributed in the California Delta (USA). The wide occurrence
and distribution of Cyanobacteria can be disadvantageous to
aquatic life (Gentile andMaloney, 1960Gorham, 1964; Seymour,
1980; Anderson et al., 1993; Brusle, 1995; Reinikainen et al.,
1995; Bury et al., 1996;Mez et al., 1998; Kuiper-Goodman et al.,
1999) whereas Chlorophyta are known to be beneficial as live-
feed for aquatic animals (Conceicao et al., 2010; Zahran and
Risha, 2014; Radhakrishnan et al., 2015; Pakravan et al., 2018).
Therefore, the findings of this study could be used to predict the
distribution of Cyanobacteria in natural ecosystems based on
salinity, which is important because Cyanobacteria may bloom
and replace Chlorophyta in natural saltwater intrusion areas. The
presence and dominance of harmful and toxic algae like
Cyanobacteria may cause negative impacts on aquatic life in
naturalwater bodies andaquaculture systemsbased in theMDand
therefore, beingable topredict shifts inphytoplanktoncommunity
composition is crucial.

In conclusions, the phytoplankton community was,
overall, more abundant when salinity changed more slowly
(Exp. 2) than when it changed at a faster rate (Exp. 1). Under
both experimental conditions, phytoplankton species num-
ber and density varied with salinity, indicating a strong effect
of salinity, regardless of its rate of change. Once the target
salinity had been reached and it was stable, Cyanobacteria
was abundant at all salinities and could have a negative
impact on aquatic ecosystems in the case of saline intrusion.
Chlorophyta was more dominant in 0–5‰ whereas
Bacillariophyta was abundant at all salinities. Euglenophyta
was abundant in 0–15‰ the target salinity had been reached.
The species composition and phytoplankton community
structure at salinities less than 10‰ had a high similarity
with the freshwater environment. Similarly, the species
Page 11
composition and community structure at salinities greater
than 25‰ also showed a high similarity to the natural seawater
environment. This study demonstrates the utility of mesocosm
experiments for understanding and predicting the variation in
composition of phytoplankton communities in natural aquatic
ecosystems under rapid and prolonged saline intrusion rates (e.
g., in the MD) as well as associated impacts on food webs in
natural water bodies and aquaculture systems.
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Table S1. The result of multiple comparisons Tukey HSD
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at the end of both saline intrusion simulation experiments.
The Supplementary Material is available at https://www.limn.
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