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Abstract In the eastern Seto Inland Sea, Japan,

phytoplankton abundance in the surface water has

gradually declined, whereas Secchi depth has risen in

recent years, particularly in offshore areas. Therefore,

it may be hypothesized that phytoplankton dominate

light attenuation in the offshore area, and that other

constituents are less important. To test this hypothesis,

we examined the roles of seawater, colored dissolved

organic matter (CDOM), non-algal particles (tripton),

and phytoplankton in the light attenuation at an

offshore station of Harima Sound in the eastern Sea.

The magnitude of light attenuation was then deter-

mined from the attenuation coefficient of photosyn-

thetically available radiation (PAR) through the water

column (Kd). During a 13-month period, Kd ranged

from 0.179 to 0.507 m-1, with a mean of 0.262 m-1.

The mean relative contributions of seawater (15%)

and CDOM (13%) to Kd were small, while the most

dominant Kd constituent was tripton (45%). The mean

contribution of phytoplankton to Kd (27%) was

consequently less than that of tripton. However, 75%

of the temporal variability in Kd was attributed to

phytoplankton, measured as chlorophyll a. Our results

emphasize that the main component of light attenua-

tion does not always govern the temporal variation of

light attenuation in coastal regions.

Keywords Photosynthetically available radiation

(PAR) � Light attenuation � Colored dissolved organic

matter � Tripton � Phytoplankton

Introduction

Photosynthetically available radiation (PAR), the total

radiation of wavelengths between 0.4 and 0.7 lm, is the

energy source for plant photosynthesis (Parsons et al.,

1984; Kirk, 2011). Underwater PAR is attenuated

exponentially in the vertical plane, and diminishes as

it passes through the water column. In aquatic ecosys-

tems, the layer that is exposed to sufficient PAR for

photosynthesis is consequently restricted, and the

survival and distribution of both benthic and pelagic

plants are influenced by the PAR availability. Knowl-

edge of the changes and underlying mechanism of

underwater PAR attenuation is therefore meaningful for

understanding the function and structure of coastal areas

as habitat for primary producers (McMahon et al., 1992;

Phlips et al., 1995; Gallegos & Moore, 2000; Yamag-

uchi et al., 2007; Obrador & Pretus, 2008).
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The magnitude of light attenuation in the water

column conveys the vertical attenuation coefficient for

downward irradiance of PAR (Kd), which is an

apparent optical property (cf. Kirk, 2011). Kirk

(2011) summarized Kd values in various coastal and

estuarine waters, which are obtained by summation of

the spectral distribution data across the photosynthetic

range, and noted that Kd varied from less than 0.1 to

over 10 m-1. These values are equivalent to water

depths with 1% of the surface PAR ranging between

\0.5 and[46 m. Several components are responsible

for PAR attenuation in the water column, and are

typically divided into four categories: seawater, col-

ored dissolved organic matter (CDOM), non-living

organic and inorganic material (tripton), and phyto-

plankton (cf. Pfannkuche, 2002; Branco & Kremer,

2005; Kelble et al., 2005). In estuarine and coastal

waters, both the quantity and quality of CDOM (Foden

et al., 2008; Suksomjit et al., 2009), tripton (Pfannku-

che, 2002; Kelble et al., 2005), and phytoplankton

(Cloern et al., 1985; Monbet, 1992) fluctuate in time

and space, because of the effects of freshwater and/or

oceanic water inflows, and sediment resuspension.

Hence, the relative importance of each optical com-

ponent for PAR attenuation is variable, and they can

all potentially contribute significantly to PAR

attenuation.

At our study area, Harima Sound, in the eastern

Seto Inland Sea in Japan, Secchi depth is regularly

monitored as an index of water clarity. Based on

Manabe et al. (1994) and Nishikawa et al. (2010),

typical levels are around 5–8 m throughout the year.

In contrast, high Secchi depth levels of nearly 15 m

have been sporadically observed in the offshore area

(Fujiwara, 2010). Although Harima Sound underwent

cultural eutrophication, water quality has recently

been improved because of reductions in terrestrial

nitrogen and phosphorus loading (Yamamoto, 2003).

Nishikawa et al. (2010) analyzed phytoplankton

variability in Harima Sound from the early 1970s

to the present, and reported that the annual mean

value in the surface water has decreased. The

Association for the Environmental Conservation of

the Seto Inland Sea (2010) noted that the number of

red tides has reduced to one-third (ca. 20 cases y-1)

of its peak in 1974. Therefore, it may be hypothe-

sized that phytoplankton dominate light attenuation

in the offshore area, and other constituents are less

important.

To test the aforementioned hypothesis, in this

study, we examined the roles of phytoplankton,

seawater, colored dissolved organic matter (CDOM),

and non-algal particles (tripton) in PAR attenuation in

an offshore station of Harima Sound. During a

13-month period, we focused on the following two

questions: (1) how did the respective optically active

components contribute to PAR attenuation, and (2)

what is the main cause of temporal variation in PAR

attenuation.

Materials and methods

Study area

Harima Sound has a surface area of 3,400 km2, and a

mean depth of 26 m (Fig. 1). The northern coasts have

relatively turbid and low salinity waters (i.e., surface

salinity\30) due to freshwater inflows from the large

rivers (e.g., Kakogawa and Ibogawa River). In

contrast, the southeastern area around Naruto Strait

has relatively clear waters and high salinities (i.e.,

surface salinity [33) due to inputs of oceanic waters

from the North Pacific through Kii Channel. A large

part of the Sound thus has characteristics reflecting its

transition between estuarine and shelf waters, and

surface salinity typically varies between 30 and 33

throughout the year (Manabe et al., 1994; Nishikawa

et al., 2010). Our sampling station was located in the

central part of Harima Sound (Stn NH; 34�280N,

134�240E) (Fig. 1), approximately 6 km off Shodo

Island, with a mean depth of 34 m.

Field measurements and sampling

We conducted monthly observations at Stn NH from

January 2011 to January 2012. Each time, Secchi

depth was measured using a Secchi disk. In parallel,

vertical profiles of temperature, salinity, and down-

welling PAR (wavelengths from 400 to 700 nm) were

measured using a CTD equipped with an underwater

quantum sensor (JFE Advantec, AAQ-1183). The

CTD data were obtained from the sunny side of the

vessel. The depth profiles of PAR intensity in the water

followed a significantly (r2 C 0.97, P \ 0.01) expo-

nential decrease. We thus determined Kd (m-1) based

on the Lambert–Beer Law, using a least squares fit.

The Lambert–Beer Law is expressed as follows:
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Iz ¼ I0 exp �Kdzð Þ ð1Þ

where z denotes the depth in meters, and I0 and Iz are

PAR intensity (lmol m-2 s-1) below the water sur-

face and at z, respectively. In order to calculate the

depth where the PAR has been reduced to 1% of the

surface value (Zeu), Eq. (1) was arranged as follows:

Zeu ¼ 4:61=Kd ð2Þ
Kd is an apparent optical property, and thus

depends on the aquatic medium as well as the

ambient light field, including factors such as cloud

status and solar elevation (Kirk, 2011). We did not

record cloud status quantitatively in the present

study. To evaluate the influence of solar elevation

on Kd, we calculated the cosine of the zenith angle

of the refracted solar beam just below the water

surface, l0 (cf. McPherson & Miller, 1994), based

on the geographic location and sampling date and

time. The l0 at each sampling time ranged between

0.69 and 0.94, and was within a narrow range,

0.74–0.89, in almost all cases (10 of 13). For such

reasons, we regarded the Kd as the quasi-inherent

optical property (cf. Baker & Smith, 1979), and did

not adjust the Kd data with changes in the incident

radiation field.

After CTD measurements, we collected seawater

samples from five depths (0, 5, 10, 20, and 30 m)

using a Van Dorn water sampler. These samples were

analyzed for CDOM absorbance and concentrations of

chlorophyll a (Chl a) and total suspended solids

(TSS).

Analytical methods

Seawater samples for CDOM analysis were gently

filtered through pre-combusted Whatman GF/F filters,

and kept in amber glass bottles. Absorbances at 750

and 440 nm of the filtrated seawater were thereafter

measured using a double beam spectrophotometer

(JASCO, V-630). We calculated the absorption coef-

ficients of the filtered seawater at 440 nm (CDOM440),

an index of relative abundance of CDOM (Kirk,

2011), using the following equation (Lund-Hansen,

2004; Lund-Hansen et al., 2010a):

CDOM440 ¼ 2:303 ABS440 � ABS750ð Þ=L ð3Þ

where ABS440 and ABS750 are the absorbance at 440

and 750 nm, respectively, and L is the cuvette length

in meters (=0.1).

We used Whatman GF/F filters (0.7 lm pore size)

for CDOM determination, although filters with a

nominal pore size of 0.2 lm are recommended and

used in many recent CDOM studies to remove all

particles from water samples (Laanen et al., 2011).

According to previous studies, the increase in CDOM

absorption due to the addition of sub-micron

(0.2–0.7 lm) particles is estimated to be around 10%

(Branco & Kremer, 2005; Laanen et al., 2011) or

lower (Nelson et al., 1998) on average, in field studies.

Thus, our measurements of CDOM440 will be slightly

overestimated, mainly due to the scattering effect of

sub-micron particles. However, we do not feel that this

overestimation of the CDOM440 has substantially

affected our conclusions.

Fig. 1 Geographical and

sampling location of the

study site, Harima Sound,

eastern Seto Inland Sea,

Japan
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For the analysis of Chl a, a known volume of

seawater samples was filtered through Whatman GF/F

filters. These filters were soaked in 90% acetone, stored

in darkness at 5�C for a day, and supersonic treatment

was thereafter performed to promote pigment extract-

ability. The acetone extracts were passed through

PTFE Ekicrodisk filters (0.45 lm pore size) to reduce

the turbidity from particles. Pigments extracted in the

acetone were determined by the trichromatic spectro-

photometric method (Jeffrey & Humphrey, 1975).

For the analysis of TSS, 1,500–2,000 ml of seawa-

ter samples was passed through pre-weighted and pre-

combusted Whatman GF/F filters. These filters were

rinsed in deionized water, freeze-dried, placed in a

dessicator, and re-weighed (cf. Magni & Montani,

2000). Although both oven-drying and freeze-drying

can remove moisture, we applied the freeze-drying

method to avoid the potential loss of any volatile

compounds on the filter, which can occur with oven-

drying. TSS concentrations were calculated from the

weight increases on the same filters before and after

filtration. Duplicate TSS samples were analyzed, and

the mean coefficient of variation from the duplicate

measurements was about 14%.

Total suspended solids (TSS) consist of tripton and

phytoplankton. We subtracted the dry weight (DW) of

phytoplankton from TSS to yield tripton concentration

(cf. Phlips et al., 1995). Dry weight of phytoplankton

in each sample was then estimated from the Chl a by

assuming a C/Chl a of 56 (Tada & Morishita, 1997)

and a DW/C of 2.5 (Montani, 1990), which were

previously reported in the eastern Seto Inland Sea. We

thus used 140 as a conversion factor from Chl a to DW

of phytoplankton (DW/Chl a = 56 * 2.5 = 140).

Components of light attenuation

To examine the relative contribution of each optically

active component to Kd, it is generally assumed that Kd

can be used to approximate a set of partial attenuation

coefficients. Under this assumption, we partitioned Kd

into several fractions:

Kd ¼ Kw þ KCDOM þ KTSS ð4Þ

where Kw, KCDOM, and KTSS are the partial attenuation

coefficients due to seawater, CDOM, and TSS,

respectively. KTSS can be further divided into two

fractions:

KTSS ¼ KPHY þ KTRI ð5Þ

where KPHY and KTRI are the partial attenuation

coefficients of phytoplankton measured as Chl a and

tripton, respectively. In this study, Kw was set at a

constant value of 0.038 m-1 (Lorenzen, 1972). Fur-

thermore, based on the results of Pfannkuche (2002),

KCDOM was estimated from the following equation

(Lund-Hansen, 2004; Zhang et al., 2007):

KCDOM ¼ 0:221CDOM440 ð6Þ

where 0.221 is the specific absorption coefficient of

CDOM440.

To calculate KTSS, we subtracted Kw ? KCDOM

from Kd. We estimated the specific attenuation

coefficient of Chl a (m2 mg Chl a-1), based on the

simple linear regression analysis between KTSS (m-1)

and the mean euphotic zone Chl a (mg m-3) during a

13-month period:

KTSS ¼ bChl-aþ a ð7Þ

where a is the intercept and b is the specific attenuation

coefficient of Chl a (=slope). We thereafter calculated

KPHY by multiplying the specific attenuation coeffi-

cient of Chl a by the mean euphotic zone Chl a. The

remaining portion of KTSS, which could not be

explained by KPHY, is defined as KTRI. These estima-

tion methods of KPHY and KTRI are fully explained and

discussed in the Discussion.

Results

Temperature and salinity

Surface temperature showed a clear seasonal varia-

tion, with a minimum of 7.7�C in February and a

maximum of 26.8�C in August (Fig. 2a). A thermo-

cline (vertical differences in temperature [2.5�C)

developed during the summer season (June–August).

Except for these months, differences between the

bottom and surface waters were within 1.8�C.

Salinity showed higher values in winter and spring

(December–May), and lower values in summer and

autumn (June–November) (Fig. 2b). A halocline

(vertical differences of salinity [0.8) developed in

June and September, with few observed differences in

salinity in the vertical plane in other months.
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Total PAR attenuation

The attenuation coefficient of PAR through the water

column (Kd) ranged from 0.179 m-1 in February to

0.507 m-1 in June, with a mean (±SD) for all data

(n = 13) of 0.262 ± 0.087 m-1 (Fig. 3a). Although

there was no clear seasonal trend, Kd was lower

in spring (March–May) and higher in autumn

(September–November). The highest value occurred

in June, a month of high precipitation during the early

summer season.

Light attenuation due to CDOM, seawater,

and particles

The water column CDOM absorption coefficient at

440 nm was lower in winter and spring, but higher in

summer and autumn (Fig. 4a). In most months, there

was little vertical stratification in CDOM440 (up to

0.092 m-1). However, in June, the CDOM440 had an

extremely high value of 0.622 m-1 at the surface, and

decreased rapidly with depth. There was a significant

inverse relationship between CDOM440 and salinity

(CDOM440 = -0.0399sal ? 1.421, r = -0.443,

P \ 0.01), indicating that CDOM440 could be used

as a proxy for salinity, when CDOM440 is not known.

We calculated KCDOM in the euphotic zone at each

sampling time, based on the distribution of CDOM440

and temporal changes in Zeu (Fig. 3a). The KCDOM

ranged from 0.016 m-1 in February to 0.082 m-1 in

June, with a mean of 0.035 ± 0.020 m-1. Although
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Fig. 2 Vertical contour maps of a temperature and b salinity at

the sampling location during the study period
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Fig. 3 a Temporal variation in the PAR-attenuation coefficient

through the water column (Kd) during the sampling period.

Grey, white, and black bars show the partial attenuation

coefficients due to CDOM (KCDOM), seawater (KW), and

suspended particles (KTSS), respectively. Light attenuation due

to seawater was set as a constant value of 0.038 m-1. The

dashed line indicates the mean value of Kd through the study

period (0.262 m-1). Note that the light attenuation due to

CDOM in January 2011 was estimated from the salinity (see

text). b Percentage contributions of the KCDOM, KW, and KTSS to

the Kd at each sampling time
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the contribution of KCDOM to Kd reached 39% in

August, the percentages varied from 9 to 18% in other

months (Fig. 3b). The mean contribution of KCDOM to

Kd through the study period was 13%.

Likewise, Kw, which was taken to be a constant of

0.038 m-1, accounted for a relatively small proportion

of Kd (Fig. 3a), ranging from 8 to 21%, with a mean of

15% (Fig. 3b).

Consequently, PAR attenuation due to suspended

particles (KTSS) was the predominant constituent of Kd

among the three components (Fig. 3), ranging from 68

to 78%, except for in August (40%) (Fig. 3b). KTSS

accounted for a mean of approximately 70% of total

PAR attenuation. Linear regression analysis yielded a

strong relationship between KTSS and Kd; Kd =

1.107KTSS ? 0.053 (r = 0.978, P \ 0.01). The inter-

cept value of 0.053 in the regression analysis was

nearly equal to the mean of KW ? KCDOM (0.038 ?

0.035 = 0.073) during the study period.

Variation of TSS, Chl a, and tripton

The distribution of TSS in the euphotic zone was

similar to that of Chl a, rather than tripton (Fig. 4b–d).

In contrast, the distribution pattern of TSS in the

aphotic zone (where there was less than 1% of surface

PAR) coincided well with that of tripton. Both Chl

a and tripton thus affected the variations in TSS in the

water column.

Phytoplankton biomass, measured as Chl a, was

highly variable during the sampling period (Fig. 4c).

For instance, from February to May, concentrations of

\1.5 mg m-3 were recorded throughout the water

column, whereas extremely high values, over

8.0 mg m-3 and up to 11.4 mg m-3 were observed

in the upper layer (\5 m) in June.

In contrast to the large variations in phytoplankton

biomass, tripton concentrations were relatively stable,

both temporally and vertically (Fig. 4d). Tripton

concentration varied from 0.05 to 2.75 g m-3, and

85% (55 of 65 cases) of the measurements were within

a narrow range between 0.50 and 1.50 g m-3.

We examined the relationships between suspended

particles (i.e., TSS, Chl a, and tripton) and PAR

attenuation during the sampling period (Fig. 5). There

was a significantly strong relationship between mean

Chl a in the euphotic zone and both the KTSS and Kd

(P \ 0.01) (Fig. 5b, e). The relationship between

mean TSS in the euphotic zone and the KTSS was also

significant (P \ 0.05) (Fig. 5a). Although not statis-

tically significant (P = 0.06), water with a higher
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mean TSS tended to show higher Kd values (Fig. 5d).

Conversely, there was no clear relationship between

mean tripton concentration in the euphotic zone and

both KTSS and Kd (P [ 0.05) (Fig. 5c, f).

Discussion

Causes of PAR attenuation under average

conditions

Our results suggest that CDOM (13%) and seawater

(15%) are minor components of total PAR attenuation

(100%) in our study area under average conditions

(Fig. 3b). Consequently, most PAR attenuation (72%)

is due to suspended particles. In contrast, CDOM or

CDOM ? seawater have been identified as primary

contributors to total PAR attenuation in some turbid

brackish waters (McPherson & Miller, 1994; Xu et al.,

2005; Obrador & Pretus, 2008). Our study, however, is

in agreement with previous studies, which emphasized

the importance of suspended particles for total PAR

attenuation in saline waters (e.g. McPherson & Miller,

1994; Devlin et al., 2008; Lin et al., 2009; Lund-

Hansen et al., 2010b).

There was a significant positive relationship

between KTSS and the mean euphotic zone Chl a

(Fig. 5b), and the resulting equation was as follows:

KTSS m�1
� �

¼ 0:031Chl a mg m�3
� �

þ 0:118 ð8Þ

By comparing Eq. (5) with Eq. (8), we are able to

determine that the mean value of KTRI during the

sampling period is 0.118 m-1. This constant may be

attributable to the tendency of the specific attenuation

coefficient of tripton (m2 g tripton-1) to decrease with

increasing tripton concentration, in relation to changes

in particle quality (e.g., particle size and shape). This

explanation allows us to estimate KTRI using a

constant (0.118 m-1). We can also deduce that the

slope of Eq. (8) represents the specific attenuation

coefficient for Chl a (m2 mg Chl a-1) (cf. Gallegos &

Moore, 2000), and the contribution of phytoplankton

to KTSS is proportional to the mean euphotic zone Chl

a concentration. Therefore, mean KPHY is estimated as

0.070 m-1, calculated from the 13-month mean Chl

a concentration in the euphotic zone of 2.26 mg m-3.

These estimates indicate that KTRI and KPHY account

for 45 and 27% of the Kd (mean = 0.262 m-1),

respectively, showing that under average conditions

total PAR attenuation in the study area is primarily

caused by tripton.

The aforementioned specific attenuation coefficient

for Chl a, 0.031 m2 mg Chl a-1, is within the range of

previously reported values (e.g., Lorenzen, 1972;

McPherson & Miller, 1994; Christian & Sheng,

2003; Lund-Hansen, 2004). Furthermore, this value

is very similar to the coefficient value obtained in

western Seto Inland Sea by Hashimoto & Tada (1994),

0.034 m2 mg Chl a-1. We can thus regard the

estimated KPHY as a reasonable one. However, it must

be noted that our estimation method of KPHY has two

weaknesses. First, we analyzed Chl a using the

trichromatic method of Jeffrey & Humphrey (1975).

This method tends to overestimate the Chl-a by, on

average, 20% in Harima Sound, mainly owing to the

presence of pheo-pigments in the seawater (Yamag-

uchi et al., 2012). Second, we estimated the specific

attenuation coefficient of Chl a by linear regression

analysis, which implies that the obtained value

includes the influences of some materials, which co-

vary with Chl a. It might therefore be considered that

the KPHY obtained in this study produces a PAR-

attenuation coefficient derived from phytoplankton

and some phytoplankton remnants. If so, the estimated

mean contribution of KPHY to Kd (27%) should be

regarded as an upper level. This in turn suggests that

we may have underestimated the contribution of

tripton as a shading component (45%).

Tripton is generally divided into non-living organic

and inorganic particles. In the ocean, the non-living

organic component consists of fragments of dead

organisms, including phytoplankton. In coastal areas,

the inorganic particles are mainly derived from

suspended sediments such as silt and clay (Obrador

& Pretus, 2008). There was no clear relationship

between concentrations of Chl a and tripton in the

euphotic zone (Fig. 4), with the correlation coefficient

between them nearly equal to zero (r = -0.103,

P [ 0.05). Although we could not separate the tripton

into organic and inorganic fraction, the lack of

relationship between Chl a and tripton may suggest

that inorganic particles account for the main portion of

tripton.

According to previous field studies from semi-

enclosed coastal areas, the mean relative contributions

of KTRI to total PAR attenuation was higher than that

of KPHY in Arhus Bay, Kattegat (Lund-Hansen, 2004),

Florida Bay (Phlips et al., 1995; Kelble et al., 2005),
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5 Relationships of PAR-attenuation coefficients due to

suspended particles (KTSS) with the respective concentrations of

mean euphotic zone a total-suspended solids (TSS), b chlorophyll

a (Chl a), and c tripton, and total PAR-attenuation coefficient (Kd)

with the concentrations of mean euphotic zone d TSS, e Chl a, and

f tripton
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Tampa Bay and Charlotte Harbor (McPherson &

Miller, 1987; McPherson & Miller, 1994), Yellow Sea

(Lin et al., 2009), while few studies found the

dominance of the KPHY as compared with the KTRI

(e.g., Obrador & Pretus, 2008). Considering both our

results and previous studies, we suggest that tripton is

generally more important than phytoplankton as a

shading component in semi-enclosed coastal areas,

although further studies are necessary.

Temporal variation of PAR attenuation

As previously discussed, our results emphasize that

total PAR attenuation (Kd) in the study area is

primarily caused by light attenuation due to tripton

(KTRI) under average conditions. In contrast, monthly

variation of Kd was highly correlated with mean

euphotic zone phytoplankton concentration, rather

than tripton (Fig. 5e, f). According to the coefficient of

determination (r2), phytoplankton explained 75% of

the variability in Kd (Fig. 5e). These facts demonstrate

that phytoplankton is the main driver of temporal

variability in light environments in the study area,

even though it only accounts for 27% of Kd under

average conditions. In our study area, the relative

standard deviation (RSD) of the mean Chl a concen-

tration in the euphotic zone during the sampling period

was 95%. This value was far larger than that of tripton

(30%, Fig. 4c, d). The large difference in the vari-

ability between Chl a and tripton implies that Chl a is

the main cause of Kd variability.

The reason for the insignificant relationship

between Kd and the mean euphotic zone tripton

concentration is unclear (Fig. 5f). We measured the

tripton concentration in terms of dry weight (DW), and

did not examine its particle size or other aspects, such

as particle shape and refractive index, which are more

important for PAR attenuation than DW (Baker &

Lavelle, 1984; McPherson & Miller, 1987; Lund-

Hansen et al., 2010a). Furthermore, we calculated the

concentration of tripton by subtracting the DW of

phytoplankton from TSS. Such restrictions may affect

the correlation between PAR attenuation and tripton

concentration. However, given the high coefficient of

determination between Kd and Chl a (Fig. 5e), phy-

toplankton is clearly of prime importance to the

temporal variation of Kd.

Obrador & Pretus (2008) examined the light regime

and components of turbidity in the water column of

Alnufera des Grau, a Mediterranean coastal lagoon.

They noted that temporal changes in total PAR

attenuation were chiefly responsible for phytoplankton

distribution, while the effect of phytoplankton on total

PAR attenuation was less important than that of

dissolved organic matter. Both our study and that of

Obrador & Pretus (2008) indicate that the main

component of light attenuation does not always govern

the temporal variation of light attenuation in estuarine

and coastal regions.

In the eastern Seto Inland Sea (including Harima

Sound), phytoplankton biomass has decreased in

recent years (Yamaguchi, 2008; Nishikawa et al.,

2010). In relation to this symptom of ‘‘oligotrophica-

tion’’ (cf. Yamamoto, 2003), it is considered that water

clarity has increased, and this trend will continue (e.g.,

Tarutani, 2007). However, the roles of phytoplankton

and the quantitative impact of phytoplankton decrease

on the light environment have not yet been studied in

this region. Our results suggest that water clarity in the

offshore area of the eastern Sea will gradually

increase, due to a decrease in phytoplankton biomass

(Yamaguchi, 2008; Nishikawa et al., 2010). This is

because phytoplankton are a main driver of temporal

variability in total PAR attenuation. However, the

magnitude of the changes in water clarity may be

relatively small, no more than 30%, since the contri-

bution of phytoplankton to total PAR attenuation is not

high. Such estimates will be meaningful for predicting

future ecosystem changes in the eastern Seto Inland

Sea.

Conclusion

This study examined (1) the causes of total PAR

attenuation (Kd) and (2) the driving force of its

temporal variation in Harima Sound in Japan. Our

study concludes as follows: (1) The main component

of Kd in the offshore region of this area is PAR

attenuation due to tripton (KTRI), accounting for at

least 45% of Kd on average. (2) The temporal

variability of Kd, is chiefly responsible for PAR

attenuation due to phytoplankton (KPHY), which

explains 75% of the variability in Kd. These two

major conclusions suggest that the main component of

total PAR attenuation does not always govern the

temporal variation of PAR attenuation in coastal

regions.
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