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ABSTRACT: Understanding how nuclear power plant thermal effluents influence the phytoplankton
community may provide insights into the potential ecological consequences of global warming. In the
present study, long-term trends in the phytoplankton community structure under the influence of
nuclear power plant thermal effluent in the subtropical Daya Bay (DYB) in China were investigated
in the summer season from 1982 to 2005. Water temperature at the outfall station was significantly
higher than in the surrounding water, by as much as 5.6°C, and increased by 6.8°C during the 23 yr
study period. The contribution of diatoms and dinoflagellates to the total phytoplankton showed sig-
nificant correlation with temperature (R? > 0.65), negative for diatoms, while positive for dinoflagel-
lates. Although dinoflagellate abundance increased over time at both the outfall and adjacent (con-
trol) stations, the increase at the outfall station was much more dramatic and accelerated over time.
No clear relationship between the phytoplankton shift and stratification was evident. When water
temperature reached 35°C or >3.7°C above that at the control station, dinoflagellates, such as Cer-
atium furca, C. fusus, C. trichoceros, Dinophysis caudate and Protoperidinium depressum, grew to
prominence, accounting for about 50 % of the total phytoplankton abundance. On the contrary, the
diatom contribution decreased during the study period, from 82.0 % in 1982 to 53.1 % in 2005. These
results suggest that the rise in temperature caused by power plant thermal discharge has imposed
strong influences on the phytoplankton community, favoring dinoflagellates over diatoms, with a
remarkable diatom to dinoflagellate shift when temperature increases to a threshold level of 35°C or
reaches a threshold differential of 3.7°C relative to the normal ambient temperature in DYB.
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INTRODUCTION

Over the past 100 yr, the earth's surface temperature
has increased by about 0.75°C and the sea-surface
temperature (SST) has increased by about 0.5°C (IPCC
2007). In tropical oceans, the SST has increased by
about 1 to 2°C during the last century (Hoegh-Guld-
berg 1999). In the South China Sea, the SST has

*Corresponding author. Email: shliu@scsio.ac.cn

increased by about 0.016°C yr~! from 1950 to 2006 in
the central waters (Cai et al. 2009) and by about 0.019
to 0.034°C yr ! from 1971 to 2003 in northern waters
(Tang et al. 2006). The rise in temperature is widely
believed to exert impacts on almost all organisms with
respect to their distribution, survival, growth, repro-
duction, metabolism and even their life cycle (Eloranta
1983). For phytoplankton, the effects of a rise in tem-
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perature can be indirect, via a decrease in the resupply
of nutrients for phytoplankton production resulting
from the intensification of water stratification (Mar-
galef 1978, Jones & Gowen 1990). Since phytoplankton
have short generation times, they can rapidly respond
to temperature increases, and, because they are at the
base of the aquatic food web, observations of their
responses could provide useful insights into how tem-
perature increases may induce ecosystem changes
(Niemi & McDonald 2004). Phytoplankton community
structure and abundance have been found to be
changing as a result of global warming in many areas
(Richardson & Schoeman 2004). For example, the
changes in phytoplankton communities have been
used as indicators of global warming in the North Sea
(Edwards & Richardson 2004) and to monitor non-
native, warm-water species in the Mediterranean and
the North Seas (Walther et al. 2002). Because organ-
isms at different trophic levels may not respond syn-
chronously to temperature increases, changes in
phytoplankton can cause trophic mismatching in the
food chain (Edwards & Richardson 2004), ultimately
affecting fish recruitment and output (Beaugrand et al.
2003). Over the last decades there has been growing
concern about the trophic cascade effects of global
warming (Edwards & Richardson 2004).

The effects of increased temperatures on phyto-
plankton appear to be highly spatially heterogeneous
and species specific (Krishnakumar et al. 1991,
Richardson & Schoeman 2004). Temperature increases
could cause phytoplankton abundance increases or
community shifts in temperate regions, such as the
North Sea (Beaugrand et al. 2003) or the Northeast
Atlantic (Richardson & Schoeman 2004), but decreases
in phytoplankton abundance in subtropical and tropi-
cal waters (Richardson & Schoeman 2004), where the
temperature is very close to the upper tolerance limit
for many organisms and a small temperature elevation
may exceed the physiological tolerances of organisms
(Walther et al. 2002). Even though influences of the rise
of temperature on phytoplankton community structure,
abundance and distribution have been studied for
decades (e.g. Edwards & Richardson 2004, Hays et al.
2005), many questions still remain, especially regard-
ing the trend of changes in the phytoplankton commu-
nity (Richardson & Schoeman 2004).

The thermal effluent from power plants inevitably
elevates the temperature of the receiving waters. In
practice, it offers an excellent model to examine the
potential effects of global warming on aquatic ecosys-
tems. The effects of thermal effluents on phytoplank-
ton might be different, depending on the hydrodynam-
ics and phytoplankton community structure of the
impacted waters. In well-mixed waters, such as estuar-
ine and coastal waters, where heat is dispersed very

quickly, the influence may be modest. For example, no
significant effluent effects on phytoplankton were
detected in the Parana River (Mercado & Gomez 1999)
or in the well-mixed zone north of Taiwan (Lo et al.
2004), and little influence to the Meuse River was
noted for the Tihange nuclear power plant (Descy &
Mouvet 1984). However, if thermal discharge is di-
rected into enclosed water bodies (e.g. ponds, reser-
voirs and lakes), it can create a notable impact due to
slow heat dispersal (Eloranta 1983, Gomez 1995).

Daya Bay (DYB) is a subtropical semi-enclosed bay
situated in the northern South China Sea, very close
to Hong Kong. Its area is about 550 km?, and its depth
in most parts is <10 m (Xu 1989). It is hydrodynami-
cally dominated by semidiurnal tides, and the average
resident time of the surface water is about 3.2 d
(Zhang & Zhou 2004). There are no major rivers
around DYB, with most of its water coming from the
South China Sea (Xu 1989). DYB harbors 2 nuclear
power stations (NPS). The DYB nuclear power station
(DNPS; 2 x 900 MW) and the Ling-Ao nuclear power
station (LNPS; 4 x 900 MW) were located on the
northwest coast of DYB. DNPS has been operating
since February 1994 and releases about 95 m® s7!
thermal effluent to DYB (Chen et al. 1996). The first
power unit (900 MW) of the LNPS has been in opera-
tion since May 2002, and the second (900 MW) since
January 2003. Their total thermal effluent is also
about 95 m® s7!. The SST is around 30°C in DYB in
summer (Xu 1989), which is near the upper tolerance
limit of phytoplankton growth. Huang et al. (1998)
reported that the summer mean water temperature
has increased by 2.30°C since the inception of the
DNPS operation. The thermal effluent has substan-
tially influenced the ecosystem of DYB, especially in
summer, when stratification aggravated the influence
of the thermal effluent in surface waters (Wang et al.
2003). The phytoplankton community was mainly
composed of coastal warm-water species in DYB, with
a low diversity in summer, especially in the waters
near the NPS (Sun et al. 2006). However, all previous
studies in DYB were mostly based on short-term data
and no long-term trends have been studied; thus, the
potential effect of water stratification has not been
considered. The objective of the present study was to
evaluate the long-term effects of thermal effluent on
the phytoplankton community in DYB, with a primary
focus on the summer season (from July to August).
Phytoplankton communities in the discharge area and
its adjacent areas were compared over a 23 yr period
(1982 to 2005), and their correlations with tempera-
ture and other environmental variables were analyzed
to better understand how the phytoplankton commu-
nity responds to long-term exposures to thermal
effluent.
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MATERIALS AND METHODS

Data collection. Data were collected from 1982 to
2005 in a survey by the Marine Biological Research
Station, South China Sea Institute of Oceanology, Chi-
nese Academy of Sciences. In each year, sampling
occurred seasonally, in April (spring), July or August
(summer), October (autumn), and January (winter).
Sampling stations covered almost the whole bay
(Fig. 1). Environmental factors examined included
temperature, salinity, nitrate, nitrite, ammonium, phos-
phate and silicate from surface and bottom waters, as
well as depth and transparency at each station
(Table 1). For phytoplankton analysis, 500 ml water
samples were collected from the surface. Subsamples
of 50 ml were concentrated to 1 ml using the Utermohl
settling method, and phytoplankton were identified
and enumerated in a Sedgwick-Rafter counting cham-
ber with an inverted Olympus BX51 microscope.

Vertically averaged potential energy anomaly. The
vertically averaged potential energy anomaly (PEA; o,
J m~3) is the energy for vertical mixing of the water
column. It is directly related to the strength of stratifi-
cation. In the present study, it was used to indicate the
stratification index at all survey stations and was calcu-
lated as follows (Jones & Gowen 1990):

0o _
¢=1/h (p-pg-z-dz
Therein,
_ 0
p = 1/h'[7hp~dz

where h is the water column depth (m), p is the density
of seawater (kg m%) at depth z and g is the accelera-
tion due to gravity (m s72).

114.5°

Table 1. Measurements and methods used (UNESCO 1994).
mo: ammonium molybdate

Parameter Method
Depth Sonar
Transparency Secchi disk
Temperature Thermometer
Salinity Salinometer

Cu-Cd reduction

Diazonium coupling
Phenolhypochlorite
Phosphorus-mo-blue extraction
Silicon-mo-blue extraction
Light microscopy

Nitrate (NO3-N)
Nitrite (NO,-N)
Ammonium (NH4-N)
Phosphate (PO,4-P)
Silicate (SiOy4-Si)
Phytoplankton

Data analysis. SPSS Ver. 15.0 was employed for data
analysis. Correlation analysis (CA) was used to deter-
mine the relationship between phytoplankton (species
number and cell abundance) and environmental fac-
tors (temperature, salinity, PEA and nutrients) in differ-
ent seasons. Principal component analysis (PCA) was
employed to identify the loading of each factor (Singh
et al. 2004), and stations were selected for further
analysis based on the major PCA factor. Specifically,
CA was used to calculate the linear correlation coeffi-
cients between 10 ecological parameters, including
temperature, salinity, PEA, dissolved inorganic nitro-
gen (DIN), dissolved inorganic phosphorus (DIP), sili-
cate, percentage of diatom species (P1), percentage of
dinoflagellate species (P2), percentage of diatom cell
abundance (P3) and percentage of dinoflagellate cell
abundance (P4). PCA began by standardizing the
original variables, calculating the covariance or corre-
lation matrix and the latent root and eigenvector of the
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Fig. 1. Study site and sampling stations. DNPS: Daya Bay nuclear power station; LNPS: Ling-Ao nuclear power station; S5: out-
fall station; S6: control station
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covariance matrix, and then confirming the principal
components (PCs). Finally, the PC information was
interpreted in the context of the environmental setting
used in the present study. One-way ANOVA was used
to test the difference for the phytoplankton community
and environmental factors between the stations
selected for further analysis.

RESULTS
Identification of major factors

Phytoplankton variables (P1, P2, P3 and P4) were
significantly correlated with temperature in summer
only, but not with salinity or nutrients (DIN, DIP and
silicate) in general. Because no correlation was found
for other seasons, further analysis was focused on the
summer dataset. Based on PCA, the eigenvalues of the
first 3 PCs were >1, which explained 81.561 % of the
total variation, i.e. the sum of the variances of the 10
original variables (Table 2). PC1 (50.328 % of the total
variation) was mainly contributed by temperature and
phytoplankton-related variables, showing the impor-

Table 2. Loadings of 10 parameters on the first 3 principal
components (PCs; from 1994 to 2005). PEA: potential energy
anomaly; DIN: dissolved inorganic nitrogen; DIP: dissolved
inorganic phosphorus; P1: percentage of diatom species; P2:
percentage of dinoflagellate species; P3: percentage of
diatom cell abundance; P4: percentage of dinoflagellate cell

abundance
PC1 PC2 PC3
Temperature 0.942 -0.052 0.156
Salinity 0.504 0.480 —-0.458
PEA -0.215 -0.710 -0.359
DIN 0.404 0.822 -0.075
DIP -0.377 -0.034 0.714
Silicate -0.574 0.181 0.604
P1 -0.907 -0.059 -0.240
P2 0.895 0.002 0.305
P3 -0.891 0.366 -0.084
P4 0.891 -0.356 0.099
Eigenvalue 5.033 1.712 1.412
Variance (%) 50.328 17.117 14.116
Cumulative (%) 50.328 67.445 81.561

tance of temperature, the loading of which was 0.942.
Temperature was identified as the most important fac-
tor having an impact on phytoplankton community at
the outfall station.

Station selection

During the study period, the average DIN, DIP and
silicate in DYB were somewhat lower than in other bays
in China (Wang et al. 2003), but still much higher than
the limitation thresholds for phytoplankton growth
(1 pM for DIN, 0.1 pM for DIP and 2 pM for silicate, re-
spectively; Justi¢ et al. 1995). It has been reported that
the nutrient conditions in DYB could meet the demand
of phytoplankton growth (Liu et al. 2003, 2006).

PCA was also conducted based on the summer SST
in different years. Survey stations were clearly divided
into 2 groups (Fig. 2a). S5 formed an independent
group well separated from the other stations that clus-
tered in another group. S5 was in the waters receiving
thermal effluent (Fig. 1), and thus had a different tem-
perature range from the other stations.

Therefore, S5 was chosen as the temperature-
impacted station and designated the ‘outfall station'.
S6 was only 6.25 km from S5. According to the current
speed and direction in DYB (Zhang & Zhou 2004), the
main water bodies at both S5 and S6 came from the
same source (from the south of the bay), but S6 was
minimally influenced by the thermal effluent. The
environmental conditions were very similar between
the 2 stations, except temperature (Fig. 2b, Table 3).
Therefore, S6 was chosen as the ‘control station'.

Temperature and PEA change during the study
period

Both the outfall and control stations showed temper-
ature fluctuations between summers during the study
period, but there was a clear trend that the tempera-
ture (especially surface) at the outfall station was
increasingly higher than that at the control station
(Fig. 3). At the outfall station, the surface temperature
rose from 28.7°C in 1982 to 34.8°C in 2005 (the maxi-
mum was 35.5°C in 2004) (Fig. 3a). Stratification be-

Table 3. ANOVA comparison of environmental factors at the outfall and control stations during the investigation period. DIN:
dissolved inorganic nitrogen; DIP: dissolved inorganic phosphorus

Temperature (°C) Transparency (m) Salinity DIN (pM) DIP (pM) Silicate (M)
S5 (Outfall) 31.61 +2.03 2.55 +0.58 29.8 +2.44 4.26 +2.62 0.23 +0.21 19.93 +9.32
S6 (Control) 29.44 +1.29 2.99 +0.82 29.9 +2.05 3.10+2.21 0.15+0.09 19.05 £ 9.39
p 0.003 0.175 0.767 0.255 0.201 0.820
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Fig. 2. Score plots for the first 2 principal components (PCs) obtained for the investigated stations from 1994 to 2005. (a) PC
analysis by temperature; (b) PC analysis by depth, salinity and nutrients
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Fig. 3. Changes in temperature and potential energy anomaly (PEA) at (a) the outfall station and (b) the control station from 1982
to 2005 (3 arrows in each panel show the times when the Daya Bay nuclear power station and the first and second units of the
Ling-Ao nuclear power station began operations)

came more serious after LNPS Unit 1 (2002) and Unit 2
(2003) went into operation; in 2005, the temperature
difference between the surface and bottom reached
5.6°C. The SST difference between the outfall and con-
trol stations was between —0.2°C in 1982 and 5.6°C in
2005. These results indicated that the outfall station
was strongly influenced by the NPS thermal effluent.

Based on the phases of NPS operation, the influence
of thermal effluent could be divided into 3 phases at the
outfall station: the pre-power plant phase (1982 to 1991)
was prior to NPS operation, when the temperature was
about 29.8 + 1.0°C; the initial power plant phase ex-
tended from 1994 to 2001, during which the DNPS went
into operation and the temperature was about 31.3 +
1.2°C; and the 'additional’ power plant phase (after the
addition of the LNPS operation, 2002 to 2005), in which
the temperature was about 33.5 + 2.3°C.

At the control station, summer surface temperatures
ranged from 27.1 to 31.8°C, with a mean of 29.4 + 1.3°C
(pre-power plant phase was about 29.5 + 0.8°C, initial
power plant phase was about 29.4 + 1.2°C, additional

power plant phase was about 29.5 + 1.9°C), and no
noticeable trend of change was found during the study
period (Fig. 3b). This indicated that the water temper-
ature at the control station was not affected by thermal
effluent, and the base surface temperature was around
30°C in DYB in summer, close to the upper tolerance
temperature of many phytoplankton species.

PEA (which is a stability index) fluctuated remark-
ably during the investigation period, and the water col-
umn was more stable at the control station than at the
outfall station (Fig. 3). Water column stability could
intensify with an increase in temperature (Fig. 3a), but
this was not always the case. For example, the SST was
<30°Cin 1982 and 1998, even though strong stratifica-
tion was found at both stations in those years before
the NPS was in full operation. In contrast, even when
the SST was >30°C in 2003 and 2004, stratification was
not very intense, especially for the outfall station
(Fig. 3a). Considering the shallow depth (about 10 m),
the abundant thermal effluent could be a strong driver
mixing the water at the outfall station.
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Phytoplankton community shift during the
study period

Phytoplankton community

At the outfall station, phytoplankton species de-
creased from 50 in 1982 to 32 in 2005. Total phyto-
plankton abundance decreased from 3.09 x 10° cells 1!
in 1982 to 3.0 x 10° cells 1! in 2005. Diatom species
decreased at first and then increased, but their per-
centage decreased again after the start of the DNPS in
1994, and continued that trend after the LNPS went
on-line in 2002 (Unit 1) and 2003 (Unit 2) (Fig. 4). In all
accounts, the diatom proportion decreased from 82.0 %
in 1982 (41 species) to 56.3 % in 2005 (17 species). The
reverse results were found for dinoflagellates; the pro-
portion of dinoflagellates in the phytoplankton com-
munity increased quickly, from 18.0 % in 1982 (9 spe-
cies) to 37.5% in 2005 (13 species). Total diatom cell
abundance generally decreased from 3.07 x 10° cells
I"1in 1982 to 1.57 x 10° cells I"! in 2005. Dinoflagellates
only accounted for 0.8% in 1982, but increased to
44.2% in 2005 (the maximum of 52.3 % was found in
2004, a 65-fold change), when the dinoflagellate cell
abundance was 10° cells I"!. In these phytoplankton
assemblages, only a few other algae were found spo-
radically, and they only represented a very small pro-
portion (0 to 6.3 %). But, in the additional power plant
phase, they decreased again in 2002 and 2003, and
then increased thereafter.

At the control station, a similar trend was found
concerning the change in species numbers during
the study period, whereby the total number of phyto-
plankton species dropped from 61 in 1982 to 25 in
2005. The diatom proportion decreased from 82.0%
in 1982 (50 species) to 60.0% in 2005 (15 species),
and the dinoflagellate proportion increased from
18.0% in 1982 (11 species) to 36.0% in 2005 (9 spe-
cies), with some fluctuation. In terms of cell abun-
dance, the percentage of dinoflagellate cell abun-
dance increased from 0.4 % in 1982 to 16.6 % in 2005
(a 40-fold change), but the cell abundance was only
10* cells 1!, an order of magnitude lower than at the
outfall station.

A similar outfall-control contrast was observed in
diatoms and dinoflagellate cell abundance. In most
years after the NPS began to operate (1994 to 2005),
the cell abundance of dinoflagellates was higher at
the outfall station than at the control station, but
diatom and total phytoplankton abundances were
reversed. From 1994 to 2005, the diatom/dinoflagel-
late cell abundance ratio was 33.0 + 46.0 and 109.6 +
217.5 at the outfall station and control station,
respectively. These results indicated that the phyto-
plankton community experienced a smaller magni-
tude of species composition change at the control
station than at the outfall station after the NPS began
operation, and the phytoplankton community experi-
enced a diatom to dinoflagellate abundance shift at
the outfall station.
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Fig. 4. Phytoplankton composition (percentage, species numbers and cell abundance) at the outfall and control stations in the
summers of different years
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Species shift during the study period

Dominant species were determined according to
their cell abundance and corresponding proportion
(Table 4). Prior to the operation of the first nuclear
power plant, the phytoplankton community in DYB
was dominated by diatoms, such as Chaetoceros
compressus, Ch. distans, Ch. affinis, Ch. weisstlogii,
Pseudo-nitzschia delicatissima and Rhizosolenia deli-
catula. The phytoplankton community structure was
very similar between the outfall and control stations,
Chaetoceros spp. being the absolute dominant species
in this phase. In the initial power plant phase, species
composition was, in general, still similar between the 2
stations, with diatoms dominating the phytoplankton
community, but the dominant species shifted a little
exhibiting a somewhat upward trend in species diver-
sity, including Thalassionema nitzschioides, T. frauen-
feldii, P. delicatissima, P. pungens, Skeletonema spp.
and Chaetoceros spp. It is noteworthy that Ceratium

furca appeared as the dominant species only at the
outfall station just after the DNPS went on-line (1994)
and then disappeared. These results indicate that the
phytoplankton assemblage in DYB could adapt to tem-
perature elevation to a certain extent. In the additional
power plant phase, the influence of thermal effluent
intensified after the LNPS went on-line. Dinoflagel-
lates evidently increased and became dominant at the
outfall station, with a 2 yr lag since the LNPS was
put in operation, including C. furca, C. fusus, C. tri-
choceros, C. breve v. parallelum, C. macroceros, Pro-
toperidinium depressum and Dinophysis caudate. In
contrast, fewer dinoflagellates were dominant at the
control station (Table 4). By comparison, phytoplank-
ton species composition obviously shifted at the outfall
station.

In addition, among diatoms and dinoflagellates, the
genus and species of the phytoplankton observed at
the outfall station changed notably after the NPS
began operation (Fig. 5). Some species of Chaetoceros,

Table 4. Changes in dominant species at the outfall and control stations before and after the nuclear power plant went on-line. Bold

print indicates a dinoflagellate species. AT: temperature difference between outfall and control stations; C.a.: cell abundance (%).

Genera are Ch.: Chaetoceros; P.: Pseudo-nitzschia; T.: Thalassionema; R.: Rhizosolenia; C.: Ceratium; S.: Skeletonema; B.: Bac-
teriastrum; Pro.: Protoperidinium; E.: Eucampia; D.: Dinophysis

Year AT Outfall station Control station Year AT Outfall station Control station
Species C.a. Species C.a. Species C.a. Species C.a.
(%) (%) (%) (%)
1982 -0.2 Ch. compressus 24.05 Ch. compressus 24.54 2001 1.4 P delicatissima 31.53 P. delicatissima 28.73
Ch. distans 19.74  Ch. affinis 20.41 Ch. curvisetus 13.51 Ch. curvisetus 10.53
Ch. affinis 18.07 Ch. weissflogii 11.33 P. pungens 8.64 Ch. affinis 8.60
P. delicatissima 10.15 Ch. distans 10.27 Ch. lorenzianus 6.94 T. nitzschioides 7.66
R. delicatula 6.44 P. pungens 5.88 Ch. affinis 5.72  P. pungens 7.66
Ch. didymus 5.79 Ch. didymus 5.02 R. styliformis 5.06
v. protuberans v. protuberans 2002 3.3 P. delicatissima 36.83 P. delicatissima 30.21
1994 1.5 Nitzschia sp. 65.74  Nitzschia sp. 51.62 S. costatum 25.24  S. costatum 26.45
C. furca 16.88 Ch. curvisetus 23.56 T. nitzschioides 21.98 T. nitzschioides 18.78
Ch. lorenzianus 545 | 5003 35 Ch.diversus ~ 45.54 T nitzschioides 37.48
1998 2.7 Skeletonema sp. 53.85 P. pungens 50.56 T. nitzschioides 17.72 T. frauenfeldii  20.40
R. styliformis 12.98 Skeletonema sp. 31.46 T. frauenfeldii  11.56 Ch. diversus 11.32
Ch. Iorenzianus 12.50 R. styliformis 12.36 S. costatum 6.72 Ch. lorenzianus 6.78
Ch. affinis 6.25 2004 3.7 T nitzschioides 24.37 Ch. affinis 24.31
P. pungens 5.29 C. trichoceros 19.75 Ch. diversus ~ 23.38
1999 1.8 Ch. diversus 19.84 P. pungens 28.10 C. fusus 17.65 T. nitzschioides 14.92
T. frauenfeldii  13.87 Ch. distans 7.82 Chaetoceros sp. 9.45 Chaetoceros sp. 10.63
Ch. compressus 11.13  Ch. affinis 6.66 Pro. depressum 5.67 Ch. lorenzianus 6.80
P. pungens 8.00 T. frauenfeldii 6.59 C. furca 5.46
T. nitzschioides  6.98  Ch. lorenzianus  6.44 | y405 56 T nitzschioides 22.50 T. nitzschioides 61.68
Ch. azfﬁmts . 6.28 B. hyalinum .58 C. macroceros 15.00 C. macroceros  9.35
P. de11cat1s§1ma 6.17 C. breve 6.11
Ch. Iorenzianus  5.87 v. parallelum
2000 3.0 S. costatum 38.29 S. costatum 31.50 D. caudata 6.11
E. cornuta 17.37 E. cornuta 18.85 Ch. Iorenzianus  5.00
T. nitzschioides 14.24 T. nitzschioides 17.56
T. frauenfeldii  12.41 T frauenfeldii 16.16
P. pungens 9.44 P. pungens 9.62
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Fig. 5. Schematic diagram to show the shift in species at the outfall and control stations in the summer, from 1982 to 2005. Genus
names as in Table 4 (L.: Leptocylindrus; Dis.: Dissodinium). O: diatom dominant; @: dinoflagellate dominant; o: diatom
present; e: dinoflagellate present

such as Ch. affinis, Ch. distans, Ch. diversus and Ch.
lorenzianus, dominated during pre- and initial power
plant phases and decreased gradually and even dis-
appeared during the additional power plant phase at
the outfall station, while they were still dominant spe-
cies at the control station. Less Eucampia cornuta was
found at the outfall than at the control station. Some
diatom species such as Hemiaulus spp. and Leptocylin-
drus danicus disappeared during the first several years
after the NPS started at the outfall station. Then they
were found again after 2002, but most of these diatoms
were eurythermal, warm-water species, adaptable to
the elevated temperature. Rhizosolenia styliformis and
Skeletonema costatum increased and were dominant
during the additional power plant phase at the outfall
station, but decreased at the control station.

Some dinoflagellate species, such as Ceratium furca,
C. fusus, C. trichoceros, C. breve v. parallelum, C.
macroceros, Dinophysis caudate and Protoperidinium
depressum increased and were dominant at the outfall
station during the additional power plant phase.
Although they also appeared at the control station,

they did not become dominant species at the control
station, with the exception of C. macroceros in 2005.
After the NPS was running, Dissodinium Iunula,
Podolampas spp. and Prorocentrum spp. appeared at
the outfall station, but they were hardly found at the
control station. Most of these dinoflagellate species are
causative species of harmful algae blooms (HAB).

Relationship between phytoplankton community
structure and environmental factors

Correlation analyses were carried out for both out-
fall and control stations for percentages of species
numbers and cell abundance of diatoms and dinofla-
gellates versus environmental factors, including tem-
perature, PEA, salinity and nutrients. No significant
relationship was found between phytoplankton and
environmental factors except water temperature. The
results showed that percentages of species number,
and cell abundance were significantly correlated
with temperature at the outfall station (R? > 0.65),
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ceros in 2005 (Table 4). The relation-
ship between temperature and phyto-
plankton clearly showed that a
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Fig. 6. Correlation between temperature and relative dominance (percent total
numbers of species and cell abundance) of diatoms and dinoflagellates

negatively for diatoms and positively for dinoflagel-
lates (Fig. 6).

Diatoms dominated the phytoplankton community
when temperature was <30°C. When temperature
reached 32°C, the dinoflagellate species clearly in-
creased, but their cell abundance was still low. When
temperature was >35°C, dinoflagellates, such as Cer-
atium, Dinophysis and Protoperidinium species, signif-
icantly increased and dominated the community. This
trend fits both outfall and control stations, except that
temperature rarely reached 35°C at the control station.

DISCUSSION

The present study, carried out for over 23 yr, showed
that thermal changes driven by power plant outflow
cause a significant community shift from diatom to
dinoflagellate dominance. When water temperature in
the effluent-receiving waters reached a temperature
>35°C and 3.7°C above the adjacent waters in sum-
mer, the species numbers and cell abundance of
dinoflagellates markedly increased, reaching values
much higher than those in adjacent waters. The ratio of
dinoflagellate/diatom cell abundance at the outfall sta-
tion was significantly higher than that at the control
station. This clearly indicates that the rise in tempera-
ture favored dinoflagellates over diatoms. In terms
of species numbers, the same trend was also found.
After the LNPS went on-line, Ceratium spp., Pseudo-

respond quickly to a rise in tempera-
ture, but the diatom was relatively
stable in the annual cycle (Edwards &
Richardson 2004).

Thermal discharge has previously
been shown to cause shifts in the
overall phytoplankton community, because an eleva-
tion in temperature may have positive effects on some
phytoplankton species, but negative effects on others,
due to the differential optimal growth temperatures for
different phytoplankton species (Krishnakumar et al.
1991). In the Bering Sea, an unusual rise in surface
temperature of between 2.5 and 3.0°C occurred
between early July and November 1997. As a result,
the normally diatom-dominated phytoplankton com-
munity became dominated by the coccolithophorid
Emiliania huxleyi, triggering a trophic cascade cata-
strophe (Sukhanova & Flint 1998). Phytoplankton com-
munity shifts influenced by thermal effluents have also
been observed in Asian waters, e.g. northern Taiwan
(Lo et al. 2004) and India (tropical zone) (Krishnakumar
et al. 1991).

A rise in temperature could also increase the water
column stability. Previous studies showed that phyto-
plankton composition could change according to water
column stratification: dinoflagellates preferring stable
waters and diatoms preferring well-mixed waters
(Margalef 1978, Jones & Gowen 1990). An increasing
number of studies have shown that dinoflagellate
growth is inhibited by turbulence, which causes cell
cycle arrest in dinoflagellates (Llaveria et al. 2009 and
references therein). In addition, water stratification
could depress the resupply of nutrients from deeper
waters, giving dinoflagellates a competitive advantage
over diatoms under limited nutrient conditions. How-
ever, the outfall versus control station difference in



84 Mar Ecol Prog Ser 424: 75-85, 2011

dinoflagellate dominance that we observed at DYB
was not due to water stratification associated with a
rise in temperature at the outfall station. Even though
strong stratification (¢ > 80 J m™%) occurred in 1982,
1991, 1994, 1998 and 2001 at the control station, the
phytoplankton community there was still dominated
by diatoms. Influenced by strong thermal effluent flow,
water at the outfall station was less stable than at the
control station.

In DYB, a previous study based on short-term obser-
vations revealed that the structure and function of the
marine ecosystem have been degenerating since the
inception of NPS operations (Wang et al. 2003). Some
micro-phytoplankton have decreased and even disap-
peared (e.g. the genera Amphiprora, Bellerochea,
Chrysanthemodiscus and Schroederella), while some
nano-species (such as Pseudo-nitzschia delicatissima,
P. pungens, Thalassionema subtilis) have grown to
dominance in the phytoplankton community (Liu et al.
2003). In the summer, the phytoplankton community
showed low species diversity and mainly consisted of
coastal warm-water species, as a result of the influence
of the thermal effluent. For instance, Chaetoceros spe-
cies (whose optimal temperature was about 30°C) were
replaced by some eurythermal species, such as P. deli-
catissima, Skeletonema costatum and T. nitzschioides
(Xu et al. 2001, Sun et al. 2006). Some previous studies
have reported that many microalgae cannot tolerate
temperatures >33°C, but, under the influence of ther-
mal effluent, an increase of 3°C above the ambient
temperature should be safe for aquatic organisms in
tropical and subtropical zones in the summer (Krish-
nakumar et al. 1991 and references therein). Data from
our present study also show that a phytoplankton com-
munity can endure a certain degree of temperature
increase. During the period when only the DNPS was
in operation (initial power plant phase, 1994 to 2001)
and the temperature ranged from 29.2 to 32.3°C, the
dominant species changed from Chaetoceros spp.
(pre-power plant phase) to Thalassionema spp., but
the general phytoplankton composition was still domi-
nated by diatoms and Chaetoceros spp. was always an
important component from 1982 to 2002. After the 2
LNPS units were added (additional power plant phase,
2002 to 2005), however, the temperature in the effluent-
receiving waters rose higher than 35°C (35.5°C in
2004) and 3.7°C (5.6°C in 2005) above the adjacent
waters in summer and the phytoplankton community
structure showed significant change. Our results
strongly suggest that the thermal effluents signifi-
cantly affected the phytoplankton community at the
outfall station. Based on our observations, 35°C, or a
differential relative to normal temperature (i.e. at the
control station) of 3.7°C, seems to be the upper toler-
ance limit for the phytoplankton community in DYB.

In the coastal marine ecosystem, phytoplankton
communities have shown shifts associated with
changes in environmental conditions such as global
warming and eutrophication, generally with diatoms
decreasing and dinoflagellates increasing. For in-
stance, Liu et al. (2008) have reported on such a trend
in Jiaozhou Bay, a temperate coastal zone. Phytoplank-
ton community change has also been reported along
the coast of California as a result of environmental
changes, with the red-tide-forming dinoflagellate
Cochlodinium increasing in frequency and cell abun-
dance, indicating a diatom to dinoflagellate shift in this
region as well (Curtiss et al. 2008). It has been esti-
mated that the global mean temperature will increase
by 1.9°C in the next 100 yr (www.cotf.edu/ete/mod-
ules/climate/GCremote3.html). Regional temperature
hikes may be much greater. For instance, it has been
estimated that the western region of the USA could
become 3°C warmer in the next 100 yr. With such
increases, phytoplankton community structure may
shift toward warm-water species, such as some species
of dinoflagellates. Further impact may result from
water stratification associated with the warming of sur-
face waters. Based on our results (Fig. 6), the contribu-
tion of diatom species numbers and cell abundance
should decrease by about 9 to 15% and 13 to 24 %,
respectively. However, the contribution of dinoflagel-
late species numbers and cell abundance should
increase by about 8 to 15% and 12 to 23 %, respec-
tively. A similar diatom to dinoflagellate shift may
occur in other natural marine environments. The
effects of eutrophication can be attributed to a nitrogen
increase and corresponding silicate deficiency. A 1:1
molar ratio of N to Si is generally considered the tip-
ping point in favor of diatoms (when the ratio is <1)
over non-diatom phytoplankton (when the ratio is >1)
(Justic¢ et al. 1995). In our case, the N to Si molar ratio
was >1 during our study period, suggesting that a Si
deficiency was unlikely the cause of the increase in the
dinoflagellate contribution to the phytoplankton com-
munity. Regardless, a rise in temperature may cause or
aggravate such a phytoplankton shift, especially in
tropical oceans, where small temperature elevations
may exceed the physiological tolerances of organisms
(such as dinoflagellate symbionts) (Walther et al. 2002).
Itis also noteworthy that the dinoflagellate species that
seemed to increase in the outfall water were those
known to form HABs in various places around the
world (Alkawri & Ramaiah 2010). It has been reported
that dinoflagellate blooms in DYB have increased dur-
ing recent years (Liu et al. 2003). Our results suggest
that a rise in temperature, as a consequence of NPS
operations or global warming, will probably lead to a
higher likelihood of dinoflagellate HAB occurrences
and trophic cascade consequences.
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