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We investigated the effects of three wavelengths of light (blue; 450 nm, yellow; 590 nm and red; 650 nm)
using light emitting diodes (LEDs) on the growth of benthic microalgae (BMA) Achnanthes sp., Amphora
sp., Navicula sp., Nitzschia sp. and the harmful algae Alexandrium tamarense. In addition, we con-
firmed phytoremediation possibilities of eutrophic coastal sediments obtain from Masan Bay in 60 L. water
tank with LEDs. The growth rates of four BMA species could grow under all irradiance conditions of three
wavelengths. However, the growth rate of A. tamarense was stimulated under blue LED and suppressed
under yellow and red LED to less than 70 zmol/m*s. In water tank experiments with no light, environmental
factors, such as cell density of Nitzschia sp., chlorophyll a (Chl. @), chemical oxygen demand (COD), acid
volatile sulfide (AVS), dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP), were
no significant increases or decreases. However, in water tank experiments with LED, cell density of Nitzschia
sp. and chl. a increased, whereas DIN, DIP, and AVS levels decreased. The removal efficiencies for DIN,
DIP, and AVS were high in the order of blue LED, fluorescent lamp, red LED, and yellow LED. Thus, in order
to remediate eutrophic sediments, red LED may be the most appropriate during the spring and summer
when appearances of harmful algae in the genus Alexandrium are present and blue LED may be the most

appropriate during other seasons.
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INTRODUCTION

For many years, most enclosed coastal areas of
Korea, especially in the southern sea, has been the recip-
ient of various environmental damages because of rapid
growth in urban and industrial development. As a result,
the area system has become heavily polluted by a variety
of wastes, including untreated municipal sewage and
industrial wastewater. These contaminants have caused
harmful algal blooms, sharp oxygen depletion, loss of
aquatic life, and aesthetic problems (Lee and Min, 1990;
Yoo, 1991; Yim et al., 2005). Since the 1980s, there pol-
lution problems have generated both public and regula-
tory concerns. In case of Masan Bay, where is a repre-
sentative eutrophic area of Korea, a wastewater treat-
ment plants potentially treated about 50% of the total
freshwater input into bay is constructed by designated
as special management area in 1982 (Cho et al., 2000;
MLTM, 2008). Moreover, intensive dredging of polluted
sediments was also conducted from 1990 to 1994 (Lee
and Min, 1990). However, water quality in Mansa Bay
has not improved substantially despite these efforts. To
solve pollutant problems in Masan Bay, total pollutant
load management system (TPLMS) was implemented in
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2007. The TPLMS accounts for the current water quality
status and assimilative capacity of the water body by
the TPLMS in two-tiers: management of chemical
demand oxygen (COD) from 2007 to 2011 and manage-
ment of total nitrogen (TN) and total phosphorus (TP)
from 2012 to 2016 (MLTM, 2008).

Although decreasing the amount of nutrient load-
ing to the bay from urban runoff is important, the con-
trol of nutrients in eutrophic sediments might also help
reduce TN and TP concentrations in seawater. To
remediate the eutrophic sediment, physical methods
(dredging and aeration), chemical methods (additional
yellow loess, slag and oyster shell) and biological meth-
ods (microbial activity) have been used (Murphy and
Prepas, 1990; Karim et al., 2003; Yamamoto et al., 2008;
Asaoka and Yamamoto, 2010).

Dredging is considered one of the most practical
methods for remediating enclosed eutrophic bay.
Dredging is advantageous because it can have rapid
remediation effects. However, dredging can be expen-
sive and can cause secondary problems such as the dif-
fusion of silt, treatment of dredged sediment and the
huge budget. Therefore, the development of more eco—
friendly and cost effective remediation methods would
be necessary.

The term “phytoremediation” describes the process
of contaminant degradation in the environment by bio-
logical methods using the metabolic potential of micro-
organisms to degrade a wide variety of organic com-
pounds (Wolfe et al., 1996; Romantschuk et al., 2002;
Suresh and Ravishankar, 2004). The main advantage of
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phytoremediation is relatively low cost methods, sus-
tainable methods and non—-invasive technique, leaving
the ecosystem intact compared to civil engineering
methods. Recently, a number of studies have been con-
ducted to assess the potential of phytoremediation for
the recovery of impacted ecosystems (Bragg et al., 1994;
Coates et al., 1998; Lovley, 2001; Suzuki et al., 2002).
These studies suggested that phytoremediation could be
a useful technique for remediating contaminated marine
environments.

Oh et al. (2007) and Kwon et al. (2013) proposed the
phytoremediation using benthic microalgae (BMA) and
light emitting diodes (LEDs). If the wavelength of light,
which BMA could grow but not harmful algae, is able to
illuminate on the eutrophic coastal sediments with no
light due to high suspended solid, BMA may be able to
remediate because of oxygen production and nutrient
uptake due to photosynthetic activity. In this study, we
investigated the effects of monochromatic light from
LEDs on the growth of the BMA and harmful algae. In
addition, we confirmed the phytoremediation possibili-
ties of eutrophic coastal sediments obtain from Masan
Bay in 60 L water tank with LED.

MATERIALS AND METHODS

Strains and culture conditions

BMA Achmanthes sp., Amphora sp., Navicula sp.,
Nitzschia sp. and the harmful algae Alexandrium
tamarense were isolated from surface sediment and
water of Masan Bay in Korea (N35°7" 177, E128°36" 017),
in April 2010. The isolates were rinsed repeatedly in
sterile seawater during the logarithmic growth phase,
and were treated with an antibiotic mixture AM 9 for
axenic cultures (Porter and Feig, 1980). Stock cultures
were maintained in f/2 medium based on seawater of
East Sea (N36°24'94" E130°42'06") (Guillard and
Ryther, 1962), and containing 0.001 #M selenium (as
H,Se0,) as suggested by Doblin et al. (1999). A. tama-
rense was cultured in medium enriched without silicate.
All media were adjusted to pH 8.2 using HCI or NaOH,
and were sterilized by membrane filter (Sterivex—GS,
0.22 um filter, Millipore, USA). Temperature, salinity,
and light conditions for stock cultures and all experi-
ments were 20°C, 30 psu, and 100 zmol/m?*/s (measured
with QSL-2101, Biospherical Instruments, USA) under
cool-white fluorescent lamps with an illumination cycle
of 12h : 12 h light/dark cycle. Prior to the experiments,
all equipment and glassware were treated with approxi-
mately 30% HCI, and then thoroughly rinsed with dis-
tilled water and autoclaved at 202 kPa for 20 min.

Wavelength and irradiance experiments

To assess the effects of monochromatic light on
growth, we used four wavelengths of light (blue LED;
450 nm, yellow LED; 590nm, red LED; 650nm and
cool-white fluorescent lamp; mixed wavelength). Four
species of BMA and A. tamarense were inoculated to an
initial cell density of approximately 1xX10*cells/ml. The
irradiance of each wavelength was 10, 30, 50, 70, 100,

150, 300 and 400 zzmol/m®/s (measured with a QSL2100;
Biospherical Instruments Inc., San Diego, CA, USA) on a
12h : 12h light/dark cycle. Daily, at 10:00 AM, n vivo
fluorescence was measured using a fluorometer (model
10-100R; Turner Designs, Mountain View, CA, USA).
All measurements were conducted in triplicate. Some
data that showed significantly different trends from the
other two were excluded from calculations. Specific
growth rate (u: /day) was calculated using a least square
regression of log—transformed 77 v7vo fluorescence data
during the exponential growth phase. The specific
growth rate was determined using the following for-
mula:

:—llnN’

At N,

D

where N, and N, are the initial and final ¢n vivo fluores-
cence values of the exponential period and At is the
period of exponential growth phase.

As there was no apparent photoinhibiton at the irra-
diance levels used, a rectangular hyperbolic curve was
fitted for the relationship between specific growth rate
and irradiance (Lederman and Tett, 1981)

-1,
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where ... is the maximum specific growth rate (/day),
I is the irradiance (pmol/m*s), I, is the compensation
photon flux density (zmol/m*s) and K, is the irradiance
at u,../2 (half-saturation light intensity).

Generally, the specific growth rate increased with
increasing irradiance up to an optimum or saturating
light intensity. However, the specific growth rate of
some microalgae decreased rapidly with increases in
irradiance because of photoinhibition. In this case, we
estimated the relationship between the growth rates and
light intensity using Eq. (3) proposed by Steele (1962):

P=th L exp(1- [L) ©)

opt 0
where .. is the maximum specific growth rate (/day), [
is the irradiance (zmol/m?s) and I, is the optimum pho-
ton flux density (zmol/m?/s).

Eq. (3) was used when the specific growth rate
decreased exponentially after photoinhibition. If the
specific growth rate is decreased linearly, Eq. (3) was
difficult to use. Thus, we estimated the relationship
between the growth rates and light intensity using Eq.
(4) proposed by Oh et al. (2007):

,u:aXeXp(—%)—a+ Sx I @

where 2 is the specific growth rate (/day), a, 8 and 0
are constant. 7, and u,,. can be calculated from Eq. (5)

opt

and Eq. (6), respectively
1= -BxIn(-59 ) ®)
a
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Net photosynthesis rate of BMAs

The net photosynthesis rate (NPR) of BMA was
measured by the “light and dark bottle” oxygen method.
50 ml oxygen bottles were filled with an aliquot of cul-
ture containing approximately 3Xx10’cells/ml of BMA.
Initial oxygen concentrations were adjusted to less than
2mg/L using nitrogen gas. Then, oxygen bottles were
incubated for 24 h under each wavelength (blue LED;
450 nm, yellow LED; 590 nm, red LED; 650 nm and cool-
white fluorescent lamp; mixed wavelength) at 70 zzmol/
m?/s. After the incubation period, evaluated oxygen con-
centrations were determined by the Winkler method
(Winkler, 1888). All measurements were conducted in
quintuplicate. Data that showed significantly different
trends from the other replicates were excluded from
calculations. The NPR was calculated as O,ng/cell/h.

Water tank experiments using BMA and LEDs

The 60 L water tank experiments were conducted
in order to assess the phytoremediation of eutrophic sed-
iments using LEDs before field application experiment.
BMA species was used Nizschia sp., which is a useful
species for phytoremediation (Kwon et al., 2013).
Nitzschia sp. (ca. 1X10°cells/cm?®) was replanted on the
water tank filled with sediment (ca. 20 kg) and bottom
water (ca. 20 L) collected from Masan Bay. To remove
other biological effects, the sediment and bottom water
were autoclaved at 202 kPa for 20 min and sterilized by
membrane filter (Sterivex—GS, 0.22 um filter, Millipore,
USA), respectively. Light sources were irradiated with

cool-white fluorescent lamp (mixed wavelength), blue
LED (450 nm), yellow LED (5690 nm) and red LED (650
nm) under light intensity of 70 zzmol/m*s. The control
tank did not irradiated with light. At intervals of two
days, sediment samples were collected using acrylic tube
(diameter; 4 cm) from the water tank. Cell density of
Nitzschia sp. was counted under microscope (TE 2000,
Nikon, Japan) and chlorophyll a (chl. a) was measured
acetone extraction as suggested by Scor—Unesco (1966).
Acid-volatile sulfide (AVS) was determined in duplicate
subsamples (ca. 1g) using a H,S—absorbent column
(GASTEC, Kanagawa, Japan). Chemical oxygen demand
(COD) was determined according to the Korean stand-
ard methods for analysis of marine environment sam-
ples (MLTM, 2010). Dissolved inorganic nutrient (DIN;
NH,"-N+NO, -N+NO, -N, DIP) in the interstitial water
was measured by method of Strickland and Parsons
(1972) after centrifugation (3000 rpm, 15min) of the
sediment.

Removal flux (RF) of nutrients was determined
using the following formula:

RF= (C=-CxV €
Tx A

where RF is the removal flux of the nutrient (mg N/m?/
day or mg P/m*day), C, and C, is the initial and final con-
centrations of the nutrient (M), V is the volume of col-
lected sediment in water tank (m*), T is the duration of
the experiment (day) and A is the surface area of the
sediment (m?).

Table 1. The parameter of four benthic microalgae species and harmful algae Alexandrium tamarense as a function of light intensity
under different wavelengths

Species Wavelength Hyperbolic equation e (/day) I, (umol/m?/s) 1, (umol/m?s)

Achnanthes sp. Fluorescent lamp u=0.61(1-7.85)/(I+40.10) 0.61 7.85 -
Blue LED 1=0.79(1-6.65)/(1+49.07) 0.79 6.65 -
Yellow LED 1=0.40(/-6.10)/(/+74.35) 0.40 6.10 -
Red LED 1=0.56(/-4.39)/(I+95.78) 0.56 4.39 -
Amphora sp. Fluorescent lamp ©=0.52(1-3.69)/(I+18.09) 0.52 3.69 -
Blue LED 1=0.78(1-6.91)/([+57.44) 0.78 6.91 -
Yellow LED 1=0.34(1-4.08)/(I+98.29) 0.34 4.08 -
Red LED 1=0.45(1-3.06)/([+97.94) 0.45 3.06 -

Navicula sp. Fluorescent lamp 1=—0.61lexp(1-1/12.17)+0.67-0.00031 0.64 - 62.6

Blue LED u=-0.93exp (1-1/18.86)+0.60-0.00091 0.85 - 75.9
Yellow LED 1=0.48(1-3.11)/(/+51.10) 0.48 3.11 -
Red LED 1=0.56(1-3.75)/([+73.88) 0.56 3.75 -
NItzschia Sp. Fluorescent lamp 1=0.60(/-7.96)/(I+35.55) 0.50 7.96 -
Blue LED 1=0.77(1-3.06)/(+65.62) 0.77 3.06 -
Yellow LED 1=0.36(1-5.63)/([+60.58) 0.36 5.63 -
Red LED 1=0.43(1-4.65)/([+101.2) 0.43 4.65 -
Alexandrium Fluorescent lamp 1=0.52(1-39.12)/(I+33.54) 0.52 49.1 -
tamarense Blue LED 1=0.83(1-7.79)/(I+61.33) 0.83 7.79 -
Yellow LED 1=0.30(/-72.67)/(I+109.8) 0.30 2.7 -
Red LED 1=0.48(/-82.17)/(1+86.80) 0.48 82.2 -
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Fig. 1. Specific growth rate of benthic microalgae Achnanthes sp., Amphora sp., Navicula sp.,
Nitzschia sp. and harmful algae Alexandrium tamarense as a function of light intensity
of blue LED (450 nm), yellow LED (590 nm), red LED (650 nm) and fluorescent lamp
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Fig. 3. The changes of chl. a, cell density of Nitzschia sp., AVS, COD, DIN and DIP under blue LED
(450 nm), yellow LED (590 nm), red LED (650 nm) and fluorescent lamp (mixed wavelength).

Table 2. Specific growth rate of Nitzschia sp. and removal flux

under different wavelengths in the 60L water tank

Wavelength

Removal flux

Fluorescent lamp
Blue LED
Yellow LED
Red LED

Specific
growth rate DIN DIP
(/day) (mg N/m¥day) (mg P/m¥day)
0.25 151 0.19
0.32 1.63 0.25
0.14 1.03 0.10
0.18 1.19 0.13

RESULTS

Effects of monochromatic light on the growth of
four BMA species and A. tamarense

The growth rates of four BMA species generally
increased with increasing irradiance under fluorescent
lamp, blue LED, yellow LED and red LED (Fig. 1).
However, photoinhibition was observed with Navicula
sp. under fluorescent lamp and blue LED at more than
50 ymol/m*/s (Fig. 1). For the harmful algae A. tama-
rense, the growth rate increased with increasing irradi-
ance under blue LED, but was not grew under fluores-
cent lamp at irradiance levels less than 30 zmol/m®/s
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and yellow and red LED at irradiance levels less than
70 umol/m*/s. The derived parameters by irradiance—
growth curves are given in Table 1. The . of four
BMA species and A. tamarense were high in the order
of blue LED, fluorescent lamp, red LED, yellow LED.
The I, of four BMA species was less than 10 zmol/m*/s
under all wavelengths. For A. tamarense, I, was simi-
lar to BMA under blue LED as 7.79 yumol/m®/s, whereas
the I, was much high under fluorescent lamp, yellow
LED and red LED as 49.1, 72.7 and 82.2 yumol/m?*s,
respectively.

Net photosynthesis rate of four BMA species under
different wavelengths

The NPR for Achnanthes sp. were 5.87, 6.27, 1.41
and 2.69 ng O,/cell/h under fluorescent lamp, blue LED,
yellow LED and red LED, respectively (Fig. 2). For
Amphora sp., the NPR were 5.99, 7.20, 2.52 and 2.78 ng
0O,/cell/h, respectively (Fig. 2). For Navicula sp., the
NPR were 8.39, 9.88, 3.13 and 4.21 ng O,/cell/h under
fluorescent lamp, blue, yellow and red LED, respectively
(Fig. 2). Finally, for Nitzschia sp., the NPR were 10.02,
12.97, 5.56 and 7.47 ng O,/cell/h, respectively (Fig. 2).
The NPR of BMA was high in the order of blue LED, flu-
orescent lamp, red LED, yellow LED. In addition, among
the four BMA species, Nitzschia sp. was the highest
NPR under all wavelengths.

60 L water tank experiments using BMA (Nitzschia
sp.) and LEDs

In the control experiment (dark condition), there
were no significant increases or decreases in the envi-
ronmental factors (Fig. 3). However, in the experimen-
tal groups, cell density of Nitzschia sp. and chl. a
increased and inorganic nutrients and AVS decreased
during experiment period (Fig. 3). Under fluorescent
lamp, chl. a increased from 0.48 to 15.46 mg/m” and cell
density of Nitzschia sp. increased by 3X10‘cell/cm?.
AVS decreased from 14.57 to 6.83mg S/g—dry. In addi-
tion, DIN and DIP decreased from 1271 to 942 uM and

100
I AVS
C_IDIN
80 vZApip
S
>
2 604
[}
S
hq:) 40
g ]
o}
X 204
04 T T T
Fluorescent Blue Yellow Red
lamp LED LED LED

Wavelength

Fig. 4. The removal efficiencies of AVS, DIN and DIP under blue
LED (450 nm), yellow LED (5690 nm), red LED (650 nm)
and fluorescent lamp (mixed wavelength).

from 103 to 75 uM, respectively. Under blue LED, chl. a
increased from 0.50 to 22.22 mg/m* and cell density of
Nitzschia sp. increased by 4x10’cell/cm®. AVS were
decreased from 15.56 to 5.86 mg S/g—dry and, DIN and
DIP decreased from 1382 to 847 uM and from 118 to
80 uM, respectively. Under yellow LED, chl. a increased
from 0.26 to 8.63 mg/m* and cell density of Nitzschia sp.
increased by 1x10%cell/cm®. AVS decreased from 14.97
to 8.00mg S/g-dry and, DIN and DIP were decreased
from 1273 to 964 M and from 93 to 77 uM, respectively.
Finally, under red LED, chl. a increased from 0.34 to
13.10 mg/m® and cell density of Nitzschia sp. increased
by 3X10%cell/cm?®. AVS decreased from 14.55 to 6.86 mg
S/g—dry and, DIN and DIP decreased from 1051 to
841 uM and from 97 to 75uM, respectively. The spe-
cific growth rate of Nitzschia sp. was high in the order
of blue LED, fluorescent lamp, red LED, yellow LED
(Table 2). In addition, the removal efficiencies for AVS,
DIN and DIP were high in the order of blue LED, fluo-
rescent lamp, red LED, yellow LED (F'ig. 4).

DISCUSSION

Optical characteristics on the growth of four BMA
species and Alexandrium tamarense

In microalgae, the most common responses to
changes in the spectral composition of light are varia-
tions of: (1) pigment composition, (2) the ratio of light—
harvesting pigments to reaction centers, (3) concentra-
tions of the components of electron transport chains, (4)
carboxylic enzyme activities (5) photosynthetic rates,
(6) dark respiration rates and (7) the overall biochemi-
cal composition (Voskresenskaya, 1972; Senger, 1987).
Therefore, changes in the spectral composition of light
can cause important variations in growth rate and
metabolism (Wallen and Geen, 1971; Flaak and Epifanio,
1978; Harrison et al., 1990; Sanchez—Saavedra and
Voltolina, 1996).

The 2, of four BMA species and the harmful algae
A. tamarense were highest under blue wavelength
(Table 1). The main photosynthetic pigment, chloro-
phyll a, absorbs mainly light of violet—blue and red
wavelengths. Blue wavelength is effectively used for
photosynthesis and growth by microalgae. High growth
efficiencies under blue wavelength in other marine phy-
toplankton have also been reported. This results is
similar to that obtained for the growth of the diatoms
Chaetoceros sp., Skeletonema costatum (Sanchez—
Saavedra and Voltolina, 1996) and Thalassiosira
minima (Shikata et al., 2009), the dinoflagellates
Heterocapsa cicularisquama (Oh et al., 2008) and
Cochlodinium polykrikoides (Oh et al., 2006) and the
raphidophyte Heterosigma akashiwo (Shikata et al.,
2009) were markedly stimulated under blue wave-
length. Moreover, Wallen and Geen (1971) reported that
chlorophyll a of blue wavelength in diatom Cyclotella
nana is more increased compared with that of white
wavelength. Jeffrey and Vesk (1977) also reported sim-
ilar results in diatom Stephanopyxis turris. This might
be due to increase in DNA and RNA synthesis under
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blue wavelength (Wallen and Geen, 1971). Also, Sokawa
and Hase (1967) reported that light indirectly affects
cell division, because of its direct effects on DNA syn-
thesis. Thus, growth rate of four BMA species and A.
tamarense has stimulated more under blue wavelength
than other wavelength because promotion of DNA syn-
thesis might have been increased cell division.

Some studies reported that the growth of micro-
algae was optimal under exposure to red wavelength.
According to these results, the growth rate of the blue—
green algae Spirulina platensis and the green algae
Chlorella pyrenoidosa, and C. vulgaris were higher
under red wavelength than blue wavelength (Matthijs
et al., 1996; Wang et al., 2007; Yan et al., 2013). These
were logical findings because green microalgae are
known to be good at absorbing red light for photosyn-
thesis through the green pigment chlorophyll (Matthijs
et al., 1996). On the other hand, blue wavelength expo-
sure was optimal for four BMA species and A. tama-
rense in this study. Thus, the growth of microalgae
under monochromatic light might be species—specific or
taxon—specific.

Yellow is not major wavelengths absorbed by chlo-
rophyll, although some microalgae including the dia-
toms Hasela ostrearia, S. costatum, Chaetoceros sp.
and 7. minima, and the blue—green algae S. platensis
are available as light sources for growth (Mouget et al.,
2004; Wang et al., 2007; Shikata et al., 2009). Although
these species could grow under yellow wavelength, their
growth rate under yellow wavelength was lower than
that under other wavelengths. In particular, the growth
of the dinoflagellates Prorocentrum minimum, P. tvi-
estinum and P. dentatum, and the raphidophyte H.
akashiwo was suppressed under yellow wavelength at
irradiance levels less than 40 zumol/m*/s (Shikata et al.,
2009). In addition, the growth of the dinoflagellate A.
tamarense was suppressed under yellow and red wave-
lengths at irradiance levels less than 70 zmol/m®/s.
However, Oh et al. (2007) reported that BMA Nitzschia
sp. could be absorb almost wavelengths ranging from
400 nm to 700 nm because the chlorophyll a—specific
absorption coefficients were similar under all wave-
lengths. Moreover, Klein (1988) reported that BMA
could be absorb mostly wavelengths because they have
diverse photosynthetic pigments such as chlorophyll a,
b, B-carotene, fucoxanthin, diadinoxanthin, diatoxan-
thin, neofucoxanthin and phaeophytin. Thus, these
results indicate that yellow and red wavelengths at irra-
diance levels less than 70 mol/m*/s, which BMA could
grow but not the harmful algae, could be important
information for the phytoremediation of eutrophic
coastal sediments.

Laboratory study for phytoremediation of eutroph-
ic coastal sediments

To remediate eutrophic coastal sediments, BMA
should be able to effectively uptake and store nutrients
and produce oxygen through photosynthesis. These
capabilities could not only contribute to nutrient removal
from the interstitial waters, but could also promote the

decomposition of organic matter and oxidation of hydro-
gen sulfide. In our previous study, among the four BMA
species such as Achnanthes sp., Amphora sp., Navicula
sp. and Nitzschia sp., Nitzschia sp. had the highest
ability to uptake and store nutrients under all wave-
lengths (Kwon et al., 2013). Also, Nitzschia sp. pro-
duced the highest amounts of oxygen under all wave-
lengths in this study. Thus, Nitzschia sp. was selected
for water tank experiment because of a useful species
for phytoremediation .

In the sedimentary environment, pollutants flowing
into coastal areas ultimately sink into the sediments.
Even when the inflow of pollutants is blocked, the exist-
ing polluted coastal sediments can continue to act as a
source of pollutants for the water column. In particu-
lar, if degradable substances are abundant, the pollu-
tion of the water column might be accelerated. Thus, it
is important not only to eliminate pollutant inputs from
terrigenous point sources and aquacultures but also to
remediate contaminated sediments. The remediation
of contaminated sediments observed during water tank
experiments could be approached two aspects. First,
there was a decrease in AVS by the photosynthetic activ-
ity of Nitzschia sp., and second, there was a decrease
in inorganic nutrients such as ammonium, nitrate, and
phosphate by uptake of Nitzschia sp.

In anaerobic sediments, sulfate reduction by anoxic
bacteria leads to the formation of sulfides, which is
called acid volatile sulfides (AVS). AVSis a natural agent
in sediments which complexes some cationic metals
and thereby influences the toxicity of these metals to
benthic organisms. Hydrogen sulfide is formed from the
dissimilatory reduction of sulfate and the decomposi-
tion of amino acids such as cysteine. Hydrogen sulfide
then reacts with ferrous iron to form the amorphous FeS
which comprises the majority of AVS. Benthic organ-
isms living on or in sediments are commonly exposed
to this substance, which is a pollutant of concern due to
its extremely toxicity. The oxidation of AVS (e.g. H,S
and FeS) can be achieved by oxidants such as O,, NO,,
MnO,, and FeOOH (Aller and Rude, 1988). Thus, oxy-
gen produced by photosynthetic processes can play an
important role in the oxidation of AVS. The present
results clearly showed that the NPR was high in the
order of blue LED, fluorescent lamp, red LED, yellow
LED. In particular, the NPR corresponds with the
growth rate calculated for the four BMA species incu-
bated under the same wavelengths. A general enhance-
ment in photosynthetic activity was recorded when
microalgae were exposed to the blue spectrum.
Moreover, the highest photosynthetic activity was
recorded under blue light, as already reported for some
other marine microalgae (Wallen and Geen 1971,
Humphrey, 1983; Vogel and Sager, 1985). These results
indicate that if the growth of BMA can be stimulated
using LEDs, then the produced oxygen may have pro-
moted the oxidation of AVS.

Microalgae have a great potential for removing inor-
ganic nutrients during environmental improvement, and
they have received much attention in recent years (Kim
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et al., 2003; Pizarro et al., 2006; Khan and Yoshida,
2008). The most widely studied algal species for nitro-
gen and phosphorus removal are Scenedesmus (Shi et
al., 2007), Chlorella (Hernandez et al., 2006) and
Spirulina (Olguin, 2003). Nutrient removal by these
species is effective during the wastewater treatment.
As such, the removal of nitrogen and phosphorus from
wastewater is a fundamental approach to preventing the
eutrophication and algal bloom in coastal areas. The
present results clearly show that the removal efficiency
and flux of nutrients (DIN and DIP) was the highest
under blue wavelength and the lowest under yellow
wavelength (Table 2). These trends in nutrient removal
correspond well with the growth rate of Nitzschia sp.
These results indicate that if the growth of BMA can be
stimulated using LEDs, then nutrient uptake by BMA
may have promoted removal of nutrients.

The present results clearly show that remediation
of contaminated sediments was the highest under blue
wavelength and the lowest under yellow wavelength.
Thus, blue wavelength should be used in the field appli-
cation to maximize remediation efficiency. However,
outbreaks of paralytic shellfish poisoning and A. tama-
rense blooms along Masan Bay have occurred annually
in the spring and early summer for many years. During
these seasons, the use of red wavelength under irradi-
ance levels less than 70 #zmol/m?/s may be useful because
under those conditions, beneficial BMA species could
grow but the harmful algae could not. In conclusion,
phytoremediation aimed at the remediation of contami-
nated coastal sediments should use red wavelength dur-
ing spring and summer, and blue wavelength during
autumn and winter.
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