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Effects of elevated water temperatures and residual chlorine from a thermal discharge at a coastal nuclear
power plant on the biomass and productivity of periphyton and phytoplankton were determined in
subtropical Taiwan. Phytoplankton chlorophyll a, but not productivity, was significantly lower in the outlet
region than in the intake region. Periphyton chlorophyll a was significantly greater in the outlet region than
in the intake region. Nevertheless, periphyton productivity was negatively correlated with water temperature
in the outlet region. A distinct difference in periphyton community composition was also detected between
the two regions. Chlorination experiments showed that a chlorine concentration of 0.2 ppm greatly
suppressed phytoplankton productivity, regardless of whether the water temperature was elevated or not.
However, periphyton productivity was little influenced by a chlorine concentration of <0.5 ppm. Our results
suggest that phytoplankton productivity was greatly affected by residual chlorine, but periphyton
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productivity was more affected by elevated water temperatures.
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1. Introduction

There is great concern about the ecological impacts of coastal
power plants on coastal waters (Kennish, 1992). Elevated water
temperatures and residual chlorine (anti-fouling agent) are major
threats from thermal discharges of coastal power plants (Langford,
1990; Krishnakumar et al., 1991). Previous impact studies of thermal
discharges from coastal power plants focused on phytoplankton
abundance. However, those results were inconsistent (Morgan and
Stross, 1969; Hirayama and Hirano, 1970; Brook and Baker, 1972;
Briand, 1975; Lo et al., 2004). Effects of the thermal discharges on the
abundance, productivity, and community composition of phytoplank-
ton and periphyton in tropical waters are scanty (Clark, 1989; Suresh
et al,, 1993; Dawes, 1998; Lo et al., 2004; Poornima et al., 2005, 2006).

Studies of the impacts of thermal discharges on periphyton, which
is often a primary producer in coastal ecosystems, are very limited
(Dell'Anno et al., 2002). Water temperature is an important environ-
mental factor influencing the survival rate, growth ability, and
reproduction of aquatic organisms (Langford, 1990; Davison, 1991).
It is generally a major factor driving seasonal succession of aquatic
communities. Thermal stress from thermal discharges on freshwater
benthic algal communities has been reported (Stockner, 1967; Krenkel
and Parker, 1971; Langford, 1990). Hawkes (1969) summarized a wide
range of optimal growth temperatures for important algal species.

* Corresponding author. Tel.: +886 4 22840416; fax: +886 4 22874740.
E-mail address: hjlin@dragon.nchu.edu.tw (H.-J. Lin).

1385-1101/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.seares.2009.01.001

Devinney (1980) found that the abundance of benthic macroalgae
decreased with increasing water temperature in the temperate zone.

Chlorine is a widely used biocide for controlling fouling organisms
in cooling systems of coastal power plants. Chlorination of seawater in
coastal power plants might lead to the formation of chlorination by-
products which potentially inhibit microbial growth (Langford 1990;
Choi et al., 2002). In general, concentrations of residual chlorine range
from 0.1 to 0.2 ppm in thermal discharges (Allonier et al., 1999).
Laboratory experiments applying different concentrations of chlorine
showed little effect on marine phytoplankton abundance (Hirayama
and Hirano, 1970). However, field investigations have generally shown
negative impacts of chlorine on phytoplankton abundance (James,
1967; Hamilton et al., 1970; Holmes, 1970; Brook and Baker, 1972;
Carpenter et al., 1972; Fox and Moyer, 1975; Eppley et al., 1976).
Responses of bacteria and heterotrophic nanoflagellates to chlorina-
tion and elevated water temperature of thermal discharges in coastal
waters have been reported (Choi et al., 2002; Shiah et al., 2006).
However, few studies have been carried out to determine interactive
effects of elevated water temperatures and chlorination on phyto-
plankton and periphyton productivity in tropical waters (Saravanane
et al., 1998; Poornima et al., 2005).

The objectives of this study were (1) to compare the biomass and
productivity of phytoplankton and periphyton between the outlet and
intake regions of the Second Nuclear Power Plant (NPP II) in subtropical
Taiwan; (2) to determine the effects of a gradient of chlorine
concentrations on phytoplankton and periphyton productivities, and
(3) to determine interactive effects of high water temperatures and
residual chlorine on phytoplankton and periphyton productivities.
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2. Methods
2.1. Study sites

Biomass sampling and productivity incubations were carried out
every 3 months in February (winter), April (spring), July (summer),
and October (Autumn) of 2001-2003 in the vicinity of the NPP II
which is located in Kuosheng Bay, northern Taiwan (Fig. 1). Kuosheng
Bay has a 8-km? surface area with a mean depth of 15 m. The power
station uses 44 m> s~ ! of seawater for cooling. The thermal discharge
of NPP II is modified by the addition of antifouling biocides (about
0.2 ppm of residual chlorine measured in the outlet region) to
maintain the efficiency of flow and heat transfer across the
condensers. The surface seawater in the intake region ranges from
18 °C in winter to 30 °C in summer. An increasing temperature
gradient of 8-12 °C exists in the water column of the outlet region.
There was a distance of about 50 m among 3 replicate sampling sites
in each region.

2.2. Environmental factors

Environmental factors in the water column were measured in the
intake and outlet regions concurrently with primary productivity
incubations. Surface water temperature, pH, dissolved oxygen (DO),
and salinity were continuously monitoring at 1-min intervals in situ
for 20 min using YSI 600XLM multi-parameter monitoring sensors.
The light extinction coefficient (k) in the water column for photo-
synthetically active radiation (PAR) was determined by light mea-
surements for 24 h using a LI-189 Quantum meter.

2.3. Biomass determination

Phytoplankton biomass in terms of chlorophyll a concentration
was determined with a fluorometer (Trilogy, Tuner, n=3) by
immediately filtering 0.5-L water samples through 47-mm GF/F filters
(Whatman) in the field and then extracting the filters in 90% acetone
for 24 h at 4 °C in the dark (Sterman, 1988). Periphyton was gently
scraped from randomly selected stones after the productivity
incubations. Periphyton biomass was measured by extracting chlor-
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ophyll a in 90% acetone, then determining the concentration in a
spectrophotometer (Parsons et al., 1984).

2.4. Productivity incubation

Periphyton productivity was determined in clear plastic chambers
(n=3 for each light intensity per site) using an oxygen evolution
technique modified from Lin et al. (2005). The plastic chambers were
exposed in the field to five different irradiances of 0%, 30%, 50%, 70%, and
100% shading by interposing screens with different mesh sizes. Net
production (NP) and respiration rates were derived from changes in DO
concentrations over time measured by a DO meter (YSI, Model 52).
Phytoplankton productivity was also determined in various light
intensities using a DO method modified from Parsons et al. (1984) by
incubation in 300-ml BOD bottles (n = 3 for each light intensity per site).

The daily NP rates of phytoplankton and periphyton were
respectively calculated by integrating the interpolated NP rates
under various irradiances in reference to the relationships between
irradiances and NP rates (P-E curve). Gross production (GP) was
calculated as the sum of respiration and NP.

Each P-E curve on each occasion in each region was described by
Eq. (1) of Jassby and Platt (1976) using a nonlinear curve-fitting
procedure of the program SigmaPlot 8.0 as

B B B B
L tanh(a E /Pm); (1)

where P8 refers to the photosynthetic rate normalized to chlorophyll
a, P2, is the maximum photosynthesis normalized to chlorophyll a in
the absence of photoinhibition under optimal light, o® is the initial
slope of the line at low light, and E is the light intensity, as the PAR
presented as pmol photons m~2 s~ !, The parameter, o8, characterizes
the slope of the light-saturation curve at low irradiance levels when
photosynthesis is assumed to be proportional to the photon density.
o8 also indicates the efficiency with which incident light energy is
converted into photosynthetic production by the algal community.
The maximum photosynthetic rate is denoted as PE.. at optimal
illumination, which can also be interpreted as the photosynthetic
capacity. The light-saturation onset parameter (Ex) refers to the light
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Fig. 1. Study sites of Kuosheng Bay showing the intake and outlet regions of the Second Nuclear Power Plant in northern Taiwan.
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Table 1

Environmental variables (mean =+ SE, n = 12) measured every three months in the intake and outlet regions of the Second Nuclear Power Plant in Kuosheng Bay during 2001-2003.
Site Intake Outlet

Winter Spring Summer Autumn Winter Spring Summer Autumn

Water temperature (°C) 18.7+0.5 244420 28.0+21 242+13 28.2+0.6 323+17 388+1.0 33.8+21
Salinity (psu) 33.0+1.0 35.0+0.0 326 £14 332+16 35.0+0.0 353403 32.7+£09 340+01
DO (mgL~1") 76+£0.2 73+£05 6.1+0.2 6.7+04 6.840.2 6.0+04 57402 6.0+0.2
pH 7.8+0.0 73+0.0 8.2+0.0 8.4+0.1 7.8+0.0 73+0.0 79+0.1 83+0.0
Light extinction (m~"') 11+£0.2 11+£0.2 14402 11+01 11+£05 1.3+03 11+£03 09+0.2

intensity in time when the photosynthesis reaches maximum capacity
(i.e., PEoy).

2.5. Periphyton community composition

The composition of the periphyton community was analyzed for an
entire year from April 2003 to February 2004. After periphyton
productivity incubations were completed, periphyton was scraped off
using clean knives and soft brushes, homogenized, and fixed in 10%
formaldehyde. At least 300 diatom frustules per slide were examined
at a 400x magnification (Zeiss, JENAVAL-DIC), and diatom frustules
were identified to genera using the taxonomy of Round et al. (1990)
and Krammer and Lange-Bertalot (1999) Lange-Bertalot. Biovolume
and cell number data were counted with a hemocytometer based on
the valve shape and girdle view of diatoms. Filamentous green algae
were enumerated based on counting the unit amount of homogenized
fragments.

2.6. Chlorination experiments

Chlorination effects were determined in the field in August 2004
(summer) and February 2005 (winter). Phytoplankton P® was
determined in situ with a gradient of chlorine concentrations (0.1, 0.2,
0.5, and 1 ppm chlorine equivalent) of sodium hypochlorite in seawater
with phytoplankton collected from the intake region using a radioactive
14C method modified from Parsons et al. (1984). Radioactive *C of the
phytoplankton was measured by injecting 300-ml BOD bottle with
10 pCi H'*CO; , incubating the samples for 3 h, and determining the
quantity of C collected on a Whatman GF/F glass-fiber filter.

PB of periphyton randomly collected from the outlet region was
also determined with a gradient of chlorine concentrations (0.1, 0.2,
0.5, and 1 ppm chlorine equivalent of sodium hypochlorite). After
incubation for 3 h, changes in DO concentrations over time were
measured by a DO meter (YSI, Model 52).

2.7. Interactive effects of high water temperatures and chlorine

Based on the ambient water temperatures in the outlet region,
seawater with phytoplankton collected from the intake region was
respectively preheated to 40 °C in August 2004 (summer) and to 30 °C
in February 2005 (winter) for 20 min to simulate the entrainment
period during which phytoplankton passes through the condenser of
the cooling system of the NPP II. Preheated samples were then divided
into four different treatments (n=3): 0.2 ppm chlorine with the
water temperature cooled down to the ambient temperature in the
intake region; 0.2 ppm chlorine with a high water temperature (40 °C
in summer and 30 °C in winter), high water temperature alone (40 °C
in summer and 30 °C in winter); and preheated seawater alone with
the water temperature cooled to the ambient temperature in the
intake region. Seawater with phytoplankton collected from the intake
region was used for the controls. Phytoplankton P® was measured in
situ using a radioactive C method modified from Parsons et al.
(1984) by injecting a 300-ml BOD bottle with 10 pCi H'“CO; ,
incubating the samples for 3 h, and determining the quantity of '*C
collected on a Whatman GF/F glass-fiber filter.

2.8. Data analysis

Paired t-test was used to determine whether environmental
factors, and the biomass and productivity of phytoplankton and
periphyton significantly differed between the intake and outlet
regions. Effects of a gradient of chlorination and interactive effects
of high water temperatures and chlorine were compared using a one-
way fixed analysis of variance (ANOVA) model. Before analyses, these
values were examined using power transformations (Clarke and
Warwick, 2001) to conform to normality and homogeneity of the
variance assumptions. If the results of the ANOVA indicated significant
main effects at the 0.05 probability level, then Tukey's studentized
range (HSD) test was used to determine which means significantly
differed. The relationships of chlorophyll a, productivity, and photo-
synthetic parameters of periphyton with environmental factors were
determined using Spearman rank correlations.

In order to reveal regional and seasonal patterns of periphyton
communities, changes in the species composition were studied using
multivariate analyses in the PRIMER (vers. 6.0) computer package
(Clarke and Gorley, 2006). The Bray-Curtis coefficient was used to
produce a similarity matrix of species composition between any two
samples according to the biovolume of each species. The data matrix
consisted of a total of 24 samples with 11 species. The similarity
matrix was fourth root-transformed and then ordinated using non-
metric multidimensional scaling (MDS) techniques to visualize the
similarity matrix and to illustrate latent patterns in the community
composition. A two-way crossed analysis of similarities (ANOSIM)
was used to determine whether the effects of region and season on the
community composition were significant by comparing the observed
statistic to its permutation distribution for the absence of differences
(Clarke and Warwick, 2001). If the results indicated significance at the
0.05 probability level, pairwise comparisons and the Bonferroni
correction for the significance level were used to determine which
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Fig. 2. Seasonal variations (mean =+ SE, n=3) in water temperatures measured in the
intake (@) and outlet regions (O) of the Second Nuclear Power Plant, Kuosheng Bay,
Taiwan.
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Fig. 3. Seasonal variations (mean 4 SE, n=3) in phytoplankton (a) and periphyton
chlorophyll a (b) measured in the intake (®) and outlet regions (O) of the Second
Nuclear Power Plant, Kuosheng Bay, Taiwan.

levels differed. The significance level was calculated by comparing the
observed statistic (R, reflecting observed differences between treat-
ments contrasted with differences among replicates within a treat-
ment) to its permutation distribution. If the results of the global test
indicated significance at the 5% probability level, pairwise R values
were used to determine their separation. Communities could be
clearly separated when R>0.5, but barely separable at all when
R<0.25. Similarity of percentages (SIMPER) was employed to reveal
the most-common species in replicate samples for each community.

Table 2
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3. Results

3.1. Environmental factors

2 1

Light intensity (PAR) peaked at up to 2252 pmol photonm™“s™ " in
summer and down to 1300 pmol photon m™2 s~ ! in winter. Daily PAR
values ranged from 25.9 to 51.7 mol m~2 d™ . No significant difference
in monitored environmental factors was detected between the intake
and outlet regions, except for water temperature (Table 1). Water
temperatures were always 8-12 °C higher in the outlet region than in
the intake region (paired t-test, t = —24.19; d.f. =11, p<0.001). Water
temperature showed similar seasonal patterns in the intake and outlet
regions. The highest temperature (41 °C) was recorded in August 2003
in the outlet region and the lowest temperature (18 °C) in February
2001 in the intake region (Fig. 2).

3.2. Biomass

3.2.1. Phytoplankton

Phytoplankton chlorophyll a showed a clear spatial-temporal
pattern (Fig. 3a) with higher values in summer. Phytoplankton
chlorophyll a was significantly greater in the intake region than in
the outlet region (paired t-test, t =2.78; d.f. =11, p<0.01). Differences
between the intake and outlet regions were greater in spring. The
mean value of phytoplankton chlorophyll a reached 0.67 mg m~3 in
the intake region, compared to 0.44 mg m™ > in the outlet region.

3.2.2. Periphyton

In contrast to phytoplankton, periphyton chlorophyll a was
significantly greater in the outlet region than in the intake region
(paired t-test, t=—2.55; d.f.=11, p=0.01). Periphyton chlorophyll
a reached 616 mg m~2 in the outlet region, which was about 3.8
times that in the intake region (Fig. 3b). Mean periphyton chlorophyll
a ranged 5.5-107.6 mg m~ 2 in the intake region with peaks in early
spring. In the outlet region, however, the seasonal pattern of
periphyton chlorophyll a peaked in summer and shifted to low values
in winter.

3.3. Periphyton community composition

In total, 11 algal genera were observed from the intake region and 8
genera were defined from the outlet region (Table 2). Macroalgal
periphyton was dominated by the filamentous green algae, Ulva linza
and Ulothrix flaccida, in the intake region, but the dominance shifted
to the green alga Ulva intestinalis in the outlet region subjected to
elevated water temperatures. Microalgal periphyton was all composed
of diatoms, in which the genera Epithemia and Mastogloia occurred

Comparison of community composition of periphyton collected every three months in the intake and outlet regions the Second Nuclear Power Plant in Kuosheng Bay from February

2003 to October 2004.

Spring Summer Autumn Winter
Intake Outlet Intake Outlet Intake Outlet Intake Outlet
Chlorophyta Ulva intestinalis 28.8 79.9 374
Ulva linza 86.2 55.5 78.2 374
Ulothrix flaccida 66.9
Bacillariophyta Navicula spp. 1.0 52 9.1 2.7 0.9 131 0.6 13.1
Nitzschia spp. 6.5 38.7 24.4 115 21.6 24.8 44 24.8
Achnanthes spp. 22 16.2 7.2 3.7 8.0 211 14.2 211
Amphora spp. 0.5 2.8 1.5 0.9 0.2 31 12 3.1
Cocconeis spp. 1.2 73 24 13 0.7 0.5 14 0.5
Diploneis spp. 0.8 1.0
Mastogloia spp. 0.1
Epithemia spp. 1.6 1.6

Values are presented as averaged percentage of the total volume of periphyton in each region for each season (n=2).
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Fig. 4. MDS ordination of Bray-Curtis similarities from fourth root-transformed cell
biovolumes for each species of the periphyton communities collected in the intake and
outlet regions of the Second Nuclear Power Plant, Kuosheng Bay, Taiwan from April
2003 to February 2004.

only in the intake region. The genera of Achnanthes, Amphora, Cocco-
neis, Diploneis, Navicula, and Nitzschia occurred in both the intake and
outlet regions with the most dominant diatom genus being Nitzschia.

The community compositions of periphyton in terms of percent
cell biovolume showed distinctness between the intake and outlet
regions. A higher percentage of benthic diatoms was observed in the
outlet region, while Ulva linza was generally dominant in the intake
region. In summer, however, Ulva intestinalis was dominant in the
outlet region and contributed almost 80% to the cell biovolume of the
community. SIMPER analysis revealed that Ulva intestinalis, Ulva linza,
and the diatoms Nitzschia spp. were key species separating the
periphyton communities of the intake and outlet regions.

The ANOSIM showed significant spatial and temporal effects on the
periphyton community composition. Periphyton communities sig-
nificantly differed between the two regions (Global R=0.256,
p=0.004, Fig. 4). MDS ordination also demonstrated a significant
seasonal pattern (Global R=0.414, p=0.001, Fig. 4). The seasonal
pattern in the intake region was more pronounced than that in the
outlet region. In the outlet region, there appeared to be a slightly
compressed seasonal pattern of the periphyton community.

3.4. Productivity
3.4.1. Phytoplankton

In the outlet region, daily GP rates of phytoplankton were not
necessarily lower than those of the intake region, especially in
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Fig. 5. Seasonal variations in the daily gross production (GP) rates of phytoplankton
determined in the intake (®) and outlet regions (O) of the Second Nuclear Power Plant,
Kuosheng Bay, Taiwan. Data were not available from April and October 2003.
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Fig. 6. Seasonal variations in the daily gross production (GP) rate of periphyton
determined in the intake (®) and outlet regions (O) of the Second Nuclear Power Plant,
Kuosheng Bay, Taiwan. Data were not available from April 2001.

summer (Fig. 5). Consequently, there was no significant difference in
daily GP rates of phytoplankton between the intake and outlet regions
(paired t-test, t=—0.02; d.f.=9, p>0.05). Mean daily GP rates of
phytoplankton were 7.20+0.58 mmol O, m~> d~! in the intake
region and 7.06 & 1.13 mmol O, m~ > d~ ! in the outlet region. Some
data were not available (in February, April, and October 2003) due to
low light intensity that led to the absence of PE,,, at those times, and
we could not fit the P values to the P-E curves to determine reliable
daily GP rates.

3.4.2. Periphyton

Daily GP rates of periphyton in the intake and outlet regions
showed similar seasonal patterns (Fig. 6), but were significantly
greater in the intake region (paired t-test, t=1.73; d.f.=10,
p=0.06). The greatest differences in daily GP rates between the
intake and outlet regions occurred in spring.

P8 .« values of periphyton were significantly higher in the intake
region than in the outlet region (paired t-test, t=3.26; d.f.=86,
p<0.01). In the intake region, higher values of periphyton PE,,
occurred in spring (Table 3). In the outlet region, however, lower

Table 3

Comparison of water temperature (mean = SE, n= 3) in the intake region, temperature
elevation (AT), and periphyton productivity normalized by chlorophyll a (PE,,) in the
intake and outlet regions of the Second Nuclear Power Plant in Kuosheng Bay for a
specific date in each season.

Water PB.x Relative change in PE.,
temperature
Intake AT  Intake Outlet
(°C) (°C) (mmolO,;mgChla—'h™") (%)
Winter
2001-Feb 18.0+0.0 9.0 047 NA NA
2002-Jan  19.7+£01 8.7 0.34 0.29 —8
2003-Feb 18.5+02 10.6 NA NA NA
Spring
2001-Apr 2114+£01 79 NA NA NA
2002-Apr 241+£10 95 NA 0.05 NA
2003-Apr 281+04 6.2 0.84 NA —5
Summer
2001-Jul 30.04+£05 80 0.71 0.04 —89
2002-]Jul 238426 138 0.50 0.05 —82
2003-Aug 303401 106 041 0.11 —58
Autumn
2001-Nov 21.74+04 79 0.21 0.13 —24
2002-Nov 26.2+0.0 9.7 0.58 0.21 —47
2003-Oct 248+01 112 027 0.19 —17

NA: data not available.
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values of periphyton P2,,, occurred in summer. The relative reduction
in periphyton P&, in the outlet region was greatest in summer.

No clear relationship was found for periphyton PE,., and o values
with water temperatures in the intake region (Fig. 7a and c). However,
they were negatively correlated with water temperatures in the outlet
region (Fig. 7b and d). Spearman's rank correlation in the outlet region
further demonstrated that the daily GP rate, PE., and of of
periphyton were negatively correlated with only water temperature
(Table 4). No correlation was detected for chlorophyll a or Ex of
periphyton with water temperature in the outlet region.

3.5. Chlorination experiment

3.5.1. Phytoplankton

A concentration of as low as 0.1 ppm chlorine showed a
suppressive effect on phytoplankton P® when compared to the
controls (Fig. 8a and b). However, there appeared to be a seasonal
effect of chlorination on phytoplankton PB. Phytoplankton P® was
completely suppressed by 0.2 ppm of chlorine in summer (one-way
ANOVA, F415=546.7, p<0.001). In winter, 0.1 ppm of chlorine was

Table 4

Summary of Spearman rank correlation coefficients for matching between periphyton
chlorophyll a and productivity and environmental factors measured in the outlet region
of the Second Nuclear Power Plant in Kuosheng Bay.

Variable Water temperature K DO Irradiance Salinity
(°C) (m~'") (mgL~'") (umol photon m—2s~ ') (psu)

GP =7 0.18 0.53 —0.09 0.08

Chl a 0.20 —032 —-0.16 0.00 0.20

PE.x —0.63* 0.09 0.50 0.00 0.13

Ex —0.23 —0.08 0.28 0.26 0.00

of —0.58* —0.17 0.36 —0.42 0.28

GP: daily gross production (mmol O, m~2d~"); Chl a: periphyton chlorophylla (mg m~2);
PE.x: photosynthetic capacity; Ex: light saturation irradiance (pmol photon m~2 s™');
oB: photosynthetic efficiency.

*Indicates the significant correlation at p<0.05, and ***p<0.001.

observed to completely suppress phytoplankton P? (one-way ANOVA,
Fa410=114.9; p<0.001).

3.5.2. Periphyton

Unlike phytoplankton P8 periphyton P® did not appear to be
suppressed by chlorine concentrations of <0.5 ppm (Fig. 9a and b).
Only when the chlorine concentration exceeded a dose of 0.5 ppm was
periphyton P® marginally inhibited in summer (one-way ANOVA,
F410=2.95, p=0.07), or was significantly inhibited in winter (one-
way ANOVA, F410=4.96, p<0.01). The results for periphyton P& were
consistent with the seasonal pattern that higher periphyton produc-
tion occurred in winter than in summer (Fig. 6).

3.6. Interactive effects of high water temperature and chlorine

Phytoplankton P® was more affected by residual chlorine than by
high water temperatures. The effects of high water temperatures,
however, on phytoplankton P® showed a seasonal variation. In
summer, phytoplankton P® was reduced to <10% of the controls in
the pre-heated tanks at 40 °C for 20 min and in the tanks remaining at
40 °C (Fig. 10a). In winter, however, phytoplankton P® did not
significantly decrease in the pre-heated tank at 30 °C for 20 min, but
was lower in tanks remaining at 30 °C (Fig. 10b). Regardless of
whether or not the tanks were incubated at high temperatures,
0.2 ppm chlorine was observed to completely suppress phytoplankton
P® in winter and summer (one-way ANOVA, F315=157.5, p<0.001;
F311=15.53, p=0.001, respectively).

4. Discussion

In this study, the DO method was applied to determine daily GP
rates of phytoplankton in the intake and outlet regions of the NPP II.
The DO method was less sensitive than the radioactive *C method for
the low-biomass phytoplankton in Kousheng Bay, Taiwan, which
might have been due to interference by “noise” bias inside the DO
meter (Williams and Jenkinson, 1982). Therefore, photosynthetic
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parameters of phytoplankton could not be reliably estimated from the
phytoplankton P-E curves for further analyses. Despite this, the
measured daily GP rates of phytoplankton were similar to the results
using the radioactive *C method in the chlorination experiments and
arecent study on phytoplankton productivity in the vicinity of the NPP
Il (Shiah et al., 2005).

An earlier laboratory study by Hirayama and Hirano (1970) on the
marine phytoplankton species Chlamydomonas sp. and Skeletonema
costatum concluded that high temperatures (35-40 °C) and residual
chlorine should not greatly damage them. In the interactive experi-
ments, however, high water temperatures were found to suppress
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Fig. 9. Effects of a gradient of chlorination on periphyton P® (mean+SE, n=3)
determined in August 2004 (winter, a) and February 2005 (summer, b). Means with the
same letter do not significantly differ by the HSD test.

phytoplankton PB. Our results further demonstrated that the impact of
high water temperature was regulated by water temperature and
exposure time. When water temperatures reached 40 °C in summer,
high water temperature alone largely suppressed phytoplankton P,
even for a short period of 20 min as it passed through the cooling
condenser. This finding is consistent with a study of a power plant in
tropical coastal waters by Poornima et al. (2005). However, our results
are inconsistent with the results of Saravanane et al. (1998) who
concluded that the recovery potential of entrained phytoplankton in a
coastal power plant was unaffected by heat stress. The reason may be
that their study did not consider the period during passage through
the cooling condenser. We further discovered that when the water
temperature was raised and maintained at 30 °C in winter, the
reduction in phytoplankton P® was smaller. Phytoplankton P® was
even less affected when phytoplankton was exposed to 30 °C for a
short period of 20 min simulating entrainment in the cooling
condenser of the NPP II.

Inconsistent with the results of an earlier study by Briand (1975),
the interactive experiments further demonstrated that phytoplankton
P® was more affected by chlorine than by elevated water temperature
(Fig. 10). Regardless of whether or not the tanks were heated, 0.2 ppm
chlorine was observed to completely suppress phytoplankton P
Similar results have been reported in previous studies of the
phytoplankton GP rate being reduced by 30%-70% when exposed to
low concentrations of residual chlorine in a tropical power station
(Ahamed et al., 1993). Poornima et al. (2006) indicated that
chlorination caused a greater reduction in phytoplankton productivity
compared to thermal stress at a tropical power station. In temperate
waters, Brook and Baker (1972) also found that phytoplankton
photosynthesis decreased 40% with low concentrations of chlorine
of about 0.2 ppm. Carpenter et al. (1972) found that the lowest dosage
of 0.1 ppm caused a 71% decline in phytoplankton productivity in a
power plant. Similarly, heterotrophic nanoflagellates subjected to
40 °C for 2 h showed no damage, while significant damage was found
with chlorination (Choi et al., 2002). Poornima et al. (2005) also
indicated that chlorination (1-3 ppm) caused more-serious damage
than short-term exposure to a high water temperature at 42 °C for
30 min. The impact can be attributed to destruction of microalgal
chlorophyll as a result of chlorination (Schubel and Marcy, 1978;
Brooks and Liptak, 1979; Videau et al., 1979).

Our results also demonstrated a clear seasonal effect of chlorina-
tion on phytoplankton P. In the chlorination experiments, the lowest
dosage of 0.1 ppm chlorine concentration was found to completely
suppress phytoplankton PB in winter, but was not so severe in
summer. It is likely that the decomposition of hypochlorous acid
(HOCI) formed as a result of chlorination increases with an increase in
water temperature (Davis and Coughlan, 1983). Poornima et al.
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(2005) also indicated that an increase in water temperature resulted
in alleviation of chlorine stress. This might be the reason that the daily
GP rate of phytoplankton in the outlet region was consistently greater
in summer (Fig. 5). Consequently, the difference in phytoplankton
chlorophyll a between the intake and outlet regions became smaller
in summer (Fig. 3a).

Mallin et al. (1994) indicated that the effect of the thermal
discharge from a coastal power plant on the phytoplankton commu-
nity was not significant, and largely depended on site-specific
circumstances. Although the phytoplankton community composition
between the outlet and intake regions were not examined in this
study, a concurrent study by Lo et al. (2004) found that there were no
significant differences in phytoplankton species numbers between the
outlet and intake regions at the NPP IL. They also indicated that the
dominant phytoplankton species Chaetoceros compressus, Nitzschia
delicatissima, Skeletonema costatum, Thalassionema nitzschioides, and
Lauderia borealis were the same in both regions, although the
phytoplankton species diversity was often higher in the outlet region.

In contrary to phytoplankton productivity, periphyton productivity
was affected more by elevated water temperatures. This is consistent
with previous studies at other coastal power plants (Boston and Hill,
1991; Sasikumar et al.,, 1993). Electron transport to the enzyme
Rubisco during light reactions through photosynthesis system II is
generally sensitive to temperature. Since the rate of photosynthesis is
enzyme controlled, it is a temperature-dependent process (Raven and
Geider, 1988). The electron transport rate will be higher at a higher
water temperature (Falkowski and Raven, 2007). However, high
temperatures above 30-35 °C will lead to a decrease in activity of
photosynthetic enzymes (Davison 1991; Raven and Geider 1988). This
may be the reason that periphyton P® was suppressed in the outlet
region of NPP Il where water temperatures were generally >30 °C.

Despite this, greater periphyton chlorophyll a accumulated in the
outlet region, especially in summer when the water temperature
reached 40 °C. Similarly, higher benthic macroalgal abundance has
been reported in the proximity of the thermal discharge of other
coastal power plants (Verlaque, 1976). Kim (1999) reported the
highest biomass of cyanobacterial mats in the proximity of an artificial
thermal water outlet with wastewater. However, Suresh et al. (1993)
indicated that benthic macroalgae disappeared when water tempera-
tures exceeded 37 °C. In this study, a possible cause could be attributed
to lower grazing pressure in the outlet region subjected to higher
water temperatures. Feng (2002) found that the dominant herbivor-
ous fish Abudefduf vaigiensis and Heniochus acuminatus in the coastal
waters of northern Taiwan were rarely observed in the outlet region of
the NPP II.

In addition to the low grazing pressure, periphyton communities
occurring in the outlet region of the NPP Il were dominated by

opportunistic species tolerant to high water temperatures (Devinney,
1980). While Ulva linza and Ulothrix flaccida were dominant in the
intake region, Ulva intestinalis was dominant in the outlet region,
especially in summer when water temperatures reached 41 °C.
Previous studies showed that Ulva spp. are eurythermal and can
survive at temperatures of 0-30 °C (Skinner, 1971; Fortes and Liining,
1980; Bjornstdter and Wheeler, 1990). Lewis et al. (2001) analyzed the
stress proteins of Ulva intestinalis and indicated the ability to tolerate
thermal stress. Sasikumar et al. (1989, 1993) suggested that the
dominance of Ulva intestinalis at a thermal discharge site was relevant
to the absence of herbivores and the increased algal growth rate.

High water temperatures not only alter the dominance of
macroalgae, but also result in a shift in the diatom community.
Nevertheless, studies on the response of the marine diatom commu-
nity to elevated water temperatures are scanty (Verlaque et al., 1981).
The dominant diatom genera of Nitzschia, Navicula, and Achnanthes
observed in the periphyton of the outlet region were similar to those
of freshwater periphyton tolerant of high water temperatures (Patrick,
1969). The diatom genera of Mastogloia, Diploneis, Cocconeis, and
Epithemia which might not tolerate high water temperatures, were
absent from the outlet region and occurred only in the intake region of
the NPP IL.

5. Conclusion

Phytoplankton chlorophyll a, but not productivity, was signifi-
cantly lower in the outlet region than in the intake region of the NPP II.
Periphyton chlorophyll a was significantly greater in the outlet region
than in the intake region. However, periphyton productivity was
negatively correlated with water temperatures in the outlet region,
but not in the intake region. Distinct differences in the community
composition of periphyton were also detected between the two
regions. The chlorination experiments showed that a chlorine
concentration of 0.2 ppm greatly suppressed phytoplankton produc-
tivity, regardless of whether or not the water temperature was
elevated. However, periphyton productivity was little influenced by a
chlorine concentration of <0.5 ppm. Our results suggested that
phytoplankton productivity was greatly affected by residual chlorine,
but periphyton productivity was more affected by elevated water
temperatures.
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