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Abstract The relative importance of three components, k.C, k,M and K,. to totai light
attenuation within the euphotic zone was evaluated from the observations in June and
September 1982 and the optical characteristics of the respective components in the
medium were examined.
   The relative importance of the three components to }ight attenuation in June was
substantially different from that in September. A large portion of total light attenua-
tion in June was attributed to non-living suspended aRd dissolved matter, being about
739o of total light attenuation. On the other hand, contributioR of living phytoplankton
was high in September in spite of the low PCIseston ratio. The optical property of the
water column in June was characterized by the absorption due to non-living suspended
and dissolved matter. In September, it was characterized by the scattering, because of
low PCIseston ratio.

lntroduction

    LighÅí lntensity which penetrates the surface of the ocean and lake is principally

absorbed by tke optical components like suspended particles, dissolved matter and
water itself. The suspended particles can be furthef divided into living phytoplankton

and non-living particles. The arnounts of phytoplankton, Ron-living suspended parti-
cles and dissoived matter differ regionally and seasonaliy. HeRce, it is expected that

the relative importance of each componentto vertical light attenuation varies from
water body to water body, and frorn seasoR to season. Jerlov (1976) found that
regional difference in light attenuation depended on the dissolved organic carbon
coRtents. On the basis of data oR chlorophyll and light penetratioR in various ocean
systems, Lorenzen (1972) reported that euphotic depth (defined as the depth to which
1ero of the incident radiation penetrates) was determined by the relative importance of

these components related to the light attenuation, and, in water body with shallow
euphotic zone, light absorption was mostly due to phytoplankton. As pointed out by
Walker (1982), however, determination of euphotic zone from data on chlorophyll is
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differenÅí for the waters where are iflfiuenced by terrestrial input or substantial
resuspension of sediments.
    As a part of the analysis of light utilization by phytoplankton (Tsuda 1980; Tsuda

& Nakanishi 1985; Tsuda & Nakanishi in preparation), light attenuation and concen-
trations of chlorophyll a and suspended particles were measured iR the stratified
periods in the north basin of Lake Biwa to determine the relative importance of each
component to vertical attenuatioR of light in the euphotic zone and {o examine the
optical characteristics of the water column.

                          Materials and Metheds

    The observations were carried out in June and September 1982 at Stn. P (ca. 42 m
depth) in the north basin of Lake Biwa (Fig. 1). The water samples for determinatioits
of chlorphyll a (Chl-a), seston, and particulate carbon (PC) were collected at intervals

of3h from the depths of O, 1, 2.5, 5, 7.5, 10, 15 aRd 20 m in June and e, 2.5, 5, 7.5,

10, 15, 20, 3e and 39m in September. The samples on glass fiber filter (Whatmafi
GFIC) pretreated at 4500C for 4 h were subjected to the determiRations of Chl-a and

PC. Chl-a amount was measured by the method of Lorenzen (1967) and PC with a
CHN analyzer (YANACO, MT-2). ]Dry weight of seton iB the samples on a Millipore
filter (HAWP O.47, pore size; O.45 ptm) was determined by the gravimetric method.
    Light measilrements were conducted several times in a day af various depths usiRg
a scalar quanta meÅíer (Biospherical Instr., QSP-200; Booth 1976) which detects
waveleRgths frem 370 to 70e nm.
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Fig. 1. Location of study site in the north basin of Lake Biwa.
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   LoreRzen (1972) partitioBed light attenuation into three componeRts as follows:

                       KtZ=K,vZ+kcClgo+kdMigo (1)
where Z is the depth of euphotic zone, K, the averaged diffuse atteRuation coefficient

within the euphotic zone, K., k., and kd attenuatioR coefficieflts for water itself,
phytoplankton, and gon-chlorophyll aRd dissolved rnatter, respectively. The Cy. aRd
Mia/. are the iRtegrated chlorophyll coficentration and the averaged concentration of

non-iiving suspended and dissolved matter within the euphotic zone.
   WheR we coRsidered attenuation coeÅíficient K(Z) iR a layer (1m thickness)
between e.5 m above afid below the sampling depth of Chl-a, Lorenzen's equation can

be rewritteR in a form given by

                         K(Z) "Kw+kcC+ kdM (2)
where K(Z) is the diffuse attenuatioll coefficient by 1-m layer of water. The C and M
are conceRtrations of Chl-a, aRd nofi-living suspended and dissolved matter within the
layer of 1 m thickness, respectively. In the present study, the K,. value was assumed as
O.034m-i (Lorenzen 1972; Walker 1982; MacPherson & Miller 1987). The kdM in
equation (2) can be obtained by subtracting K.+k,C from K(Z).
   The diffuse attenuation coefficient Kq(Z) of scalar quaRtum irradiaRce Eq attenu-

ated in a layer with 1 m thickness is computed as follow:

        1
K,(Z)-- Az ln

E, ( z- -ll-Az)

Eq (Z+-il-AZ)
(3)

where AZ is a layer with-1 m thickness. Kq(Z) is assumed to be approximately equal
to K(Z). The averaged K from Åíhe surface to the euphotic depth was obtained frorn
the integratioR of K,(Z)•

Resuks

Euphotic depths and their relation to composition of suspended particles

   Figure2 shows the depths of 50, 10, and 19o of the surface scalar quantum
irradiaRce Eq(e) at each measufed time in June aRd September. The 191o depth,
namely euphotic depth Z.., varied from 17 to 18.5m in June aRd from 11 to 13.4m in
September. Light attenuatioR in June was lower than that in September. This
tendency was cleariy refiected to Chl-a and sestoR conÅíents in the euphotic zone (Tabie
i). Composition of suspended particles can be roughly estimated by PC!seston ratio as
preseRted by Morel (l982). The PC/seston ratio, averaging 349o in the euphotic zone
was significaRtly higher iR JuRe thaR that (average, 1891o) in SepteTnber. Tke high ratio

in June suggests that suspeRded- particles in the euphotic zone were maiRly composed
of biogenous origin. But, bn the contrary, the Ch-a/PC ratio was low in JuRe. Judging
from the high PCIseston and the Iow Chl-a!PC ratios, the attenuatiofl of light in June

appears to have beeA closelY related to absorpfion due to non-IiviRg organic partieles.
AccordiRg to Morel's presentation, the contribution of inorganic suspended particles to
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Fig. 2. The depths where Eq(Z) is reduced to 50, 10, and 19o of its value above the surface
show at each measured time.

Table l. Euphotic depth, seston, Chl-a and PC contents within the euphotic zone rneasured
in 3une and September, 1982.

Z(19o)
 (m)

 Chl-a
(mg•rn-2)

Seston
(g.m-2)

 PC
(g•m-2)

PC Chl-a

Date Seston
 (9o)

(,CP

1500 18 June

lsee

0600 19 June

0900

12oe

17.0

18.5

18.5

17.3

18.1

37.6

36.9

37.3

32.5

35.7

17.2

17.5

21.1

13.0

18.7

6.2

5.9

6.2

S.1

6.1

36.0

33.7

29.2

39.2

32.6

O.61

O.63

o.6e

O.64

O.59

1730 29 Sep.

e63o 3e sep.

0930

1230

1530

1730

11.0

13.0

12.2

12.5

13.1

13.4

84.8

113.3

118.2

115.5

128.4

!19.1

48.5

58.4

55.4

53.9

57.1

53.4

8.3

10.2

10.0

10.3

10.9

10.3

17.1

17.5

18.1

19.1

19.1

19.3

1.e2

1.11

1.18

1.12

1.17

1.16

sestofi appears to have been relatively high in September with the low PCIseston ratio.

The relatively high Chl-alPC ratio suggested that share of living phytoplankton in
suspended particles of biogenous origin was high in September.

Specptc attenuation of chlorophyll
    Specific attenuation coeffiicient k. for chlorophyll can be determined with chlo-
rophyll concentration and diffuse attenuation coefficient computed from scalar quan-
tum irradiance. This value equals to the slope of the regression line of Kq on Chl-a
(DubiRsky & Berman 1979). Though k. is aR aÅítenuation coefficient being varied by
cell size and shape (Kirk 1975a, l975b), composition of phytoplankton (Atlas &
Bannister 1980; Shanz 1985) and physiological state (Dubinsky & Berman 1979), in the
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present study, a value of k. was assumed to be constant in the euphotic zong.
    IR June and Septernber, relationship between chlorophyll a conceRtratioR C
diffuse attenuation coefficient Kq was expressed as

        June: K,=O.O15C+O.183 (2=O.625,p=e.Ol;N==24)

    September: K, :e.e22C+e.157 ("=e.624,p=O.Ol;N=24)

    The k. values obtained were O.e15 and O.e22m-ilmgChl-a m-3 in June
September, respectively, falling in the range given by some researchers (Table 2)

Table2. The k, values in some iakes.

le5

and

(3)

aRd

.

Lake Spectral range
 n 1) ' a l-

s5 g m 2 m (

2
r Reference

Lake George

Lough Neagh
Port Hacking

Lake Minnetonka
Lake Kinneret

Onondoga Lake
Castle Lake

Lake Constance

Lake Biwa June, 1982

       Sep., 1982

red (535-685 nm)

Par (400-700 nm)

PAR
PAR
PAR
PAR
PAR
PAR
PAR
PAR

O.O16

e.oll

O.021

O.022*

O.O067

O.OI09

O.O16

O.O15*

O.O15*

e.o22*

,iil O.95

e.66

O.58

O.93

e.66

O.46

O.40

O.81

O.63

O.62

Ganf'* 1974
Jewson'" l977
Scott i978
Megard, et ai. 1979
Dubinsky and Berman 1979

Field and Effler 1983

Priscu 1983
Tilzer 1983
Present study

Present study

" Measurements of scalar quantum irradiance
'"  Cited from Kirk (1983)

       Table3. The total attenuation coefficients
       the relative importance of each component.

within the euphotic zoRe and

Date  K(mm1)

Kw kcC KdM

)
5e

( )
5o

( )
5o

(

15eO 18 june

lsoe

0600 19 June

0900

1200

1982 O.280

O.257

O.279

O.280

O.284

13.9

15.5

14.4

14.4

15.4

11.8

17.3

11.6

le.8

11.7

74.3

67.2

74.0

74.8

72.9

Average O.276 14.7 12.6 72.7

1730 29 Sep. 1982

o63o 3o sep.

0930

1230

1530

1730

O.436

O.396

o.4es
o.392

O.348

O.328

 8.1

10.0

9.5

9.9

11.2

11.9

42.6

5e.8

53.1

52.5

53.2

5i.3

49.3

39.2

37.4

37.6

35.6

36.8

Average O.385 10.1 50.6 39.3



106 RyoHEI TsuDA aRd MAsAMI NAKANIsHI

Compositions of attenuation
    Using equation (2), the components of K(Z) were estjmated oB the basjs of data

on in situ measurements. Total attenuation coefficient K and contribution percentages
of the respective components Åío K withiR the euphotic zone in June and September
were calculated (Table3). In June, the contributioR percentage of non-living sus-
pended and dissolved rnatter kdM to total light attenuatioR was very high and attained
to 739o. Chl-a was a minor contributor (139o). This fact indicates that a large portion

of light at{enuation was attributed to absorpÅíion of the optical property. In September,

non-living suspended aRd dissolved matter accounted for 399(o of total light atteRua-
tion, Chl-a for 519o and water for the remainning le9o, respectively. Thus, Chl-a was
the highest contributor to light attenuatioR. However, avefaged PCIseston ratio within
the euphotic zone was relatively small, indicating thaÅí suspended matter was predomi-
Rated by inorganic particles. This suggested that the intense scattering inftuenced also

to the light attenuation. This scattering is well competed for light available to
phytoplankton photosynthesis (Kirk 1983).

Discussion

    We partitiofled total light attefluatioR into three components, Chl-a, non-living
suspeRded and dissolved matter, and water itself and exarnined the relative importance

of each component to light attenuation in June aRd September of 1982 in Lake Biwa.
    The relative importance of the above-mentioned three components to light
attenuation was different between June and September. Tke percentage contribution
of non--living suspended and dissolved matter to the light attenuation was large aRd
739(o in June, whereas Åíhat of Chl-a was relatively great iR September.
    After Lorenzen (1972), if light attenuation is not influenced by land run off, it

depends mainly on phytoplaBktoR concentratioR in the productive waters when the
euphoÅíic depth is around lern depth, while it comes to be strongly influenced by
non-living suspended matter iR the waters with euphotic depth of 30-40m and by
water itself jn ;he watefs with euphotic depth more than 70m. Figure3 shows
variations of the percentage contribution of the respective components, k.C, kdM and
K. to the average light aÅítenuation coefficient, K within euphotic layer calculated from

the oceanic data by LorenzeR (1976) agaiRst various euphotic depths and included
values determined in June and September. The values of k.CIK on the euphotic depth
in June were separated far frorn the k.C curve obtained from the Lorenzen's data.
This is due to great contfibution of noR-liviRg orgaRic suspeRded matter to light
attenuation in the euphotic layer (cf. Table 3). Tkus, there is no substantial relation

between Chl-a concentra{ioR and the euphotic depth in June. Oit the other hand, the
k,CfK values oit the euphotic depth in Septeinber were close to the k,C curve. This
suggests thaÅí Chl-a coRcentration is a main contributor for determination of the
euphotic depth.
    Variations of the euphotic layer being attended with change in underwater light
condition will be linked to photosynthesis of phytoplaRktoR. The euphotic depth was
deeper in June as compared with that in September and the averaged light attenuation
coefficient within the euphotic layer was lower. This means that ohly the underwater
light condition for phytoplankton photosyRthesis iR June was better than that in
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September. However, it should keep in mind that a large percentage of light
attenuation depended on non-living suspended, mainly organic mattef and dissolved
matter. These components absorb the light intensity stroRgly in the water. The
effective light utilizatioR of phytopianktoR depends on the absorption property.
Hence, it is considered that phytoplankton may have been less favourable condition
from the viewpoint of light utilization than that in September. As a result, primary
productioR is possible to be reduced its efficiency. Total vertical attenuation coefficient

was quite high because of the rapid aÅítenuation of light iR September and so the
euphotic depth was relatively skallow. A major portioR of the suspended matter was
composed of inorgaRic substances, which do not absorb the light iRtensity strongly
despite of the iRtense scattering (Table1). Taking into consideration this optical
property, it is considered that phytoplaRkton can absorb more efficiently tke light
avaliable for the photosyRthesis despite of rapid atteRuation of light witkin the
euphotic layer. This condition for phytopiankton may be one of causes to raise the
high productivity in SepÅíember. In the medium of this type, primary production
accouRts for high productivity as presented by Oertel and Dunstan (1981).
   For study on the primary productivity of phytoplankton, it will be required to
analyze the optical characteristics of phytoplankton, non-living suspended matter,
dissolved matter and water itself in cofiRection with light attenuation. Furtker, in the

waters with shallow euphotic zone, Rot only relative contributioR of the respective
components to the light attenuation but also their optical properties shou}d be
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examined for full
photosynthesis.

understanding of the light utilization efficiencies by phytoplankton
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