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Abstract

Mixing of freshwater and seawater creates the well-known salinity gradients along the estuaries. In order to
investigate  how  phytoplankton  respond  to  the  acute  salinity  changes,  we  exposed  natural  phytoplankton
assemblies from the Jiulong River Estuary to differential saline field water while continuously monitoring their
photosynthetic  performances  under  both  indoor-  and  outdoor-growth  conditions.  When  the  natural  cell
assemblies from salinity 30 field water were exposed to series low saline field water (salinity 25, 17, 13 and 7.5), the
effective Photosystem II quantum yield (ΔF/Fm′) decreased sharply, e.g., to one-fifth of its initials after 5 min
exposure to salinity 7.5 field water, and then increased fast during the following 40 min and almost completely
recovered after  320 min.  During such an exposure  process,  non-photochemical  quenching (NPQ) sharply
increased from 0 to 0.85 within 5 min, and then decreased to nearly 0 within the following 70 min. When these
cells re-acclimated to salinity 7.5 field water were exposed to series high saline field water (salinity 13, 17, 25 and
30), a similar response pattern was observed, with the decreased ΔF/Fm′ accompanied with increased NPQ, and
followed by the recovery-induced increase in ΔF/Fm′ and decrease in NPQ. A similar response pattern as ΔF/Fm′
to  the  acute  osmotic  stress  was  also  observed in  the  photosynthetic  carbon fixation capacity  according to
radiocarbon (14C) incorporation. Our results indicate that estuarine phytoplankton assemblies could rapidly
recover from the acute osmotic stress, implying a potential cause for their frequent blooms in coastal-estuarine
waters where despite drastically varying salinity, available nutrients are abundant due to the land-derived runoffs
or mixing-caused relaxations from sediments.
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1  Introduction
In estuaries, mixing of freshwater and seawater often creates

the well-known salinity gradients, from pure freshwater near the
head of the estuary to seawater near the mouth of the estuary.
This salinity gradient exerts a non-negligible impact on the
physiology of phytoplankton, such as decreasing photosynthesis
and increasing respiration, and subsequently reducing growth
(Rijstenbil et al., 1989a, b ; Lu and Zhang, 1999; D’ors et al., 2016),
and even altering species communities (Licursi et al., 2006; Li et
al., 2014; Wang et al., 2015b). Thus, the continuous salinity gradi-
ents in estuaries are often considered as one of the main drivers
to shift the distributions of phytoplankton biomass and species
compositions (Licursi et al., 2006; Muylaert et al., 2009). Usually,
freshwater species of phytoplankton are replaced by marine ones
when the salinity varies from 0.5 to 10 in estuaries (Huang et al.,
2004; Domingues et al., 2010; Li et al., 2011a, 2014). According to
the reports of Li et al. (2011b), succession of dominant species
occurred from typical freshwater chlorophytes (e.g., Scenedes-

mus spp.) below salinity 5 to marine diatoms (e.g., Skeletonema
costatum, Chaetoceros sp. and Coscinodiscus spp.) above salinity
10 in the Jiulong River Estuary. Similarly, the green algae and
cryptophytes were also observed as dominant species in lower
saline water in South African estuaries, dinoflagellates in marine-
brackish water, whereas diatoms and cyanobacteria dominated
in hypersaline conditions (Nche-Fambo et al., 2015). Such a spe-
cies succession along the salinity gradient is often attributed to
the fact that these phytoplankton species are stenohaline and
suffer from the osmotic stress when they are exposed to chan-
ging salinity (Licursi et al., 2006; D'ors et al., 2016). In cyanobac-
teria Spirulina platensis, the salt stress has been detected to cause
the decrease in Photosystem II (PSII) activity and increase in PSII
susceptibility to photoinhibition (Lu and Zhang, 1999); while in
diatoms, e.g., Skeletonema costatum and Ditylum brightwellii,
this salt stress has been observed to induce the increase in cellu-
lar small amino acids pools and in turn to enhance cellular os-
molity (Rijstenbil et al., 1989a, b). Bloom of phytoplankton has  
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been reported to associate regularly with low salinity of the estu-
arine areas or coastal regions (Lim and Ogata, 2005). Such as the
blooms of dinoflagelate Alexandrium minutum coincided with
increasing rainfalls and freshwater runoffs in the Mediterranean
Sea (Giacobbe et al., 1996). Similar findings were also reported
about the blooms of diatom Pseudo-Nitzschia multiserie under
lower salinity conditions (Doucette et al., 2008) and abundant di-
atoms Pseudo-Nitzschia spp. in coastal areas where salinity var-
ied widely (Thessen et al., 2005). In estuaries, the tide-induced
intrusion of open sea water usually extends to far upstream
(Wang et al., 1986), which leads to an intensely turbulent diffu-
sion at estuarine axis (Liu et al., 2008) and mixes the seawater-
thrived phytoplankton up to freshwater (Li et al., 2011b).
However, little has been documented about how these phyto-
plankton groups respond to such an acute salinity change, des-
pite it is of great importance in understanding the causes for fre-
quent phytoplankton blooms and species dynamics in estuaries.

The Jiulong River Estuary (Fig. 1) is strongly influenced by tid-
al changes. Therefore, drastic salinity changes prevail this estu-
ary, with the salinity-decrease rate reached as high as 6.7 km–1 at
interface between seawater and freshwater (Liu et al., 2008). Ad-
ditionally, rapid economic development along this estuary has
accelerated its eutrophication process during the last decades
(Yan et al., 2012; Wu et al., 2017), leading to the frequent occur-
rence of algal blooms (Cao et al., 2005; Tang et al., 2010; Chen et

al., 2012); thus, more and more attentions have recently been
paid to the ecological status of this estuary, including to charac-
terize its hydrodynamics (Liu et al., 2008; Wang et al., 2013), in-
vestigate its chemical environments (Yan et al., 2012; Chen et al.,
2013a, b; Cao et al., 2015; Wang et al., 2015a), depict its biological
features (Liu et al., 2013; Zhang et al., 2013; Tian et al., 2014) and
analyze the relationships between biotic and abiotic properties
(Li et al., 2011a; Chen et al., 2012; Wang et al., 2015b). However,
studies focused on the physiology of phytoplankton are scarce (Li
et al., 2011b), which limits our full understanding of this estuar-
ine ecosystem. In this paper, we therefore aimed to experiment-
ally test the physiological responses of phytoplankton to the
acute field salt stress and to particularly examine their acclima-
tion processes in the Jiulong River Estuary. Experiments with nat-
ural phytoplankton assemblies were conducted to test the effects
of acute salt stress on the photosynthetic effective quantum yield
and carbon fixation.

2  Materials and methods

2.1  Sampling area and protocols
The Jiulong River Estuary (Fig. 1) has a watershed area of

about 130 km2 and water depth of 3–16 m. Less than 25% amount
of freshwater inflow occurs in dry season from October to next
March when surface maximum tidal current speeds can be over
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Fig. 1.   Map of the Jiulong River Estuary (upper panel) and its location in the coasts of China's seas (lower panel) showing the sites
where phytoplankton assemblies were collected (S1 marked with arrow) and where the field water was collected (S1–S5).
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2.5 m/s in spring tide, leading to more drastic salinity gradient
(Cai et al., 1991). Therefore, we carried out the experiments in dry
season (November 2007 and February 2008) to determine the
physiological responses of phytoplankton assemblies to the acute
salinity changes in this estuary.

Surface seawater was collected using 15 L acid-clean (1 mol/L
HCl) carboys at five stations with five salinity levels [S1, S2, S3, S4
and S5; 30, 25, 17, 13 and 7.5] along this estuary (Fig. 1). After re-
turning to laboratory within 2 h, part of the collected water was
vacuum-filtrated through Whatman GF/F glass fiber filters (47 mm
in diameter) and stored at 4°C for later use. Simultaneously,
phytoplankton assemblies from S1 (salinity 30) were collected
using a 20 µm-pore Nitex® mesh, gently removed into the f/2-en-
riched filtrated salinity 30 field water, and cultivated for 5 d in an
incubator (200 µmol photons m–2 s–1; 25°C; 12:12 light:dark) with
0.5 L/min aeration. The assemblies were termed as the high-sa-
line cell assemblies, which were then inoculated to the f/2-en-
riched salinity 7.5 field water (S5) and cultivated for another
three weeks to obtain the low-saline cell assemblies. Both the
high- (salinity 30) and low-saline (salinity 7.5) cell assemblies
were used for the following experiments. In addition, the collec-
ted water samples were pre-filtrated over a 180 μm-pore mesh
before collecting phytoplankton cell assemblies, to eliminate as
much effects of zooplankton as possible. During sampling peri-
od, the phytoplankton assemblies with the effective diameter of
>20 µm took up approximately 40% of total chlorophyll a (Chl a)
concentration.

2.2  Experiment design
Experiment I: In an incubator mentioned above, 2 mL culture

with high- or low-saline-grown cell assemblies (salinity 30 or 7.5)
was inoculated into duplicate 50 mL filtrated field water of salin-
ity 7.5, 13, 17, 25 and 30 (see above), making Chl a as similar as in
situ status. After transferring high-saline cell assemblies to series
low saline field water, Chl a fluorescence was monitored at time-
points of 5, 20, 40, 70, 120, 180, 240 and 320 min using an Xe-PAM
(Waltz, Effeltrich, Germany). Similarly, Chl a fluorescence of low-
saline cell assemblies (salinity 7.5) that were transferred to series
high saline water was continuously monitored within 250 s and
the following time-points of 2, 20, 50, 120 and 200 min. The ef-
fective photosystem II (PSII) quantum yield (ΔF/Fm′) and non-
photochemical quenching (NPQ) under 200 µmol photons m–2 s–1

growth light were calculated according to Genty et al. (1989) and
Van Kooten and Snel (1990), with saturating pulse of 4 800 µmol
photons m–2 s–1 for 600 ms.

(1) ΔF/Fm′ = (Fm′–Ft)/Fm′, where Fm′ is the maximum fluores-
cence under growth light, and Ft is the steady state fluorescence
of light-adapted cells;

(2) NPQ = (Fm–Fm′)/Fm′, where Fm is the maximum fluores-
cence yield after 5 min dark adaptation, and Fm′ is the maximum
fluorescence under growth light. Here we used the Fm values of
time 0 of the control for NPQ calculation.

Experiment II: 5 mL of high-saline (salinity 30) cell assem-
blies were inoculated into duplicate 150 mL quartz tubes filled
with series pre-filtrated field low-saline water (salinity 7.5, 13, 17,
25 and 30) with Chl a similar to in situ level, incubated in a water
tank and exposed to solar radiation (UVR was removed by 395 fil-
ter (Li et al., 2011b) to roughly equal the light quality in incubat-
or to simplify the comparisons). We did two sets of outdoor in-
cubated experiments that lasted from 7:00 am to 18:00 pm on
November 11 and 12, 2008. During the incubations we took 5 mL
sample from each treatment every hour and measured the effect-
ive PSII yield (ΔF/Fm′) with the Xe-PAM.

Experiment III: Under a metal halide lamp (200 µmol photons
m–2 s–1), 10 mL of high-saline (salinity 28) cell assemblies (salin-
ity at Site S1 was 28 on February 28 of 2009) was inoculated to
triplicate flasks that were filled with 240 mL pre-filtrated field wa-
ter (salinity 28, 20, 15 and 7 at S1, S3, S4 and S5), making Chl a
content similar to the in situ status. The flasks were incubated in
a water tank for temperature control (25°C). At time-points of
zero (0), 60 min and 180 min, 80 mL sample from each flask was
dispensed into a tube, and spiked with 50 μL–2.5 μCi (92.5 kBq)
Na14HCO3 solution (ICN Radiochemicals, USA) and incubated
back to the water tank for additional 40 min. After the incubation,
the sample was filtrated onto a Whatman GF/F glass fiber filter
(25 mm in diameter); and the filters with samples were placed in-
to a 20 mL scintillation vial and exposed to HCl fumes overnight
and dried (55°C, 6 h) to remove the unfixed 14C. Then, 3 mL scin-
tillation cocktail (UltimaGold, Perkin Elmer®) was added to each
vial and the incorporated 14C was measured with a liquid scintil-
lation counter (Tri-carb 2800TR, Perkin Elmer, USA). Photosyn-
thetic carbon fixation rate was calculated according to Holm-
Hansen and Helbling (1995).

2.3  Environment determinations
Salinity and temperature in sampling sites were measured

with a SONDE (YSI 600QS, Yellow Spring Instruments, USA).
Light intensity in incubator was measured with a lux meter (TES
1332A, Taiwan). Outdoor incident solar radiation was monitored
with a broadband filter radiometer (ELDONET, Real Time Com-
puters, Inc., Germany) that was settled on the roof of Ocean
Building of Xiamen University; this equipment measures the sol-
ar irradiation every second in UV-B (280–315 nm), UV-A
(315–400 nm) and PAR (400–700 nm) wavebands and records the
minute-averaged values. The units of light are unified by 1 W/m2

= 5.0 µmol photons m–2 s–1 = 26.5 lx.
To measure dissolved inorganic nitrogen, phosphate and

silicate contents, 800 mL surface water was collected at each sta-
tion, and stored at 4°C until the analyses were performed within 6
h in laboratory. Nitrate, nitrite and ammonium were determined
colorimetrically according to Wood et al. (1967) and Pai et al.
(2001), and phosphate and silicate were manually determined
according to Murphy and Riley (1962) and Armstrong et al.
(1967).

2.4  Chl a measurement and species analysis
To measure Chl a content, aliquots of samples (300–500 mL

for field water or 100 mL for culture) were filtrated onto a What-
man GF/F filter (25 mm in diameter), extracted in 5 mL absolute
methanol in the dark for 3 h at room temperature of 23–25°C.
After centrifugation, the optical density of the extract was meas-
ured with a scanning spectrophotometer (DU800, Beckman
Counter, USA). Chl a concentration was calculated using the
equation of (Porra, 2002).

For species analysis, the field water samples or cultures were
fixed with buffered formalin (final concentration of 0.4%). Ac-
cording to Villafañe and Reid (1995), the samples were settled in
a 50 or 10 mL cylinder of an Utermöhl Chamber (Hydro-Bios
Kiel, Germany) for 24 h, qualitative and quantitative analyses
were carried out under an inverted microscope (IX51, OLYMPUS,
Japan).

2.5  Statistical analysis
Data are shown as mean and errors (i.e., standard deviations

for three replicates and half of range for two replicates) in figures.
Statistical analysis was performed using Paired t-test or one-way
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ANOVA with significant level at p<0.05.

3  Results
From the open sea water going upstream to the tidal limit wa-

ter of the Jiulong River Estuary, salinity decreased by 1.24 km–1

from 30.4 (S1) to 7.52 (S5) and the euphotic zone depth de-

creased from 3.68 to 0.18 m (Table 1). The concentrations of dis-
solved inorganic nitrogen (DIN) increased from 38.6 to 145 μmol/L
and silicate increased (SiO3

2–) from 58.2 to 241 μmol/L; while that
of phosphate (PO4

3–, 2.74–3.48 μmol/L) showed a limited change
(Table 1). Field Chl a content increased from 1.92 to 6.01 μg/L
during the sampling period (Table 1).

Photosynthetic performances of the high-saline (salinity 30)
cell assemblies changed greatly when being transferred to low-
saline field water, with different extent depending on the degree
that salinity changed (Fig. 2). For example, effective PSII
quantum yield (ΔF/Fm′) sharply decreased from 0.67 to 0.14 with-
in 5 min when being transferred to salinity 7.5 water (S5), fol-
lowed by a marked increase to 0.45 in the following 40 min and
then a gradual increase to 0.61 within 320 min, to the similar as
control (Fig. 2a). Oppositely, non-photochemical quenching
(NPQ) showed a sudden increase from 0 to 0.85 when being
transferred to salinity 7.5 water, and decreased nearly to 0 within
70 min and stayed steady till the end of the experiments (Fig. 2b).
When the high-saline cell assemblies were transferred to series
intermediate salinity field water (salinity 13, 17 and 25), similar
response pattern was observed, that is, decreased ΔF/Fm′ at first,

then recovery leading to increased ΔF/Fm′ and decreased NPQ
(Fig. 2). A similar response pattern also occurred when trans-
ferred low-saline (salinity 7.5) cell assemblies to series high-sa-
line field waters (salinity 13, 17, 25 and 30), i.e., the quantum
yield sharply decreased at first 2 min, then gradually increased
and almost completely recovered within the following 200 min
(Fig. 3a); while NPQ markedly increased at first then decreased to
nearly 0 in the following 50 min and kept steady till the end of the
experiments (Fig. 3b). The durations of the decrease of ΔF/Fm′
lasted 20 s after the acute salinity changes of 7.5 to 30 (Fig. 3a in-
set).

In outdoor conditions, phytoplankton assemblies showed

Table 1.   Physicochemical and biological factors of the sampling sites: salinity (S), temperature (T, °C), dissolved oxygen (DO, mg/L),
concentrations (μmol/L) of dissolved inorganic nitrogen (DIN), phosphate (PO4

3–) and silicate (SiO3
2–), euphotic zone depth (ZEU, m)

and chlorophyll a biomass (Chl a, μg/L)
Stations S T DO DIN PO4

3– SiO3
2– ZEU Chl a

S1 30.4 25.6 5.84 38.6 2.74 58.2 3.68 1.92

S2 25.0 25.6 6.54 62.9 3.39 96.4 3.13 1.98

S3 17.3 25.7 6.42 115 3.48 186 1.07 1.56

S4 13.3 25.8 5.75 123 3.42 196 0.77 2.97

S5 7.52 25.7 5.16 145 3.45 241 0.18 6.01
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Fig. 2.   Time-series variations of effective PS II quantum yield (a,
ΔF/Fm′) and non-photochemical quenching (b, NPQ) by expos-
ing the high-saline (salinity 30) cell assemblies to salinity 7.5, 13,
17, 25 and 30 field water. Vertical bars represent standard devi-
ations (n=6). Sal represents salinity.
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Fig. 3.   Time-series variations of effective PS II quantum yield (a,
ΔF/Fm′) and non-photochemical quenching (b, NPQ) by expos-
ing low-saline (salinity 7.5) cell assemblies to salinity 7.5, 13, 17,
25 and 30 field water. The insert figures showed a representative
variation of ΔF/Fm′ by exposing the salinity 7.5 cell assemblies to
salinity 30 field water during the first 4 min. Vertical bars repres-
ent standard deviations (n=6).
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similar photochemical performances as that in indoor condi-
tions (Fig. 4). As solar PAR irradiation increased from dawn to
noon (Fig. 4a), the ΔF/Fm′ of high-saline (salinity 30) cell assem-
blies decreased (Fig. 4b), and it then gradually increased up to
initials in dusk. When the high-saline cell assemblies were ex-
posed to lower-saline field water, the ΔF/Fm′ displayed a sudden
decrease in morning, followed by a gradual increase to noon and
finally up to the similar values as control in dusk (Fig. 4b). Con-
sistently, the environmental stress, defined as: (YSal 30 – YSal x)/
YSal 30 × 100%, displayed an opposite trend as ΔF/Fm′ and de-
creased throughout the day (Fig. 4c), for e.g. the stress degree de-
creased from 80% to 21% from dawn to dusk when the high-sa-
line (salinity 30) cell assemblies were transferred to low-saline
(salinity 7.5) field water. Particularly, the lowest values of ΔF/Fm′
in most salinity treatments occurred before 10:00 am but not
12:00 am when solar irradiation was highest (Fig. 4b), indicating
the interactive light shock effects from dawn to noon upon the

photosynthetic capacity.
Photosynthetic carbon fixation rate of high-saline cell assem-

blies reached 2.54 μg C (μg Chl a)–1 h–1 in salinity 28 field water; it
sharply decreased by 41% after 20 min exposure to salinity 7.5
field water, and by 8.9% and 5.9% to intermediate salinity 15 and
salinity 20 field water, respectively (Fig. 5). However, the carbon
fixation rate under the salt stressful condition (i.e., high-saline
cell assemblies were exposed to low-saline field water) markedly
increased with increasing incubated duration, and showed even
no significant differences (p>0.05) among the control (salinity
28), salinity 15 and salinity 20 treatment conditions after 200 min
(Fig. 5).

4  Discussion
Freshwater runoffs and tidal-induced exchanges with open

sea water often drastically change the salinity along the estuaries,
osmotically stressing phytoplankton therein. In the Jiulong River
Estuary however, phytoplankton species are often plentiful (Li et
al., 2011b; Huang et al., 2012) and even bloom (Li et al., 2011a).
Such a contradiction of salt stress and abundant phytoplankton
in this estuary spikes our interest to study the physiological re-
sponses of phytoplankton to the acute salinity changes. We found
that the seawater-thrived phytoplankton assemblies from this es-
tuary could recover within several hours from the field osmotic
stresses on the base of chlorophyll fluorescence and carbon fixa-
tion, implying their fast acclimations to the acute salinity changes
and subsequent blooms.

Apart from light limitation (Cloern, 1999), the salinity
changes are usually over the burden of phytoplankton cells in es-
tuaries, thus causing the great increase in respiration and de-
crease in photosynthesis and growth (Rijstenbil et al., 1989a, b;
Lu and Zhang, 1999; D'ors et al., 2016), and even making the cells
to die (Licursi et al., 2006). In this view of the point, estuarine en-
vironments are rough and not suitable for phytoplankton to grow
well (Cloern, 1999) although the nutrients contents therein e.g.
nitrogen (N) and phosphorus (P) are usually high due to the
land-derived runoffs and mixing-caused relaxations from sedi-
ments (Li et al., 2011b, 2014; Yan et al., 2012). On the other hand,
the excessive N loads often create a surplus supply of estuarine N,
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Fig. 4.   Mean incident solar irradiance (a) of PAR (400–700 nm),
UV-A  (315–400  nm)  and  UV-B  (280–315  nm)  in  W/m2,  on
November  11  and  12,  2008;  daily  variations  of  effective  PS  II
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Fig. 5.   Time-series variations of photosynthetic carbon fixation
rate (PB, μg C (μg Chl a)–1 h–1) after exposing high-saline (salinity
28) cell assemblies to salinity 7, 15, 20 and 28 field water. Vertical
bar represents one standard deviation (n=3), whereas horizontal
line represents the significant differences among salinity treat-
ments (p<0.05).

82 Li Gang. Acta Oceanol. Sin., 2019, Vol. 38, No. 8, P. 78–85  



leading P to be relatively scarce and again negatively limiting the
growth of phytoplankton, e.g., in the Jiulong River Estuary (Mo et
al., 2013) or Pearl (Zhujiang) River Estuary (Yin et al., 2001; Yi et
al., 2014). Moreover, osmotic stress induced by salinity changes
has been shown to suppress the synthesis of e.g. D1 protein at
both the transcriptional and translational levels (Allakhverdiev et
al., 2002), which may again cause the decrease in photosynthetic
activity of photosystem II (Figs 2–4) and carbon fixation (Fig. 5).
In many estuaries however, high nutrients contents usually favor
the growth of phytoplankton, which could overrun the adverse
effects of salt stress or light limitation and make them to grow
well and even bloom (Huang et al., 2004; Li et al., 2011a, 2014;
Gao et al., 2018). According to Brand (1984), most phytoplankton
species from the estuaries are more euryhaline than those from
coastal or oceanic waters, which may make them to better toler-
ate the osmotic stress and thus lead them to be more abundant.
What’s more, it is common that primary inhibition of photosyn-
thetic activity by salt stress is followed by partial or full restora-
tion, but the time required for recovery is species-specific and
depends on the osmotic stress degree (Radchenko and Il’iash,
2006). For example, the osmotic stress was testified to stimulate
the production of intracellular ROS, but it does not induce cellu-
lar toxicity before ROS formation exceeding antioxidant defense
capability or disrupting redox signaling, and affecting cell func-
tionality (Häubner et al., 2014). Our results showed that phyto-
plankton assemblies from the Jiulong River Estuary could rapidly
(i.e., within several hours) recover from the acute osmotic
stresses, under either indoor (Figs 2 and 3) or outdoor conditions
(Fig. 4), which not only contributes to the explanations about the
better adaptation of estuarine phytoplankton to the acute salin-
ity changes but also implies a potential reason why phytoplank-
ton often bloom in this estuary although the environments
therein are rough for their growing if considering the drastic sa-
linity changes.

Differential nutrients levels among the five sampling sites
(Table 1) might temper our findings, although the acute osmotic
stress was not covered by the nutrient changes (Figs 2–4).
Moreover, the dominant species are Nitzschia longissima and
Thalassiosira spp. after the 5-day-indoor cultivation of natural
cell assemblies in f/2-enriched field water, and no significant dif-
ference was observed between indoor and outdoor species com-
positions (data not shown). It indicates the elimination of the ef-
fects of environmental changes from outdoor- to indoor- condi-
tion, as well as the elimination of the effects of zooplankton prey
by pre-filtrating the sample through a 180 μm-pore mesh before
collecting phytoplankton assemblies. Thus, our cell assemblies
could still mimic the field condition, despite we indeed observed
the species changes after inoculating the high-saline cell assem-
blies into f/2-enriched low-saline field water for another three
weeks—just left the unknown pennates as dominating species
(data not shown). It is consistent with the results of Hernando et
al. (2015) who reported the big centric diatoms are replaced by
small pennate ones after 8 d exposure to low salinity in a coastal
area of Antarctica. In this study, we used solely larger cells (>20 µm)
that took up ~40% of total field cell assemblies (Huang et al.,
2012). For small cells however, they have high surface to volume
ratios and are more vulnerable to environmental changes than
large ones, no exception to the salt stress (Raven, 1998; Finkel et
al., 2010). So, rapid recovery of phytoplankton from the acute os-
motic stress would be tempered if considering the whole cell as-
semblies.

Phytoplankton assemblies from the Jiulong River Estuary
proved strongly capable to recover from osmotic stress (Figs 2–5),

which, together with a wide salinity range (Table 1), points to the
mechanisms regulating intracellular salt pressure. Up to now, it
still remains unclear that the mechanisms of the acute salt stress
effects on photosynthetic performances of phytoplankton assem-
blies. In particular the metabolic processes in a certain algal spe-
cies under the changed salinity are not known, although the re-
lease of low molecular weight compounds of e.g. amino acids
and glucoses to environments has been proposed to be one of the
main mechanisms of response to osmotic stress in diatoms
(Rijstenbil et al., 1989a, b). Some authors considered that the os-
motic stress mainly contribute adverse effects to the growth of
phytoplankton (Lu and Zhang, 1999; Licursi et al., 2006; D'ors et
al., 2016); while others suggested that abundant nutrients inter-
act with high salt tolerance to make them to bloom frequently in
estuaries although the salinity varies drastically (Lim and Ogata,
2005; Doucette et al., 2008). However, our results indicate that es-
tuarine phytoplankton could rapidly recover from the osmotic
stress; it to some extent reconcile the phenomenon that phyto-
plankton are abundant in estuaries in spite of the rough salinity
environments.
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