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Elevated water temperature caused by the thermal discharge from power plants
can exert multiple ecological impacts on the phytoplankton community in coastal
ecosystems. Most recent studies have focused on the reshaping effects on the
community structure; however, the short-term response of phytoplankton
physiology to thermal discharge remains unclear. This study conducted research
on the scope of thermal discharge from the nuclear power plant and the size-
fractionated phytoplankton structure combined with photosynthetic physiology in
Daya Bay, China. The thermal discharge significantly affected the surface
temperature in the outlet regions, and the thermal plume mainly diffused along
the northeast coast of the outfall site, resulting in a significant difference in the
surface temperature between the inlet and outlet transects (p<0.05). Elevated
surface temperatures decreased the total chlorophyll a concentrations by 33.19%
at the outlet regions, with pico-phytoplankton decreasing the most. Chlorophyll a
concentrations were higher at sites further away from the outlets, indicating that
elevated water temperature might stimulate the rapid growth of phytoplankton,
especially nano-phytoplankton which replaced pico-phytoplankton as the
dominant group at stations away from the outlets. Significant negative
correlations were observed between the photochemical quantum yield (F./F..)
and temperature (p<0.05), and the relative electron transport rate (rETR) and
temperature (p<0.05). Phytoplankton showed a normal photosynthetic
physiological state at most sites with a surface temperature<33°C but was
severely affected at the outlet site with a 5°C rise, decreasing from ~0.5 on the
inlet transect to 0.07. During the diurnal survey, the high temperatures near the
outlet at midday had a compensatory effect on phytoplankton'’s light suppression.
The results indicated that the physiological state of phytoplankton was clearly
influenced by the thermal discharge with diurnal variation, and different size-
fractionated phytoplankton groups exhibited heterogeneous responses. The
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findings may provide further insights into the ecological impacts of thermal
discharges as well as global warming in subtropical regions.
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thermal discharge, phytoplankton, size-fractionated structure, photosynthetic
physiology, elevated temperature

1 Introduction

In recent years, with the growth of the nuclear power industry in
coastal areas, the thermal effects of circulating cooling water from
nuclear power plants have become a major source of heat pollution
worldwide (Poornima et al., 2006; Li et al., 2011; Jiang et al., 2019; Xu
et al., 2021). According to the World Energy Outlook (2017) (WEO
2017), it is estimated that between 2016 and 2040 more than 90% of
new nuclear power resources will come from China and India.
Currently, there are 44 sets of nuclear power plant units in
operation in China, accounting for 9.73% of the world’s total, and
13 sets are under construction, accounting for 23.21% of the world’s
total (Khttab, 2021). Most of these nuclear power plants are
distributed in the coastal areas of China, and elevated seawater
temperatures resulting from their circulating cooling water is
expected to directly or indirectly affect the physiology of all
organisms, the interactions between them, and the dynamic
processes and biogeochemical cycle of the ecosystem (Shiah et al,
2006; Lewandowska et al, 2014). In summer, the surface water
temperature near the outfall from nuclear power plants could
increase by an average of 9.5-10°C compared with that of the inlet
area, and the temperature in the receiving waters will rise significantly
and mainly concentrate on the surface layer (Madden et al., 2013),
Therefore, the warming effect of thermal drainage is considered one of
the main threats to aquatic ecosystems, especially for the plankton
community (Lin et al., 2018).

Phytoplankton is the most important primary producer in
the marine food web and contributes nearly half of the global total
primary production even though their photosynthetic biomass is less
than 1% of terrestrial plants, playing a crucial role in the global
biogeochemical cycle of carbon (Falkowski, 2012). Their small size,
short reproductive cycles, and weak motility make them sensitive to
environmental changes, therefore, their community dynamics can be
used as indicators for predicting the ecological effects of elevated
seawater temperatures from power plants (Hays et al., 2005).
According to previous studies, the species composition of
phytoplankton was affected by elevated temperatures near a nuclear
power plant, and this effect has a seasonal difference (Li et al., 2013;
Lin et al,, 2018). The phytoplankton community showed a shift from
diatom dominance to dinoflagellate dominance in the outlet regions
in summer (Li et al., 2011). Increased temperatures in the cold season
accelerated the cell division rate of phytoplankton, increasing its
abundance, while in the warm season it was the opposite (Xu et al.,
2021). Furthermore, increased temperatures stimulated faster growth
of harmful algae species, and accelerated algal blooms near the
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nuclear power station (Tian et al., 2021). In natural conditions,
higher temperatures and enhanced stratification led to the
reduction of nutrient concentration and increased the
sedimentation rate of medium-sized phytoplankton, leading to an
increased biomass of smaller-sized phytoplankton. This was
confirmed by long-term observations, which found that the total
abundance of phytoplankton decreased with temperature increased,
while the abundance of pico-phytoplankton increased (Moran et al.,
2010). These changes in the size composition of phytoplankton will
influence the bottom-up transmission of the food chain in the marine
ecosystem (Lewandowska et al., 2014; Xu et al., 2020), therefore it is
necessary to evaluate the thermal response of different size-
fractionated phytoplankton.

Temperature can also influence phytoplankton’s physiological
characteristics such as their photosynthetic ability, which differs
between phytoplankton sizes. Significantly positive relationships
were found between the photosynthetic rates of<2 um-sized
phytoplankton and temperatures, indicating that smaller
phytoplankton was more capable of acclimating to rapid
fluctuations in higher temperatures (Kaiblinger et al., 2007;
Shiomoto, 2009). The absorbed light energy of the phytoplankton
chlorophyll molecule is transferred to the reaction center in
Photosystem I (PS I) and Photosystem II (PS II) for photosynthesis,
and during this transmission process heat can be released or
fluorescence emitted. Previous studies have shown that when
phytoplankton was in a normal environment, most of the energy
was transferred smoothly to the photosynthesis reaction center, but
heat dissipation and fluorescence production increased when
phytoplankton was in an unfavorable environment, such as under
high-temperature stress (Kaiblinger et al., 2007) or nutrient limitation
(Xie et al,, 2015). Therefore, the evaluation of phytoplankton
chlorophyll fluorescence can reflect the efficiency of photochemical
energy conversion in PS IL. The pulse-amplitude-modulation (PAM)
technique has been widely used in plant physiological ecology
research because of its convenience, rapidity, and absence of
damage to samples (Schreiber, 2004). The maximum photochemical
quantum yield (F,/F,,) of PS II measured by PAM is often used as an
indicator of environmental stress on plants (Schlensog and Schroeter,
2001). The F,/F,, value under normal conditions for algae is generally
between 0.6-0.7 (Franklin et al, 2006). While under thermal stress, the
F,/F,, value was found to decrease accordingly, but recovered when
algae were returned to a normal temperature environment, although
the recovery capacity differed among species (Wen et al., 2005).
Evaluation of photosynthetic activities of the phytoplankton
community has been used to reflect the characteristics of different
phases of algal blooms (Shen et al., 2019), while the response of
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phytoplankton photosynthetic activities to thermal stress near a
nuclear power plant remains unclear.

Daya Bay (DYB) is located in the north of the South China Sea and
is a typical subtropical bay. In the past 20 years, the ecological
environment of Daya Bay has undergone significant changes under
the influence of human activities, including shifts in nutrients and
plankton communities (Wang et al., 2004; Yu et al., 2007). One of the
most influential human activities in Daya Bay is the thermal discharge
from nuclear power plants, which can cause a significant increase in the
temperature of the receiving waters. There were two nuclear power
stations (Daya Bay and Lingao Nuclear Power Station) located on the
northwest coast, discharging hot wastewater at a rate of 315 m> s
when the stations were in operation (Li et al., 2011). The temperature of
discharged water can be 8-10°C higher than the background
temperature (Zhang and Zhou, 2004). The semi-closed characteristics
of the bay, owing to the mountain ranges on three sides, result in a
relatively long average residence time of surface seawater and a
relatively stable temperature gradient caused by the regular thermal
drainage from the nuclear power plants. Therefore, Daya Bay is
considered to be under short-term temperature rise stress (Zhang
and Zhou, 2004). In the drainage area of the nuclear power plants,
the analysis of continuous observation data for nearly 20 years showed
that the average temperature of the surface layer in summer rose from
27.8°C in 1982 to 34.8°C in 2005, and the phytoplankton community
structure showed a trend of transformation from diatom dominance to
dinoflagellate dominance (Li et al, 2011), resulting in a trend of
miniaturization (Hao and Tang, 2010). Furthermore, the frequency
of harmful algal blooms is significantly positively correlated with the
rise in water temperature (Yu et al., 2007; Tian et al.,, 2021), and the
outbreaks of other organisms that could influence the nuclear power
plant operation also increased (Liu et al., 2022). Most of the recent
studies on the effect of thermal discharge on phytoplankton have
focused on the changes in community structure; however, the
physiological response of phytoplankton under thermal stress in the
outlet regions is rarely reported. Moreover, Daya Bay is located in the
subtropical zone, and the temperature in summer might be near the
upper tolerance limit of some plankton species, thus any further
increase in the ambient water temperature due to the discharge of
heated effluents may seriously affect the physiology of phytoplankton.
The objectives of this study were to 1) evaluate the effects of thermal
discharge on the size-fractionated structure and photosynthetic
physiology of phytoplankton communities, 2) investigate the
relationship between the increased temperature ranges and the
physiological response of phytoplankton in a subtropical region. The
results of our study will help to further understand the potential
influence of short-term thermal stress caused by the nuclear power
plant on the phytoplankton communities and the possible response of
phytoplankton to ocean warming.

2 Materials and methods
2.1 Sampling stations
This study was carried out in the northwest coastal waters near

DYB nuclear power station (DNPS) and Ling-ao nuclear power
station (LNPS) on July 30, 2012 (Figure 1). Five transects (A, C, E,
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G, and I) with a total of 38 sampling stations were set along the
temperature gradient from the thermal pollution originating from the
nuclear power stations. Five skiffs were used for sampling of these five
transects simultaneously. Transect A (7 stations) began at the inlet
station near Dapeng’ao, which was a cove located in the southwest of
Daya Bay, and was the control zone, while stations along transect I (8
stations) began at the outlet region and represent the impacted zone.
The stations’ depths ranged from 2.8 m to 18.7 m. The farthest
stations of all transects were approximately 6.5 km to 26.7 km from
the nuclear power stations, making it possible to cover all the regions
potentially affected by the thermal discharge.

To evaluate the effects of fluctuating surface temperatures on the
phytoplankton community and their photosynthetic physiology, a
diurnal investigation was also conducted at stations near the inlet (S1
N22°35.374’, E114°32.816°) and outlet (S2 N22°36.274’, E114°34.0°)
on July 31, 2012, at three sampling times, morning (6:00), midday
(12:00), and night (18:00).

2.2 Determination of environmental
parameters

Temperature (Temp) and salinity (S) were measured using a YSI-
6600 probe (YSI Incorporated, Ohio, USA) at each sampling site in situ.
Surface seawater samples were collected using a water sampler (5 L,
Watertools, China), preserved in 5 L buckets covered with black bags,
and immediately taken to the laboratory. A subsample of 100 mL water
was filtered through a 0.45 pm cellulose acetate filter and analyzed with
a nutrient flow analyzer (SKALAR San, Netherlands) for determining
the concentrations of nitrate (NO5-N), nitrite (NO,-N), ammonium
salt (NH4-N), phosphate (PO,-P), and silicate (SiO4-Si).

2.3 Measurement of photosynthetic
physiology parameters

The field seawater was taken to the laboratory immediately after
sampling. Then the water-PAM (Walz, Germany) was used to
determine the fluorescence parameters as follows: the water sample
was kept in dark for a 10 min adaptation, then transferred to a
measuring cup under the measuring light (< 1 umol m™ s™) to
obtain F,, and then exposed to the saturated pulse light (4000 umol
m~ s for 0.8 s to obtain F,,,. The maximum quantum yield of PS II
(F,/F,,) was determined using the following formula (Han et al., 2003):
Fy/F,, = (Epy-Fo)/Fy, where Fj represents the background fluorescence
of phytoplankton and F,, is the maximum fluorescence of the
phytoplankton community.

2.4 Determination of phytoplankton
community

A 500 mL water sample was obtained and fixed immediately with
neutral Lugol’s solution (final concentration approximately 2%) to
determine the species composition and abundance of phytoplankton
at each site. The samples were kept in dark for >24 h settlement. Then,
a 1 mL subsample was used for taxonomic determinations and
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FIGURE 1

Sampling stations near the nuclear power plant area. The red triangles indicate the location of the Daya Bay nuclear power station (DNPS) and Ling-ao
nuclear power station (LNPS). Transects A-I were only surveyed in the morning, while S1 and S2 were sites for diurnal investigation at control and outlet sites.

enumeration under a microscope (OLYMPUS CX31, Japan) at 200x
or 400x magnification using the Utermohl settling method.

The size-fractionated chlorophyll a concentration was also
measured. A subsample of 1000 mL seawater was filtered successively
through 20 pm, 3 pm, and 0.2 pm polycarbonate membranes
(Millipore, USA) for the calculation of micro-, nano-, and pico-
phytoplankton biomass. Then, the pigment was extracted with 90%
acetone in a dark environment with a low temperature (4°C), and the
concentration was determined using a fluorometer (Turner, USA).

2.5 Data processing and statistical analysis

The abundance of each phytoplankton taxa was calculated by
conversion of cell numbers per liter (cells LY. The Shannon-Weaver
diversity index (H’) (Shannon, 1948) was used for the calculation of
taxonomic diversity:

H' =H'= —éP,-logzP,-; P;=N;/N
i1

where s is the number of species; N is the total number of
individuals in the same sample; Ni is the number of individuals of
species i.

Correlation analysis and principal component analysis (PCA)
were performed in SPSS 18.0 software. R studio 4.0.3 was also used to
implement graphic visualization and data analysis.

3 Results
3.1 Environmental conditions

Temperature variations among different regions were observed
(Figure 2A). The outlet region (I1-I3) exhibited the highest
temperature while there was a relatively low-temperature area near
the inlet area (transect A), ranging from 33.72°C to 36.74°C and
29.03°C to 30.1°C, respectively. Although there was no significant
difference in temperatures between water inlet transect A and water
outlet section I, the temperature at station I1 near the outlet in the
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morning and afternoon was as high as 36.7°C and 36.8°C,
respectively, while the temperature at station Al near the water
inlet in the morning was only 29.0°C, and the temperature
difference between the two stations was as high as 7.7°C. The
temperatures along transects C, E, and G were basically stable, and
the temperature differences at each station were no more than 2.0°C.

Dissolved inorganic nitrogen (DIN), dissolved inorganic
phosphorus (DIP), and silicate (SiO,4-Si) at all stations varied within
1.36-8.48 umol L, 0.03-1.30 umol L, and 6.30-58.00 umol L,
respectively. The high-value areas of DIN and DIP were mainly
distributed in the aquaculture areas near the nuclear power plants
(G15 and G21) (Figures 2B, C). SiO4-Si was evenly distributed in the
nearshore areas except for at stations in transect I, and the highest
concentration was observed at G15 (Figure 2D). The ratio of N/P
varied from 5.08 to 117.75 with an average value of 23.33, which was
slightly higher than the Redfield ratio (Redfield ratio 16:1). Generally,
the concentration of nutrients decreased from nearshore sites to
offshore areas. Significant differences in the concentration of DIP
were only detected between transects C and I, and in the
concentration of SiO4-Si between transects E and G (Table S2,
p<0.05, one-way ANOVA).

3.2 Distribution of phytoplankton
abundance and chlorophyll a concentration

Generally, the phytoplankton abundance was evenly distributed
along transects A (except A7), C, E, and G, varying from 6.40x10*
cells L to 3.32x10° cells L! (Figure 3A). Substantial differences were
observed in the phytoplankton abundance of transect I and an increasing
trend in cell density was observed for sites that were far away from the
outlet area. The lowest value was found near the outlet site (I1, I3, and I5)
with an average density of 1.32 + 0.05 x10° cells L™, and the abundance
of phytoplankton increased to 7.31 + 0.60x10> cells L™ at 17 and I9.
However, at site 111, the abundance was as high as 10° cells L™, Total
chlorophyll a concentrations varied significantly among the different
transects (p<0.05, Table S2). Generally, the chlorophyll a concentrations
at sites of transects I and G (7.35 + 5.54 ug L) were higher than those in
transects A, C, and E (2.62 + 1.25 ug LY (Figure 3B). However, the
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FIGURE 2

Sea surface temperature (A, °C) and nutrient (umol L) distribution in the survey area. DIN represents the total concentration of NOs~ and NO,". (B) DIP
represents the concentration of PO4™ (C), and DSi represents the concentration of SiO4™ (D).

lowest chlorophyll a concentration was detected at the outlet site (I1). At
sites furthest away from the outlet region (I5 to I18), the chlorophyll a
concentration gradually increased to a maximum level.

3.3 Phytoplankton composition

A total of 103 phytoplankton species were identified in all the
transects, mainly belonging to diatom and dinoflagellate. There were
also a few species from Cyanobacteria and others (e.g., Chrysophyceae,
Raphidophyceae). The number of dinoflagellate species was higher than
that of diatom in transects A, C, and E, while in the transects near the
outlet regions (G and I), the number of diatom species was higher than
that of dinoflagellate (Figure 4A). Regarding abundance, diatom species
were more abundant than dinoflagellates at all stations, ranging from
6.40 x10* cells L™ to 4.6 x 10° cells L™" (Figure 4B). Dinoflagellate
species showed a relatively higher abundance (10° cells L) at 19 and
El6. Thalassionema nitzschiodes was the most abundant species in
almost all sites with a fraction more than 50%, followed by Skeletonema

10.3389/fmars.2023.1102686

114.5°E 114.55°E 114.6°E 114.65°E  114.7°E

spp., Thalassiosira spp., Scrippsiella accuminata, and Chaetoceros spp.
Notably, red-tide-forming species such as S. accuminata and
Skeletonema costatum accounted for a much larger proportion in
transect I than at other stations. The dominant species in transects A
and C were diatom Thalassionema, while from transects E to I
dinoflagellate species such as Prorocentrum and Scrippsiella occurred
and became abundant. The dominant species in transect I shifted from
Thalassionema nitzschiodes in 11 (61.39%), 13 (63.80%), and I5
(55.78%) to Chaetoceros curvisetus in 17 (48.36%) and 111 (43.79%),
and to Skeletonema costatum in 114 (37.32%) and 118 (22.13%). The
diversity index of the phytoplankton communities in transect I was
higher than that of transect A, varying from 0.59 to 3.48, with the
highest value recorded at station I9 and the lowest value at station Al.

Pico-phytoplankton occupied more than 50% of the total
chlorophyll a concentration (average 52.73 + 3.69%) at most sites
in transects A, C, and E, while nano-phytoplankton became the
dominant group (average 48.20 * 5.84%) in transects I and G
(Figure 4C). The average proportion of micro-phytoplankton was
stable in all the transects, with a percentage of ~14.55% at all stations.

22.65°N
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22.55°N I

-4

114.5°E 114.55°E 114.6°E 114.65°E 114.7°E

FIGURE 3
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Distribution patterns of phytoplankton abundance [(A), cells L™] and total chlorophyll a concentration [(B), pg L™ in the survey area.
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FIGURE 4

Relative characteristics of phytoplankton community in different sampling sites. (A) species numbers distributed in different phytoplankton groups. (B) the
abundance of different phytoplankton groups. (C) size-fractionated chlorophyll a concentration. (D) the maximum quantum yield of PS Il (F,/F). Others

represent species belonging to Chrysophyceae and Raphidophyceae.

Stations

Pico-phytoplankton was most affected in the outlet site and was
hardly detected, but it did recover from 3-10% (I1, I3, I5) to 66% (I17)
at sites further away from the outlet station.

3.4 Photosynthetic physiological
characteristics of phytoplankton community

The maximum quantum yield of PS II (F,/F,,) varied within the
range of 0.07-0.6 at the sampling sites, with an average value of 0.46 +
0.09 (Figure 4D). The average F,/F,, values of transect A were high
(0.53 + 0.03), followed by transects G (0.49 + 0.06), C (0.44 £ 0.05),
and E (0.44 £ 0.04). The photosynthetic physiological state of
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phytoplankton was significantly impacted at the outlet site (I1),
with the F,/F,, decreasing dramatically to 0.07. However, they did
gradually recover to a normal state at sites further away from the
outlet site.

3.5 Diurnal variations of environmental
parameters and phytoplankton community

The temperature at the outfall station (S2) was significantly higher
than that of the control station (S1) (F=24.37, p<0.05), but both of
them showed a rising trend from morning to night (Table S3). An
average temperature difference of 5.03 + 0.29°C was observed between
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S2 and S1 during the day and the highest difference (5.4°C) occurred
at night. The average salinity of station S1 (32.17) was lower than that
of S2 (36.57), but the dissolved oxygen (DO) in S1 was higher than
that of S2. The total concentration of nitrate at all sampling times in
both S1 and S2 showed no significant difference, but the total
phosphate concentration in S2 was slightly higher than that in S1,
showing a decreasing trend from morning to night. The N:P ratio in
S2 was higher than that in S1, reaching as high as 69.6:1 at night.

The species number and abundance of phytoplankton showed no
difference between S1 and S2, but the lowest value at both occurred at
night (Table S3). The dominant species at SI and S2 was
Bacillariophyta species T. nitzschiodes during the sampling time. The
total chlorophyll a concentration exhibited a trend of
midday>morning>night at both S1 and S2, and the micro-
phytoplankton group showed the same trend at the two sites
(Figure 5A). The chlorophyll a concentration of micro-
phytoplankton at S2 was substantially lower (decreased about 78%)
than that of S1 in the morning and midday but reached a higher value
at night. The proportion of nano-phytoplankton at S2 (68.4%) was
higher than that of S1 (57.86%) and reached the highest value at
midday at both S1 and S2. Meanwhile, the chlorophyll a concentration
of pico-phytoplankton decreased significantly at S2 compared with S1,
especially at midday and night, accounting for 8.61% and 18.07% that
of S1, respectively. The maximum quantum yield of PS II (F,/F,,) of
phytoplankton showed a trend of morning >night>midday at both S1
and S2 (Figure 5B). The F,/F,, at S2 was lower than that at S1 in the
morning and night, but higher than S1 at midday.

3.6 Relationships between the
environmental parameters and
phytoplankton community

The PCA biplot was used to analyze the distribution patterns of
both the environmental parameters and the phytoplankton
community traits (Figure 6A). The results indicated that 43.3% and
28.9% of the environmental and community variation could be
explained by axis 1 and 2, respectively. A significant difference was
only detected in temperature between transects A and I (p<0.05, Table
S$2), indicating that temperature acts as the main ecological constraint
in the differences between the inlet and outlet sites in the sampling
period, especially in I1 and I3. Negative correlations were found

10.3389/fmars.2023.1102686

between F,/F,, and temperature, as well as chlorophyll a and
temperature, but no significant associations with temperature were
found for the other parameters. A significant negative correlation was
found through correlation analysis of temperature and F,/F,, at all
stations (n = 52, r = -0.6065, p<0.01). Generally, F,/F,, showed a
decreasing trend with the increase in temperature, and the highest
values of F,/F,, mainly occurred between 29-33°C but decreased
rapidly beyond 33°C (Figure 6B). The relative electron transport rate
(rETR) also exhibited a negative relationship with the temperature
rise (Figure 6C).

4 Discussion

4.1 Effect regions and influence on the
environmental factors of thermal discharge
from the nuclear power plant

Daya Bay is a semi-closed bay in subtropical regions with an
irregular semi-diurnal tide. In summer, the bottom residual current is
a low-speed clockwise circulation system, which is conducive to the
transportation of rich nutrients by the open sea and rivers to
Dapeng’ao and the circulating cooling of the warm drainage from
the nuclear power plants. In summer, the surface current is a
counterclockwise circulation, which leads to the right deflection of
the warm drainage due to the Coriolis force. The warm drainage is
mainly injected into Dapeng Bay, which is difficult to diffuse (Xu,
1989; Yang, 2001). This is consistent with the findings of Lin and
Zhan (2000), that is, the impact range of the warm drainage of Daya
Bay nuclear power plants is mainly in the coastal waters to the east of
the plants, and on the opposite bank of the nuclear power plant, the
water inlet region and the middle of Dapeng’ao may also be affected
(Lin and Zhan, 2000). In this study, the survey data showed that the
thermal effect of warm drainage from the nuclear power plant is
mainly concentrated near the plant (mainly transect I), which is
consistent with previous research.

In summer, the water in Daya Bay is relatively stable and a
thermocline often appears, which makes it difficult to mix and
exchange water vertically (Xu, 1989). In summer, the upwelling
along the east coast of Guangdong often leads to a further decline
of the lowest seawater temperatures (Zhang and Zhou, 2004), which is
likely to cause stratification of the seawater. The position of thermal
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Size-fractionated chlorophyll a composition (A) and the maximum quantum yield (F,/F,) (B) at the inlet and outlet stations. S1, the inlet site. S2, the
outlet site. M represents morning, MD represents midday, and N represents night.

Fv/Fm

Morning

Midday Night

Frontiers in Marine Science

07

frontiersin.org


https://doi.org/10.3389/fmars.2023.1102686
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Hu et al. 10.3389/fmars.2023.1102686
PCA - Biplot 2
' A N Y =-0.03068X + 1.403, R™=0.3678, n=52
H .
E Densfty 0.7 B
! Species °
! 0.6 . .
! "y .
: 2 57 3 Y] .
\
! B g4 R
H contrib | 2
25 0.3 ® ° .
20 0.2
15 .
9 10 0.1 o
= 5
> 0. T v r T
= 28 30 32 34 36 38
o
E 1 contrib Y =-07130X +38.73, R=0.1238, n=46
= : o
i [ B0 [ ® o ® c
20 4 o
5 o & .,
! [ R0 » 0
! [ 33 x 157 Con, 1
| = °
° H ) .
G24 | 109
4- H °
H 5
! .
® :
£ l 5 . T T T T
Dim1 (31.7%) 28 30 32 34 36 38
Temperature(°C)
FIGURE 6

Relationships between the environmental parameters and phytoplankton community. (A) principal component analysis (PCA) biplot shows the variables
for both environmental parameters and phytoplankton characteristics in all sampling stations. (B) correlation analysis between the maximal
photochemical quantum yield (F./F,,) and temperature in the survey area. (C) correlation analysis between the relative electron transport rate (rETR) and

temperature in the survey area.

drainage from the nuclear power plant further increases the surface
water temperature. In this study, the maximum temperature
difference between the surface and bottom reaches 10.78°C, and the
highest temperature at the surface was recorded near the outlet
station, which further expands the temperature difference between
the surface and bottom and strengthens the seasonal thermocline.
This was not conducive to the vertical convection of the seawater and
would intensify the oxygen deficiency and carbon accumulation at the
bottom, limiting the biogeochemical cycle of carbon.

The concentrations of the three dissolved inorganic nutrients in
this study are consistent with previous studies in Daya Bay (Wang
etal, 2011). DIN and DIP were higher near the shore than they were
offshore, mainly due to the input of a large number of land-based
substances caused by human activities, such as the discharge of
aquaculture wastewater (Jiang et al., 2013). The N/P value was
greater than 16 in most sites, indicating that the growth limiting
factor of phytoplankton in Daya Bay has changed from nitrogen to
phosphorus (Wang et al., 2004). Although the nutrient concentration
of Daya Bay is lower than that of other bays in China, the total
nutrient concentration has developed from an oligotrophic to a
mesotrophic level. The water quality in some areas, such as Yaling
Bay, Dapeng’ao, and Fanhe port, is poor and shows a trend of
eutrophication (Wang et al., 2004). Furthermore, the warm
drainage from nuclear power plants promotes the eutrophication
process, because increased temperatures accelerate the
biogeochemical cycle turnover rate of elements, and the turnover
rate of phosphorus is faster than that of nitrogen (Wang et al., 2003).
This was confirmed by our study, which found that the DIP
concentration at station S1 was significantly higher than that of S2,
but there was no significant difference in the DIN concentration.

Principal component analysis found that the dominant factors at
different stations were clustered into different categories. Station I1
was in a separate category, and temperature was an influencing factor
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leading to its separation (Figure 5A). There was a clear temperature
gradient with a difference of 3°C from Il to I5 (~33°C) and the
temperature of I1 reached as high as 36.74°C, higher than 35°C.
According to long time-series data analysis, 33°C was considered to be
the threshold temperature leading to the transformation of
phytoplankton community structure from diatom dominance to
dinoflagellate dominance, and 35°C was the upper-temperature
limit for phytoplankton growth, respectively (Li et al., 2011).
Significant differences were found between the temperatures of
transect I and the other transects (n=37, F=2.892, p =0.037),
indicating that the increased temperature caused by thermal
discharge was the most important environmental factor in the
outlet regions.

4.2 Effects of thermal discharge on
phytoplankton community structure

In this study, the phytoplankton abundance of the outlet site (S2)
was lower than that of the inlet station (S1), but the corresponding
phytoplankton abundance of stations I11, 114, and I18 near the outlet
region, but far away from the outlet site, was one order of magnitude
higher than that of other stations. Previous surveys found that the
amount of phytoplankton passing through the nuclear power plant
cooling device was substantially lower in the seasons with high
temperatures, but their abundance recovered quickly in the outlet
area and the growth rate of phytoplankton affected by warm drainage
increased three-fold (Poornima et al, 2006). The phytoplankton
density in the outlet regions within a 2°C temperature rise tended
to increase because the relatively higher water temperature was
conducive to the rapid recovery of phytoplankton (Tang et al,
2013). On the other hand, the rapid temperature rise over a short
period of time may stimulate the cell proliferation of red-tide algal
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species (Huang et al., 2002). In this study, a bloom of S. accuminata
occurred in the afternoon at station I3 (cell density > 10° cells LY; the
temperature > 33°C), but in the morning, S. accuminata was not a
dominant species at I3. In recent years, S. trochoidea was one of the
species forming high-frequency dinoflagellate blooms in Daya Bay,
especially in summer (Li et al., 2011; Tian et al., 2021). S. accuminata
was found to be more adaptive to high temperatures and still able to
grow at >30°C (Xu et al., 2004). Therefore, the frequent occurrence of
this kind of harmful algal species in the outlet area is likely due to the
rapid growth caused by increased temperatures. In addition, other
harmful algae species, such as Chaetoceros curvisetus and Skeletonema
costatum, showed relatively higher abundance in transect I, and the
stimulation of warm seawaters may exacerbate the blooms of algal
species in optimal hydrodynamic conditions (Tian et al., 2021).
Very few studies have investigated the size-fractioned structure of
phytoplankton in Daya Bay, especially in the regions affected by
thermal discharge. Li et al. (2013) found that nano-phytoplankton
contributed the greatest proportion of phytoplankton chlorophyll a
concentration in coastal waters along the bay (Li et al., 2013). Previous
studies conducted on the phytoplankton community structure found
that the concentration of chlorophyll a increased or stabilized, but the
corresponding cell number of net phytoplankton (mainly micro-
phytoplankton species) decreased, indicating a trend of
phytoplankton miniaturization (Liu et al., 2006; Hao and Tang,
2010). This was consistent with our results that pico-phytoplankton
was abundant at most of our sites except for the outlet regions. While
the dominant group changed to nano-phytoplankton at sites near
outlet regions and was also abundant at midday at both inlet and
outlet sites with higher temperatures. This could be due to the higher
sensitivity and lower recovery capability of the pico-phytoplankton
group than the micro- and nano-phytoplankton groups under high-
temperature conditions (Xie et al., 2015). The concentrations of total
chlorophyll a in I1, I3, and I5 were very low and at site S2 the pico-
phytoplankton chlorophyll a could hardly be detected, indicating that
high temperatures (>33°C) can exert serious damage to
phytoplankton, especially pico-phytoplankton (Li et al., 2011; Tang
et al., 2013). The size-fraction structure of phytoplankton changes at
the outlet regions due to the discrepant response of different groups,
which may affect the trophic transmissions along the food chain.

4.3 Effects of thermal discharge on
phytoplankton physiology

Phytoplankton abundance and chlorophyll a concentrations can
only reflect the current situation of phytoplankton, while F,/F,,
obtained from fluorescence measurements can be used to indicate
the primary light energy conversion efficiency of the reaction center of
PS II, which can reflect the potential physiological adaptability and
predict the trend of community development (Han et al, 2003).
Under coercive conditions, F,/F,, decreases significantly, indicating
that the photosynthetic electron transfer of PS II is blocked (Claquin
et al,, 2008). The F,/F,, values of the total phytoplankton community
in our survey areas were slightly lower than normal values of
phytoplankton (0.6-0.7), indicating that the phytoplankton might
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be stressed by high temperatures and high light intensity in summer.
Additionally, the increased temperature in the outlet regions
enhanced this effect, with the F,/F,, at the outlet sites (I1, I3, and
I5) being far lower than the normal level. In particular, phytoplankton
at station I1 (> 35°C) had basically lost photosynthetic activity
(~0.07), but this activity can recover quickly when phytoplankton is
far away from the outlet. This was supported by the F,/F,, value
showing an upward trend at the station furthest from the outlet site,
which may be caused by the stimulation of phytoplankton by high
temperatures (>33°C). During the diurnal investigation of the inlet
and outlet sites, the F,/F,, of S1 was close to 0.6 in the morning and
0.5 in the night but decreased to less than 0.3 at midday, indicating
that the high light intensity at noon will affect the photosynthetic
activity. The F,/F,, of S2 was slightly higher than that of S1, indicating
that the high temperatures at the outlet site can compensate for the
light suppression caused by strong light (Sobrino and Neale, 2007;
Halac et al., 2010; Li et al., 2012).

A significant negative relationship was detected between
temperature and photosynthetic parameters, and 33 “C might be a
key temperature level for the change of phytoplankton physiology,
which is consistent with a previous research hypothesis on the long-
term monitoring data of Daya Bay outlet regions (Li et al., 2011). The
effects of temperature on the photosynthetic performance of
phytoplankton were influenced by other factors, such as the
duration of time and available nutrients. In the laboratory
experiment, F,/F,, of phytoplankton in the first two days was
maintained at a normal level but decreased significantly after two
days of incubation; adequate nutrients can promote the recovery of
phytoplankton at normal temperatures (Xie et al., 2015). Therefore,
the short-term stress from thermal discharge will affect the
physiological performance of phytoplankton but this damage can be
recovered after phytoplankton is carried away from the high-
temperature region. Considering the different capabilities of
different species or different size groups, the phytoplankton
community might change in the long term.

5 Conclusion

In this study, the influence of the warming environment by
thermal discharge on the size-fractioned phytoplankton structure
and photosynthetic physiological characteristics were surveyed in
the potentially affected waters around the nuclear power plants in
Daya Bay. The surface water temperature was significantly elevated in
the outlet area of the power plants. Moreover, we detected a fast
photosynthetic physiological response of phytoplankton to the
elevated temperature and a shift in the size-fractioned structure in
the outlet regions. Although the photosynthetic physiology could
recover when the phytoplankton was taken away from the outlet site,
the high-temperature inhibition might change the physiological
features and stimulate the stress response of the phytoplankton,
such as the high frequency of harmful algae blooms along the
coastal regions near the nuclear power plants. Therefore, on the
basis of routine monitoring, it is also necessary to pay more attention
to physiological changes in phytoplankton communities, especially in
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abnormally high temperatures or weather conditions, in order to
comprehensively monitor the ecological effects of thermal discharge
from the coastal power plants.
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