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ARTICLE INFO ABSTRACT

Keywords: Nuclear power plants (NPPs) developed rapidly worldwide in the last half-century and have become one of the
Nuclear power plant most important electric power sources. Thermal discharge from NPPs increases the temperature of receiving
Phytoplankton

waters, directly and indirectly affecting phytoplankton community. Seasonal and interannual variation in
environmental factors in temperate areas makes it challenging to determine the effects of thermal effluents from
NPPs on coastal phytoplankton. Here, a five-year study was performed around a NPP in the western Yellow Sea
to determine how thermal effluents affect phytoplankton community during different seasons. A total of 106
phytoplankton species from 7 phyla were identified in 10 biological sites during the 19 cruises, among which
diatoms dominated phytoplankton abundance in all seasons. Our results show that increased seawater temper-
ature caused by thermal effluents (1) was not enough to cause a statistically significant effect on phytoplankton
abundance composition from autumn through spring, (2) significantly stimulated phytoplankton population
growth and changed phytoplankton composition in summer (3) increased the proportion of diatoms and
decreased the proportion of dinoflagellate in summer, and (4) increased the abundance and dominance of
Skeletonema costatum sensu lato, especially in summer. The findings of this study provide essential information on
the ecological impact of thermal effluents from NPPs in temperate coastal areas.

Seasonal variation
Community structure
Thermal discharge

aquatic system (Krishnakumar et al., 1991; Langford, 1990). A study has
shown that the difference in temperature between intake water and

1. Introduction

Nuclear power plants (NPPs) have become one of the most adopted
electrical power sources worldwide due to low carbon emissions and
fuel costs (Khan and Nakhabov, 2020). During the last half-century,
more than 400 commercial NPPs have been built and operated in 37
countries with a total capacity of 392.61 GW worldwide, which provide
approximately 11% of the world’s electricity (PRIS, 2021). The
long-term threat of global warming, along with the current energy cri-
ses, has led to NPPs being reencouraged globally (WNPR, 2022). How-
ever, the operation of NPPs requires large amounts of cooling water,
thus they are usually located in coastal areas to facilitate the use of
seawater as a cooling medium (Poornima et al., 2005). Simultaneously,
NPPs generate vast amounts of warm water effluents (Hu, 2004), which
significantly elevate the seawater temperature of the surrounding
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outlet water can be as high as 7-10 °C (Bamber and Seaby, 2004), which
can considerably threaten the ecological environment and aquatic or-
ganisms in the coastal bodies (Choi et al., 2002; Lo et al., 2004; Suresh
et al., 1993).

As an important primary producer, phytoplankton plays essential
roles in the food chain, matter circulation, and energy flow in coastal
ecosystems (Field et al., 1998). Thermal discharge from NPPs has the
potential to affect phytoplankton survival, growth, and reproduction of
the receiving waters (Langford, 1990; Lo et al., 2004; Poornima et al.,
2006), thus resulting in the variation of upper trophic levels and the
modification of ecosystem. Compared to other organisms, phyto-
plankton are more sensitive to environmental changes. Even small
changes in the physical and chemical properties of water can cause

* Corresponding author. First Institute of Oceanography, Ministry of Natural Resources, 6 Xianxialing Road, 266061, Qingdao, China.

E-mail address: wangyibin@fio.org.cn (Y. Wang).

https://doi.org/10.1016/j.envpol.2022.120898

Received 3 October 2022; Received in revised form 30 November 2022; Accepted 16 December 2022

Available online 17 December 2022
0269-7491/© 2022 Elsevier Ltd. All rights reserved.


mailto:wangyibin@fio.org.cn
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2022.120898
https://doi.org/10.1016/j.envpol.2022.120898
https://doi.org/10.1016/j.envpol.2022.120898
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2022.120898&domain=pdf

J. Zhang et al.

significant changes in the phytoplankton community (Behrenfeld and
Boss, 2014; Gomez et al., 2011). Therefore, monitoring variations in
phytoplankton abundance and composition servees as an essential
assessment method for evaluating the impact of thermal effluents on
aquatic ecosystems.

Current studies on the effects of thermal discharge on phytoplankton
communities in aquatic ecosystems concern mainly tropical areas
(Rajagopal et al., 2012). In tropical regions, where ambient seawater
temperature is close to the upper tolerance limit for marine algae, a
further increase in temperature caused by thermal discharge usually
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2009; Ma et al., 2011; Poornima et al., 2012; Suresh et al., 1993).
Compared to tropical regions, the impact of thermal discharges on
phytoplankton population is more complicated in temperate areas
because seasonal variations in environmental variables and phyto-
plankton composition may contribute to different responses to thermal
stress between seasons (Begun and Maslennikov, 2021; Roemmich and
McGowan, 1995; Tang et al., 2013). Limited studies have analyzed the
effects of thermal discharge on phytoplankton community in temperate
areas by comparing the changes in phytoplankton abundance and
composition in different regions of the NPPs (Chuang et al., 2009; Lee

suppresses the growth of phytoplankton around NPPs (Chuang et al., et al., 2018; Poornima et al., 2005; Xu et al., 2021), or the changes
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Fig. 1. Study area and sampling sites around Tianwan nuclear plant (TNPP), A: location of the Haizhou Bay and the Yellow Sea, B: location of the Haizhou Bay and
Lianyungang City, C: sampling sites. The black triangles indicate that only environmental samples were collected at these sites, while the red triangles indicate that
both environmental and biological samples were collected at these sites. The yellow dashed line represents the farthest limit of >1 °C temperature rise caused by
thermal discharge. Redrawn from (Nie et al., 2021). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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before and after NPPs construction (Lin et al., 2018; Yu et al., 2007), but
the results are not consistent. Some studies suggest that the thermal
effect on phytoplankton abundance and composition is not statistically
significant or localized (Ikaheimonen et al., 1995; Mercado and Gomez,
1999; Poornima et al., 2005). However, other researchers believe that
the thermal discharge stimulates phytoplankton growth during cold
seasons but inhibits primary productivity during warm seasons (Morgan
and Stross, 1969), with more notable effects in cold seasons (Lin et al.,
2018; Xu et al., 2021). To date, we do not fully understand the effects of
thermal discharge from NPPs on the changes in phytoplankton com-
munity during different seasons in temperate areas because previous
studies based on the comparison of different regions in a single year or
two years in the same area could not exclude the effect of spatial and
inter-annual differences in environmental factors on phytoplankton
abundance and composition. Therefore, long-term continuous observa-
tions, which can effectively reduce random error, are desperately
required for accurately assessing potential alterations in the phyto-
plankton community in temperate areas due to thermal discharge from
NPPs.

To accurately assess the effect of thermal effluents from NPPs on the
phytoplankton population across seasons in temperate coastal regions,
we collected physical, chemical, and biological data in 19 surveys
around the coastal area of Tianwan nuclear power plant (TNPP) from
February 2011-February 2016. We investigated the spatial distribution
of phytoplankton abundance and community composition relative to
thermal discharge during different seasons. First, we compared the dif-
ference in environmental factors and phytoplankton community be-
tween sites inside and outside of the area affected by the thermal
effluence of TNPP. Then, we evaluated the effects of thermal effluents on
phytoplankton abundance and composition across different seasons.
Finally, we constructed regression tree models to distinguish whether
phytoplankton differences are due to warming caused by thermal
emissions or changes in other environmental factors.

2. Materials and methods
2.1. Study area and sampling sites

Tianwan nuclear power plant (TNPP) lies on the south coast of
Haizhou Bay, in the western Yellow Sea (Fig. 1). The coastal area around
TNPP is a typical temperate open bay with four distinct seasons, and the
surface seawater temperature range from —0.1 °C in February to 29.5 °C
in August (Wang and Xiong, 2013). Strong northerly monsoon prevails
over the study area during winter with an average wind speed of 10 m/s
in January (Yuan and Su, 1984), while southerly wind prevails over the
area during summer with an average wind speed of about 1.5 m/s (Mask
et al., 1998). The study area is relatively shallow, with water depth
ranging from 3 to 13 m (Fig. 1B), making it more sensitive to environ-
mental variability (Liu et al., 2019), and the hydrodynamic process is
mainly controlled by the movement of the tide and wind-induced cur-
rents (Hu et al., 2013; Huang et al., 2012). Two small ephemeral rivers
flow into the study area with an annual mean discharge of 2.63 x 107 m®
(Wang et al., 2022). More than 70% of water discharge flows into the
study area during summer, which makes the water salinity fluctuate
between 23.5 and 29.5 during wet season (summer) and 28.5-30.5
during dry season (winter and spring) (Zhang, 2006).

TNPP is consist of 8 reactor units, with a total installed capacity of
8270 MW (PRIS, 2021). TNPP uses a once-through cooling system (Wei
etal., 2016), and the thermal discharge from the power plant is constant
during the whole seasonal cycle. During 2011-2016, two 1060 MW units
(No.1 and No.2) were put into operation, with a flow rate of 120 m3/s.
Thermal water is discharged to the surrounding environment through an
open channel, and the water depth around the outlet is less than 3 m
(Wang et al., 2022). Affected by the thermal discharge, an apparent
temperature rising zone has been observed in the study area since TNPP
was put in operation, with influence range increases during ebb tide and
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decreases during flood tide (Nie et al., 2021; Wang and Xiong, 2013).

In this study, the monitoring program was designed with 15 envi-
ronmental sampling sites set out in a radial pattern in an area of about
90 km? from TNPP. In addition to environmental samples, phyto-
plankton samples were collected from 10 of the 15 sites (Fig. 1C). Sites
1-7 are located inside the area heated by TNPP (>1 °C change in water
T°), while sites 8-15 are outside the heated area (<1 °C change in water
T°) (Nie et al., 2021). During February 2011-February 2016, four
monitoring cruises were conducted in February (winter), May (spring),
August (summer), and November (autumn) each year, except for only
summer and autumn cruises in 2013 (Supplementary Table S1). We
compared the variation of phytoplankton abundance and composition
between the heated (inside) area and the surrounding (outside) control
area to determine the effect of thermal discharge on phytoplankton
community.

2.2. Environmental factors

Temperature and salinity were measured in situ using a
Conductivity-Temperature-Depth/Pressure  Profiler (RBRconcerto®).
Surface water samples were collected using Niskin bottle rosette sam-
plers for the detection of nutrients and total suspended matter (TSM).
Surface seawater samples for nutrient analysis were filtered using 0.45
pm acetate cellulose filters and immediately preserved at —20 °C in a
refrigerator.

The nutrient content of the water samples, including dissolved
inorganic nitrogen (DIN), which is the sum of NO3, NOy, and NHy, dis-
solved inorganic phosphate (PO4), and dissolved silicate (Si(OH)4), was
determined using an autoanalyzer (QuAAtro AutoAnalyzer 39) (Wang
et al.,, 2017). NOs, NO,, and NH4 were measured using the diazo-azo
method, cadmium-copper reduction method, and salicylate method,
respectively. The concentrations of PO4 and Si(OH)4 were measured
using the phosphomolybdenum blue method and the silicomolybdic
complex method, respectively. The detection limits for NO3, NO2, NHy,
PO4, and Si(OH)4 were 0.02, 0.006, 0.03, 0.006, and 0.03 pmol/L,
respectively. Water samples (500-1000 mL) for TSM were filtered using
dried and pre-weighed Sartorius™ acetate fiber filters with a pore size of
0.45 mm and a diameter of 47 mm, after which they were stored at
—20 °C until analysis. TSM was measured by the gravimetric method
following the Chinese National Standard GB 17378.4-2007. The filters
were dried in an oven at 40 °C for 6-8 h, then transferred into a silicone
rubber dryer for 6-8 h to a constant weight. The filter was reweighed,
and the weight difference between the reweighed and pre-weighed is the
TSM value in mg/L (Zhang et al., 2021).

2.3. Phytoplankton analysis

Surface seawater samples (500 mL) were collected and fixed in
formalin solution (4% final concentration) and stored at 4 °C for labo-
ratory taxonomic analysis. Phytoplankton abundance was determined
using the Utermohl method (Utermohl, 1958). The shaken fixed sample
(25 mL) was put into the Utermohl counting frame and sedimented for
24 h. Then, phytoplankton species were identified and counted under an
Olympus CKX53 inverted microscope at 200 x and 400 x magnification,
and the cell size limit of identification was approximately 7 pm. The
phytoplankton density was calculated by the number of algae cells per
liter of seawater (cell/rn?’).

Dominant species were determined using the dominance index (Y),
and phytoplankton species were considered dominant when Y > 0.02.

n;
Y=—xf;
TRaL

Where n; is the cell number of the specie i, N is the total number of cells
in the sample, and f; is the occurrence frequency of specie i at all sites.
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2.4. Data analysis

Temporal and spatial variations in environmental factors and
phytoplankton abundance were mapped. Welch’s t-test was performed
to determine whether phytoplankton abundance and environmental
factors differed between sites inside and outside the heated area. Anal-
ysis of similarities (ANOSIM) was used to analyze the resemblances in
phytoplankton composition between the two areas. Prior to performing
the redundancy analysis (RDA), normal distribution of all environ-
mental variables and phytoplankton data were tested with a Pearson’s
moment coefficient of skewness, and we applied a log (x+1) conversion
to variables that did not conform to normal distribution.

RDA was used to determine the effects of environmental factors on
the succession of dominant species because of the results of detrended
correspondence analysis (DCA) showing the maximum gradient length
of the first axis between 3 and 4. Only the species with mean dominance
Y > 0.02 during 2011-2016 were selected for RDA analysis to facilitate
the interpretation of results.

The regression tree model is an effective method for determining the
control factors (Lofton et al., 2020). Regression trees were constructed to

Winter (Feb)

Spring (May)
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assess the relative importance of thermal discharge and environmental
variation controlling phytoplankton community in summer when sig-
nificant differences in phytoplankton abundance and composition were
observed between sites inside and outside of the area heated by the NPP.
Before the regression tree analysis, all environmental variables were
tested for correlations by applying Spearman’s correlation analysis. DIN,
with high correlations with PO4 (Spearman’s coefficients p = 0.58), and
Si(OH)4 (p = 0.61), was excluded to ensure the selected driver variables
no strongly correlated. Temperature was selected to represent the effect
of thermal discharge, while salinity, TSM, POg4, and Si(OH)4 represented
the effect of environmental variation. Separate regression tree analyses
were conducted for phytoplankton and main dominant species, and the
reliability of the regression tree models was verified by cross-validation
procedure (Lofton et al., 2020).

To further determine whether the significant difference in plankton
composition between sites inside and outside the heated area in summer
was caused by the thermal discharge, we used regression tree models to
predict the abundance of total phytoplankton and dominant species in
different sites when water temperature of inside sites was equal to the
average temperature of the outside sites and the other environmental
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Fig. 2. Spatial and temporal variation of temperature (T), salinity (S), and total suspended matter (TSM) in the study area during 2011-2016, A-L: spatial distri-
bution (average values of different years), black dots indicate measurement points, M-O: comparison between sites inside and outside of the heated area in different
seasons. For boxplot figures, the box border: the interquartile range (IQR); the horizontal line in the box: median value; the upper and lower vibrissae: 1.5 times IQR
range beyond the upper and lower quartiles, respectively; grey dots: outliers. Significance indicated by the asterisks (unpaired Welch’s t-test, p-value: *, <0.05; **,

<0.01; ***, <0.001).
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remain unchanged. Then, Welch’s t-test and ANOSIM analysis were used
to assess the difference in phytoplankton abundance and composition
predicted by regression tree models between inside and outside heated
areas.

All figures and analyses were developed with Surfer v11, Arcgis
v10.3, Canoco 4.5 RStudio v4.1.2.

3. Result
3.1. Seasonal and spatial variation of environmental factors

Surface water temperature displayed a decreasing gradient from
inshore to offshore in all seasons, with a temperature dropping by
1.1-3.6 °C within the 15 km from TNPP (Fig. 2 A-D). The temperature
was highest in summer (28.10 + 0.84 °C) and lowest in winter (5.36 +
1.06 °C; Table 1). In contrast, salinity exhibited an increasing trend from
inshore to offshore from winter to autumn (Fig. 2E-H). The highest
salinity was observed in spring (30.62 + 0.25) and the lowest in summer
(28.19 £ 0.66; Table 1). Unlike temperature and salinity, the spatial
distribution of TSM varies noticeably between seasons. Higher TSM was
observed in the offshore area in winter, while higher values mainly
occurred around TPNN in spring, summer, and autumn, closely corre-
sponding with low-salinity and high-temperature environments
(Fig. 2I-L). Lower TSM concentrations still appeared in summer (42.32
+ 23.41), while higher values mainly occurred in winter (60.61 + 26.50
mg/L; Table 1). The temperature of sites inside of the heated area was
significantly higher than sites outside the heated area in all the seasons
except autumn (t = 2.47, p < 0.05 for winter; t = 3.07, p < 0.01 for
spring; and t = 3.99, p < 0.001 for summer; Fig. 2M). Significant vari-
ance in salinity between these two regions was only observed in summer
(t=-3.21, p < 0.01; Fig. 2N), indicating that the release of freshwater
by the rivers only created a significant salinity gradient between both
areas in summer. Unlike temperature and salinity, significant variance
in TSM occurred in spring and summer (t = 2.46, p < 0.05 for spring; t =
2.57, p < 0.05 for summer; Fig. 20).

The highest mean concentration of dissolved inorganic nitrogen
(DIN) was observed in winter (25.49 + 10.39 pmol/L), whereas the
lowest mean value was observed in spring (13.83 + 10.06 pmol/L,
Table 1), with higher concentrations in the southeast sites during winter
and in the sites around TNPP during summer (Fig. 3A-D). Unlike DIN,
the average concentration of PO4 was highest in autumn (0.86 + 0.37
pmol/L) and lowest in spring (0.44 + 0.32 pmol/L, Table 1). Less spatial
variation of PO4 concentration was observed during autumn and winter,
while significant spatial variations were observed in spring and summer,
with higher values around the river mouths (Fig. 3E-H). Mean Si(OH)4
concentration was maximal in summer (13.17 + 3.18 pmol/L) and
minimal in spring (5.38 + 2.55 pmol/L) (Table 1). The spatial

Environmental Pollution 318 (2023) 120898

distribution of Si(OH)4 exhibited similar patterns to DIN, with the high-
value areas appearing in the southeast area during winter and around
TNPP during other seasons (Fig. 3I-L). Differences in nutrient concen-
trations between sites inside and outside the heated area were signifi-
cant for DIN and PO4 in summer (t = 3.508, p < 0.001 for DIN; t =
3.3262, p < 0.01 for POy; Fig. 3M and N) and for Si(OH)4 in spring (t =
3.201, p < 0.01; Fig. 30).

3.2. Seasonal and spatial variation of phytoplankton

3.2.1. Abundance

Phytoplankton abundance exhibited considerable seasonal and
spatial variations (Fig. 4). It was highest in summer (13.77 x 10° +
17.51 x 10° cell/m®) and lowest in winter (4.14 x 10° + 4.12 x 10°
cell/m3; Table 1). The spatial variation was more evident in spring and
summer, with the highest values observed in the east side of the study
area in spring and around TNPP in summer (Fig. 4B and C). In autumn
and winter, spatial variation was less, and the high values mainly
appeared in the south of the study area (site 11) and the south side of the
water intake channel (site 2) (Fig. 4A, D). The t-test showed a significant
difference in phytoplankton abundance between inside and outside sites
in summer (t = 4.563, p < 0.001, Fig. 4E). However, no significant
variance was observed between these two regions in other seasons,
indicating that the impact of thermal stress on phytoplankton was more
noticeable in summer than in other seasons.

3.2.2. Composition

We found 106 phytoplankton species, including 72 diatoms, 28 di-
noflagellates, two cyanobacteria, and four other eukaryotic algae
(cryptophyte, euglenophyte, chlorophyte, and chrysophyte) (Table S2).

Diatoms were the dominant phytoplankton in all sites and seasons,
accounting for up to 99% of the phytoplankton community in both areas
in winter and autumn and in the heated area in summer (Fig. 5A). In
spring, the contribution of dinoflagellates to total abundance to 36.0%
in the heated area, and 27.5% outside the heated area. The contribution
of dinoflagellates in summer decreased, while the proportion of
chrysophytes, euglenophytes, and cryptophytes increased. The contri-
bution of diatoms was higher inside than outside the heated area, while
the contributions of dinoflagellates and cryptophytes were lower inside
than outside. The phytoplankton composition was only significantly
different between the sites inside and outside the heated area in summer
(ANOSIM: R = 0.285, p = 0.001, Fig. 5D).

To further understand the effect of thermal discharge on phyto-
plankton composition, we compared the seasonal variations in dominant
species (Y > 0.02) between inside and outside the heated area (Fig. S1
and Fig. 6). The number of dominant species ranged from 10 to 19 across
seasons during 2011-2016 with least dominant species appeared in

Table 1
Range and mean values (+SD) of environmental factors and phytoplankton abundance at different seasons in 2011-2016.
Parameters Winter Spring Summer Autumn
T (°C) Range 3.56-10.39 15.71-23.76 25.92-32.59 10.01-18.43
Mean + SD 5.36 £ 1.45 19.01 £+ 2.35 28.10 +£ 1.34 14.61 + 2.40
S Range 27.53-31.89 29.10-32.42 25.59-31.18 26.93-31.24
Mean + SD 29.80 + 0.99 30.62 + 0.98 28.19 +£1.31 29.22 + 0.96
TSM (mg/L) Range 28.60-139.50 1.43-212 4.18-121.50 9.00-119.8
Mean + SD 60.61 + 26.50 44.18 + 34.75 42.32 + 23.41 58.30 + 28.26
DIN (pmol/L) Range 8.14-49.29 1.57-42.86 10.00-52.14 11.43-72.14
Mean + SD 25.49 +£10.39 13.83 + 10.06 23.32 + 8.54 24.78 + 8.31
PO4 (pmol/L) Range 0.16-2.68 0.03-1.21 0.26-1.48 0.39-1.97
Mean =+ SD 0.77 £ 0.38 0.44 £ 0.32 0.64 £+ 0.25 0.86 + 0.37
Si(OH)4 (pmol/L) Range 0.18-16.79 0.61-11.43 1.14-33.93 2.86-21.07
Mean + SD 7.83 £ 4.32 5.38 £ 2.55 13.17 + 3.18 10.84 + 4.52
PA ( x 10° cell/m®) Range 0.36-21.54 0.37-65.46 0.73-98.07 0.09-32.54
Mean =+ SD 4.14 £ 4.12 8.86 £ 11.15 13.77 £ 17.51 4.29 £5.92

T: temperature; S: salinity; TSM: total suspended matter; DIN: dissolved inorganic nitrogen, which is the sum of NO3, NO,, and NH4; PO4: dissolved inorganic

phosphate; Si(OH),: dissolved silicate; PA: phytoplankton abundance.
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summer (Fig. S1). The most dominant species are diatoms, followed by
dinoflagellate and euglenophyte (Fig. S1). Among the dominant species,
Skeletonema costatum sensu lato was the most abundant species overall.
While S. costatum followed relatively similar trends inside and outside
the heated area, and their contribution inside was higher than outside in
all the seasons (Fig. 6A). Other dominant species included Pseudo-nitz-
schia, Prorocentrum minimum, Chaetoceros densus Chaetoceros sp. and
Chaetoceros curvisetus, and their abundance varied across years and study
areas (Fig. 6A). Differences in species dominance between sites inside
and outside the heated area were only significant in summer (ANOSIM:
R = 0.241, p = 0.001, Fig. 6D).

3.3. Relationship between environmental factors and phytoplankton
community

A redundancy analysis (RDA) was used to investigate relationships
between the main dominant species (blue lines in Fig. 7) and environ-
mental variables (red lines in Fig. 7) in different seasons.

In winter, the first two axes explained 6.5% and 2.4% of the varia-
tion, respectively (Fig. 7A). The first axis was mainly formed by PO4
concentration, while the second axis was influenced primarily by tem-
perature and TSM concentrations. Most dominant species were associ-
ated with a high PO4 concentration environment. While P. pungens was

associated with relatively high TSM and low-temperature environment
(Fig. 7A). In spring, the first two axes of the RDA explained approxi-
mately 59.0% and 1.1% of the variation (Fig. 7B). The first axis was
mainly contributed by PO4 and Si(OH)4, while the second was primarily
contributed by salinity and temperature. Skeletonema costatum sensu lato
and P. minimum, which were the dominant phytoplankton species in
spring cruises, were positively correlated with high PO4 and Si(OH)4
concentrations (Fig. 7B). In contrast, C. densus with high dominance in
2014 was associated with low temperature and high DIN (Fig. 7B). In
summer, the first axis of the RDA, which accounted for 59.8% of the total
variation, was mainly contributed by temperature (Fig. 7C). The main
dominant species (S. costatum) was positively associated with high
temperature, while Chaetoceros sp. and C. curvisetus were correlated with
high nutrient levels (Fig. 7C). In autumn, the first two axes of the RDA
explained 15.8% and 8.8% of the variation (Fig. 7D). The first axis was
mainly contributed by temperature and inversely by Si(OH),4, whereas
the second axis was by TSM concentration. The relationship between
environmental variables and dominant species can be divided into three
categories. The major dominant species (S. costatum) was associated
with high nutrient levels and low salinity (Fig. 7D). Chaetoceros catra-
canei, Chaetoceros sp., Eucampia zodiacus, and Thalassiosira sp. were
moderately associated with high-temperature environments (Fig. 7D).
The other dominant species were related to high TSM concentration



J. Zhang et al.

Environmental Pollution 318 (2023) 120898

119"|24'E 119°|28'E 119“'32'E 119"]36'E 119“?4'E 119°I23'E 119"'32'E 119"'36'E
A{'& A (Winter) ﬁQ B (Spring)] E 100 ns ns _ ns
> [ li,l p\ ° Z
§— gﬂ’lgpo |
g L]
754
=z —~
3 [ (3]
S g o °
R 5
©
(]
©
o
T 50
[0]
o
=
3
z
¥ -5 -
3 <
25+
® o
z oo
g -
3 s °®
! ! ! ! j T j j Wirlner Sp;ing Sun;mer Autlljmn
« 000-250 ® 750-10.00 @ 2000-2500
Cell Abundance B3 1 (sites inside) 2011+ 2012 . 2013
(x10° cells/m* ) 250-500 @ 10.00-1500 @ 25.00-30.00 . .
® 500-750 @ 15.00-20.00 . 30.00 - 32.95 ; O (sites outside) e 2014 = 2015 © 2016

Fig. 4. Spatial and temporal variation of phytoplankton abundance in the study area during 2011-2016, A-D: spatial distribution (average values of different years),
black dots indicate measurement points, E: comparison between sites inside and outside of the heated area in different seasons. For the detailed introduction of

boxplot figures, please see the caption of Fig. 2.

100~

75-

50-

25+

ol
«

A

| (sites inside)

O (sites outside)
& 5 ey &
o\@ $‘°\® 66\(\ « o“’é\

Relative Abundance (%)

) &
¢ 3 3
© & ¥ B ¥
Chlorophytes . Cryptophytes . Diatoms . Euglenophytes
Chrysophytes . C i . Di

Bray-Curtis Rank

o

Bray-Curtis Rank

Winter Spring
= -0.008, P = 0.498 o R=0.033, P= 0.25
o 1 = i 1 8 1 b 3 1
g1 | | T | |
1 = : - '
- ]
g ts-
4 >
T o T
g | ! : ! o & T ! '
o | 1 1 | i 1
i e L . o = s == il
° T T T T T T
Between | [e] Between | o]
Summer E Autumn
R= 0285, P= 0.001** R=-0.015, P= 0.545
7 - T —_ - —_
Q | . =] 1 | I
o L Q 4 0 | '
=) | e 2 i i '
| = |
4 ' < o
L 14
o | L o |
g T g
<Q
4 : T 4
o 1 8 o T T
] 7 | @ 8 : |
N 1 [ N 1 I 1
o o — 4 o 4 i . .
T T T T T T
Between | [e] Between | o

Fig. 5. Comparison of phytoplankton composition between sites inside (I) and outside (O) of the heated area in different seasons, A: relative abundance of different
phytoplankton in different seasons (average data of different years), B-E: analysis of similarities (ANOSIM). For ANOSIM figures, the Y-axis: the dissimilarity rank
distribution; the box border: the interquartile range (IQR); the horizontal line in the box: median value; the upper and lower vibrissae: the 1.5 times IQR range
beyond the upper and lower quartiles; between reflects the differences between groups, and groups I and O represent the differences within groups. The test statistic
R is constrained between the values —1 to 1, where R > 0 suggests more similarity within groups and R < 0 suggests more similarity between groups than within

groups. P indicates significance (¥, <0.05; **, <0.01; ***, <0.001).

environments (Fig. 7D).

3.4. Effect of thermal discharge on phytoplankton variation in summer

The regression tree analysis was used to assess the relative impor-
tance of thermal discharge and environment variation in determining

the significant difference in phytoplankton abundance and dominant
species in summer. The results showed that temperature was the most
important driver for the distributions of phytoplankton abundance and
the main dominant species (S. costatum) (Figs. S2A and C). The other two
common dominant species, which have a higher proportion of phyto-
plankton abundance in outside sites, were mainly affected by silicate
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and TSM (Figs. S2B and D).

To discriminate the effect of thermal stress caused by the NPP from
other variables, we used regression tree models to predict the phyto-
plankton abundance and species dominance in summer, assuming the
water temperature in both study areas was the same (= mean summer
temperature outside the heated area of each cruise). The model pre-
dicted that the phytoplankton abundances in the inside sites were lower
than observed and were no longer significantly different from the sites
outside the heated area (t = 1.98, p > 0.05; Fig. 8A). Further statistical
analysis based on predicted dominated species showed that significant
difference in phytoplankton composition between sites inside and
outside the heated area in summer would disappear if the water tem-
perature in both regions were the same (ANOSIM: R = 0.079, p > 0.05;
Fig. 8B).

4. Discussion
4.1. Effect of thermal discharge on the environmental factors

Substantial evidence supports that thermal effluents from NPPs can
increase the temperature of the receiving waters in temperate areas
(Rajagopal et al., 2012). In this study, we also found a marked increase
in water temperature within a range of 10-15 km around TNPP
(Fig. 2A-D), and the high-value area corresponded well with the heated
area previously reported (Nie et al., 2021; Wang and Xiong, 2013).
Consistent with previous studies, temperature change outside this range
was low (<1 °Q), reflecting temperature dissipation as TNPP effluents
away from the source (Jia et al., 2016; Zhang et al., 2019). This indicates
that the scale and extent of thermal effect are limited to 10-15 km off
TNPP.

Furthermore, previous studies reported that the increase in temper-
ature caused by thermal discharge not only increases temperature but
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also can elevate the concentration of dissolved nutrients by promoting
the conversion of nutrients attached to suspended solids to soluble forms
(Poornima et al., 2012) and the release rate of phosphorus increases
dramatically as temperatures rise above 15 °C (Karr and Schlosser,
1978). During 2011-2016, the affected area of thermal discharge was
stable, with the heated area ranging from 21.09 to 24.05 km? (Nie et al.,
2021). However, higher annual and seasonal variations and less spatial
variations in nutrient concentrations were observed during 2011-2016
(Fig. 3M, N, O). RDA analysis showed that nutrients and temperature
were uncorrelated in most seasons, indicating that nutrient concentra-
tions might be affected by other factors rather than thermal discharge.
The significant difference in DIN and PO4 between sites inside and
outside of the heated area was only observed in summer with high
freshwater input and low salinity, and high DIN and PO4 values were
mainly consistent with low salinity area, indicating high DIN and PO4
concentrations probably originated from the two rivers around TNPP
during the period. RDA analysis showed that nutrients were significantly
negatively correlated with salinity but nearly uncorrelated with tem-
perature in summer (Fig. 7C), confirming that the freshwater input
rather than thermal discharge was the main reason for the spatial dif-
ferences in nutrient concentrations during the period. In winter, the
seawater is well-mixed in the Yellow Sea, driven by strong northeast
winds, and the water column is vertically homogeneous (Zhang et al.,
2008). Nutrient distribution did not have a defined variation pattern
during winter, and the accumulated nutrients at the bottom brought up
by strongly vertical mixing may be the main source of nutrients (Fu
et al., 2009). These results indicate that the effects of thermal discharge
on nutrient concentration were much less than that on temperature in
temperate regions.

4.2. Effects of thermal discharge on phytoplankton abundance

Water temperature is a key environmental driver of phytoplankton
abundance in aquatic ecosystems (Boyce et al., 2010). Previous studies
suggested that the increase in temperature caused by thermal effluents
from NPPs has the potential to cause thermal stress on phytoplankton
and other aquatic organisms (Begun and Maslennikov, 2021; Poornima
et al., 2012). However, studies performed in different regions, seasons,
and years have shown diverse effects of thermal discharge on
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phytoplankton abundance. The increase in temperature caused by
thermal discharge might stimulate, inhibit, or not affect the growth of
the phytoplankton community (Jia et al., 2016; Krishnakumar et al.,
1991; Lin et al., 2018; Morgan and Stross, 1969).

Our study across five years found that the differences in phyto-
plankton abundance between sites inside and outside of the heated area
were only significantly different in summer, with temperatures ranging
from 25.92 to 32.59 (Fig. 4E), indicating that the thermal effect on
phytoplankton community is more evident in warm seasons. Further-
more, the regression tree analysis showed that temperature is the most
important factor driving phytoplankton abundance during summer and
that the model predicts that the phytoplankton abundance in the inside
sites is the same as in the outside sites if water temperature is the same
(Fig. S2A). This confirms that the temperature increase in the water
caused by TNPP effluents is the main driver of the changes in phyto-
plankton community around NPP located in temperate regions. Our
results further support previous findings that the impact of thermal ef-
fluents of NPP on phytoplankton community varies between seasons (Jia
et al., 2016; Krishnakumar et al., 1991; Lin et al., 2018). In addition to a
higher temperature, significantly higher DIN and PO4 concentrations
were also observed in the inside sites during summer (Fig. 3), indicating
that high nutrient concentrations may synergistically promote phyto-
plankton growth. This finding well explains previous results that the
frequency and duration of algal blooms in subtropical eutrophic waters
are often highly associated with thermal discharge from power plants
(Jiang et al., 2019a; Jiang et al., 2019b; Yu et al., 2007). Thermal
discharge has no significant effect on phytoplankton from autumn to
spring (cold season) partly explains why no apparent effect of thermal
discharge from NPPs on phytoplankton was detected in low seawater
temperature areas (Ilus et al., 1987; Keskeital and Ilus, 1987; Lo et al.,
2004).

Seasonal differences in the effect of thermal discharge on phyto-
plankton abundance in temperate regions may also be related to the
different hydrodynamic environments between seasons. During winter,
the shorter daytime and the vertical mixing in temperate areas make it
difficult for phytoplankton to remain on surface water to obtain enough
light (Liu et al., 2015; Mahadevan et al., 2012), thus reducing the pos-
itive effect of temperature on phytoplankton growth during the cold
season. However, the large supply of nutrients by river inputs during
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summer (wet seasons), coupled with appropriate growth temperatures
of dominant Diatom (Muhammad-Adlan et al., 2012; Patrick, 1971;
Poornima et al., 2005), enhance the effect of temperature rise on
phytoplankton growth. The finding explains why the effect of thermal
discharge on phytoplankton is more pronounced in reservoirs and inner
bays where the hydrodynamic dynamics are more stable (Jia et al.,
2016; Jiang et al., 2019b; Xu et al., 2021), suggesting that the effects of
thermal discharge from NPPs on phytoplankton might also be influenced
by hydrodynamic forces (Karr and Schlosser, 1978; Rajagopal et al.,
2012; Wang and Xiong, 2013).

Our results suggest that thermal effects from NPPs on phytoplankton
abundance in temperate regions are seasonal and short, depending on
site-specific nutrient concentrations and ambient water temperature.
The positive effect of temperature on phytoplankton abundance is more
evident in summer with high nutrient concentration, warm water tem-
perature, and stable hydrodynamic conditions.

4.3. Effect of thermal discharge on phytoplankton community

Optimal growth temperature varies with species (Grimaud et al.,
2015; Pane et al., 2001; Richardson et al., 2008), and thus phyto-
plankton composition and the succession of dominant species are often
driven by temperature (Lewandowska and Sommer, 2010; Liu et al.,
2017). However, there has been no consensus on the effect of thermal
discharge on phytoplankton composition in temperate areas. Results
from different years show that thermal discharge might stimulate,
inhibit, or not significantly affect the growth of phytoplankton (Chuang
et al., 2009; Li et al., 2011; Ilus et al., 1987; Keskeital and Ilus, 1987; Lo
et al., 2004), and the impact intensity varies notably in different seasons
(Jia et al., 2016; Krishnakumar et al., 1991; Lin et al., 2018). Our results
showed that the inter-annual variation in temperature and dominant
species were more evident than the spatial variation, especially during
autumn (Figs. 2 and 6, and Fig. S1). RDA analysis confirmed the low
similarity of phytoplankton community between years in autumn
(Fig. 7D). In addition, different phytoplankton species responded
differently to environmental variables, suggesting that the
temperature-driven variation of phytoplankton community may affect
the identification of the effect of the thermal discharges based on the
statistical analyses of RDA, especially in those seasons with significant
temperature variation. The finding partly explains why previous studies
of the effects of thermal emissions on phytoplankton communities var-
ied markedly.

In this study, phytoplankton composition only differed between sites
inside and outside the heated area in summer (Fig. 6D), suggesting that
thermal discharge cannot cause a significant variation in phytoplankton
composition in most seasons except summer. However, phytoplankton
composition is not only affected by water temperature but by several
other environmental variables (e.g., salinity, nutrient conditions, and
light) (Amorim et al., 2020; David et al., 2020; Yang et al., 2020).
Therefore, it is challenging to identify the relative importance of thermal
discharge and environmental variation on the significant difference in
phytoplankton community between inside and outside sites in summer
because of the significant spatial and inter-annual variations of envi-
ronmental factors (Field et al., 1998). We used regression tree models
confirming that phytoplankton composition between inside and outside
sites in summer would disappear when temperature differences caused
by thermal discharge were removed, indicating that thermal discharge is
the main reason for the significant difference in phytoplankton
composition between inside sites and outside sites.

During summer, the significant difference in phytoplankton
composition between sites inside and outside of the heated area was
mainly reflected in the higher proportion of diatoms, and lower pro-
portion of dinoflagellate and cryptophytes in the heated area (Fig. 5A),
consistent with previous findings around other NPPs (Jia et al., 2016;
Lin et al., 2018; Xu et al., 2021). Additionally, the relative abundance of
dinoflagellates around TNPP was lower than in other regions of Haizhou
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Bay in summer (Li et al., 2017; Zhang et al., 2021; Zhu et al., 2017),
indicating that elevated temperature caused by NPPs effluents may in-
crease diatom and decreases the other phylum (Kim and Seo, 2018; Xu
et al.,, 2021). A wide tolerable range of water temperature (Patrick,
1971), less susceptibility to mechanical damage due to the siliceous
shells (Poornima et al., 2006), and high concentrations of Si(OH)4
around TNPP may be the main reasons for higher abundance of diatoms
in inside sites in summer.

Different phytoplankton populations grow at different rates under
fluctuating temperature conditions, and the species that can quickly
adapt to fluctuating environments have a higher abundance (Grimaud
et al., 2015; Pane et al., 2001; Richardson et al., 2008). In our study,
S. costatum was the most reoccurring dominant species with high
dominance in all seasons. Their contribution in sites inside the heated
area was always higher than that outside (Fig. 6A), indicating that
S. costatum is better adapted to thermal stress. This may be attributed to
the fact that the euryhaline and eurythermal characteristics of the spe-
cies make it able to better adapt to the highly fluctuating seawater
temperature and salinity around TNPP (Liu et al., 2020; Zhao et al.,
2018). The contribution of S. costatum increased significantly in sum-
mer, especially in the inside sites, which was as high as 91.26%
(Fig. 6A). The results of RDA analysis showed that S. costatum was highly
positively associated with temperature during the period (Fig. 7C),
supporting evidence that thermal discharge plays an important role in
the high abundance of this species.

In general, the findings of this study provide evidence that the effect
of thermal discharge on phytoplankton community structure is dynamic
and vary with seasons (Chuang et al., 2009; Li et al., 2011; Lin et al.,
2018; Poornima et al., 2005), and that the effect is more notable in warm
seasons than in cold seasons. In addition, thermal discharge from TNPP
may significantly decrease the abundance of vulnerable species and
increase the abundance of species with stronger heat resistance in
summer, thus reshaping phytoplankton composition.

5. Conclusion

In this study, a 5-year continuous monitoring program was per-
formed to evaluate the effect of thermal discharge from TNPP on the
seasonal distribution of phytoplankton communities in the temperate
coastal area. Our results suggest that the thermal effects from NPPs on
phytoplankton communities in the temperate area are seasonal,
depending on site-specific nutrient circumstances and the ambient
seawater temperature. In winter, spring, and autumn, when the average
temperature is below 20 °C, the thermal discharge from TNPPs cannot
cause significant changes in phytoplankton abundance and community
structure. However, the thermal discharge can significantly promote the
population growth of phytoplankton and reshape phytoplankton
composition around TNPP in summer with high ambient temperature,
abundant nutrients, and stable hydrodynamic conditions. During sum-
mer, S. costatum, which can adapt quickly under fluctuating environ-
ments with stronger heat resistance, has a significantly higher
abundance around TNPP, thus significantly increasing the contribution
of diatoms in the heated area. Additionally, we confirmed for the first
time that the difference between inside and outside sites in summer was
caused by temperature increases rather than the variation of other
environmental factors. Overall, the findings of this study improve our
understanding of the ecological effect of thermal discharge from NPPs in
temperate areas.
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