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Abstract: Diel variation in chl a specific absorption coefficients [a*(A), m2 (mg chl a)"1] was

examined to study the effect of pigmentation on a*(A) of the Prymnesiophyceae Isochrysis

galbana (Parke) in chemostat culture under 12 h light:12h dark cycle at 1500 ymo\ photons

m~2s"1. Photosynthetic and photoprotective pigment as well as cell density and diameter
were also determined at two light regimes every 3 h for 2 days to confirm the periodicity of

a*(A). A distinct diel variation was observed for a*(A) with maxima toward the end of light

periods and minima toward the end of dark periods. The magnitude of diel variation in

a*(440) or a*(674) was 50% and 24%, respectively. To reconstruct the absorption coeffi

cient, arec (A), the absorption efficiency factors [0,(674)] were determined using intracellular

chl a concentration, cell diameter, and chl a specific absorption coefficients after solubiliza-

tion on Triton X [a*TXU)]. The contribution of variation in the intracellular chl a concentra

tion and cell diameter to the variation in a*recU) was less than one by a*TX(A). Any changes

in a*TXU) are due only to changes in the pigmentation. Diel variation in the absorption

ratio of photoprotective pigments to chl a was observed to be more significant than that for

the absorption ratio of other photosynthetic pigments to chl a. The diel variations in a*(X)

were primarily caused by changes in pigmentation of photoprotective pigments due to

high-irradiance. These results indicated that phytoplankton exhibited 12 h periodic patterns

in a*{X) dependent on high and low irradiance levels.
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Introduction

To understand biogeochemical fluxes (e.g. COr) between

the atmosphere and the deep ocean, marine primary pro

duction is one of the essential processes. It involves a diver

sity of processes, which vary over a huge range of time and

space. Time scales range from minute changes in local

physiological rates of phytoplankton to interannual varia

tions at the basin scale. Since satellite ocean color data, for

examples the Coastal Zone Color Scanner (CZCS), has

been employed to estimates on a global scale (Longhurst ct

al. 1995; Antoine et al. 1996). Biological models coupled

with dynamical model have allowed prediction of primary

production at the basin scale (Sarmiento et al. 1993) and in

vestigation of mesoscale dynamics (e.g. Levy et al. 1998).
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However there is also a requirement to study high-fre

quency variability (from hour to day) both in the laboratory

and the field in order to complement those studies made on

large time and space scales. For example, daily primary

production has been estimated from diel variations in opti

cal properties (Stramska & Dickey 1992; Gardner et al.

1993).

Although most observations of the diel variation in opti

cal properties have been focused on the attenuation, scatter

ing and absorption coefficients (Siegel et al. 1989; Dickey

et al. 1990; Hamilton et al. 1990; Kroon et al. 1992; Stram

ska & Dickey 1992; Gardner et al. 1995; DuRand & Olson

1996, 1998), diel variations in the chlorophyll (chl) a spe

cific absorption coefficients, «*(A), have also sometimes

been observed (Stramski & Reynolds 1993; Stramski et al.

1995). Ohi et al. (2002) showed recently that the coefficient

of variation (CV) of diel variability in or*(675) for the
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prymnesiophyceae hochrysis galbana was 7.1% under 75

^mol photons m~2s~' and 9.3% under 500/imol photons

m~2s~' over a 12:12 h light-dark cycle. Variability in a*{X)

can result from a combination of influences on pigmenta

tion that are controlled by photoprotective and photosyn-

thetic pigments (e.g. Sosik & Mitchell 1994) and the pig

ment packaging effects that vary with cell diameter and in-

tracellular chl a content (e.g. Morel & Bricaud 1981). Dis

tinct diel variations in a*{X) observed for hochrysis gal

bana with maxima toward the end of dark periods and min

ima toward the end of light periods under 75 and 500/imol

photons m^s"1 were due to the package effect but not the

pigmentation (Ohi et al. 2002). However, diel variation in

a*(X) has not been reported under light irradiance higher

than 500 /imol photons m~2s~'. Knowledge of the diel vari

ation in a*(X) is important for determining the optical

properties of phytoplankton and could contribute to inter

pretations of absorption properties and estimates of primary

productivity resulting from the high-light irradiance levels

that are encountered at the surface layer in temperate and

sub-tropical oceans.

The efficiency factor for absorption, Qa(X), is the ratio of

the energy absorbed within a cell to the energy incident on

its geometrical cross section. The QU{X) and the a*{X) can

be reconstructed from the cell characteristics using the

anomalous diffraction approximation (van de Hulst 1957).

Based solely on the intracellular chl a concentration, cell

diameter and the unpackaged chl a specific absorption co

efficients after solubilization in Triton X, the reconstruction

of a*(A) proposed in this study, via the Qa factors, may pro

vide a better opportunity to determine the relative signifi

cance of package effect and pigmentation than the other

methods (Bricaud et al. 1999). Such reconstruction can be

used to determine whether the observed absorption proper

ties are thoroughly consistent with reconstructed a*(X) and

predictable from cell characteristics. This reconstruction is

also aimed at determining the respective contributions of

factors responsible for changes in the absorption properties

of phytoplankton cells.

In the experiments reported here on diel variations in

a*{X) of a phytoplankton species, we chose the prymnesio

phyceae hochrysis galbana because there is a pronounced

diel pattern in cell diameter, when cell division is tightly

phased to the light: dark cycle (e.g. Ohi et al. 2002). The

aims of this paper are therefore (1) to describe the diel vari

ability in light absorption properties of hochrysis galbana

under high-light conditions at 1500 }imo\ photons m~2s~';

(2) to differentiate between package effects and pigmenta

tion effects on the diel variation in a*(X); (3) to reconstruct

the a*(X) spectra from the cell characteristics and to deter

mine how the package effect and pigmentation effect con

tribute to the diel variations in «*(A). A list of notations is

provided in Table 1.

Table 1. Definition of mathematical symbols and associated units.

Symbol Definition Units

A

OD(A)

[Chl a]

a(X)

aTX(A)

Wavelength

Optical density of sample in suspention

Chl a concentration

Absorption coefficient of phytoplankton

Absorption coefficient after solubilization in Triton X-100

Reconstructed absorption coefficient of phytoplankton

Absorption coefficient of total pigments= Zo j

Absorption coefficient of pigment p

Absorption coefficient of chl a

Absorption coefficient of chl c, )2

Absorption coefficient of fucoxanthin

Absorption coefficient of diadinoxanthin plus diatoxanthin

Absorption coefficient of /J./J-carotene

In vivo weight-specific absorption coefficient of pigment/?

Chl a specific absorption coefficient

Chl a specific absorption coefficient after solubilization in Triton X-100

Reconstructed chl a specific absorption coefficient

Absorption coefficient of the cell material

Number of cells

Volume of the suspension

Mean cell diameter of the population

Efficiency factor for absorption

Optical thickness along the particle diameter

Intracellular concentration of pigment/?

Intracellular chl a concentration

nm

mgm

m

nT

m

m"1

m"1

m2mg"'

m2mg"'

nrmg"1

irrmg"1

trT1

cells

m"3

m

kgm 3

kgm"3
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Materials and Methods

Culturing procedure and sampling

Prymnesiophyceae Isochrysis galbana Parke (NEPCC

633) were obtained from The North East Pacific Culture

Collection (NEPCC) at the University of British Columbia,

Canada. /. galbana was grown at 25°C in 1 L culture in sea-

water enriched with f/2 medium (Guillard & Ryther 1962).

Steady state growth rates were established at 1.72d~1 at

1500,umol photonsm~2s~', which was determined by a

Biospherical Instrument QSL-100 quantum scalar irradi-

ance meter. Light was provided in a 12 h light and 12 h dark

cycle by cool-white fluorescent tubes. Careful aseptic tech

niques were used to minimize bacterial contamination in

the maintenance and growth of the culture. The culture was

operated in a continuous turbidostat for two weeks with the

dilution rate dictated by the growth rate of cells. Cell num

bers were determined twice a day to confirm a synchro

nized and steady growth. At each sampling, fresh media

were added via a peristaltic pump to maintain relatively

constant cell density within the optically thin suspension.

Cells were kept in suspension by a combination of continu

ous stirring and bubbling sterile air. Separate duplicate

samples were collected for the determination of absorption

coefficient and pigments every 3 h for 51 h. These samples

were filtered onto 25 mm GF/F glass fiber filters (What

man) under pressure lower than 120 mmHg.

Cell number and diameter

Samples were preserved by adding 10% neutralized

formaldehyde to obtain a 2% final concentration and stored

in the dark at 4°C. We determined that such treatment for

this species induced only minor changes in cell diameter

(<5%). Cell numbers were measured under a microscope

with a haemacytometer (Bright-Line, Erma Inc.). Spherical

cell diameters of 75 cells were measured under the micro

scope with an ocular ruler at 1000Xmagnification. The av

erage cell volume was calculated from the average cell di

ameter, d, under the assumption that all cells were spheri

cal.

Absorption coefficients

Optical densities, OD(A), of suspensions were deter

mined with a Shimadzu UV-2450 spectrophotometer

equipped with an integrating sphere, with reference to a fil

trate of the suspension (Whatman GF/F glass fiber filter).

The integrating sphere neutralizes wavelength-dependent

scattering which causes errors with conventional methodol

ogy (Johnsen et al. 1994). Absorption coefficients, a{X),

were obtained as:

nm from 350 to 750 nm. All spectra were set to zero at 750

nm to minimize differences between sample and reference,

assuming lack of absorption by particles at 750 nm. The chl

a specific absorption coefficients, a*(A), were obtained

from the absorption coefficients, a(X), according to:

a*(A)=a(A)/[Chl a] (2)

a(A)=2.3 OD(A)/r (1)

where r (=0.01 m) is the pathlength of the cuvette. Spectral

values of the absorption coefficient were recorded every 1

where [Chl a] is chlorophyll a concentration.

To differentiate between package and pigmentation ef

fects on the diel variation in a*(X), cells were solubilized in

the detergent Triton X-100 at a final concentration of 0.5%

(in volume) with subsequent sonication as recommended by

Berner et al. (1989). The Triton extracts were centrifuged,

and spectral absorption, aTX(A), was determined on these

solubilized cells with 0.5% Triton X-100 in filtered seawa-

ter as a reference. These chl a specific absorption coeffi

cients for samples solubilized in Triton X-100, a*TX(A),

were calculated as described for a*(X). Because the Triton

X removes the effect of packaging pigments in the cells and

chloroplasts, any changes in tf*TX(A) are due only to

changes in the pigmentation. The Triton X method involves

spectral shifts in the wavelengths of peak absorption when

compared to in vivo absorption. In fact, we have observed

shifts toward shorter wavelengths by 1 nm at the blue peak

and 8 nm at the red peak. To compensate for these shifts

when using a*TX(A) in calculations or comparison with

a*(A), we have shifted the spectra by 1 nm for wavelengths

350-557 nm and 8 nm for 551-750 nm. The region between

551 and 557 nm was repeated to prevent introducing a gap

in the spectra; values were relatively low and uniform at

these wavelengths, so this treatment did not distort the

spectra.

Pigments

The filtered samples were sonificated for lOmin in 10 ml

of 90% acetone, and extracted for 24 h at 4°C. Following

extraction, pigment samples were centrifuged for 5 min to

remove cellular debris. Pigment analysis was carried out by

HPLC (System Gold, Beckman) using the solvent gradient

system described by Head & Home (1993). Identified pig

ments were chl c,+2, fucoxanthin, diadinoxanthin, diatoxan-

thin, chl a and /?,/?-carotene. Integrated peak areas were

quantified with external standards obtained from the Inter

national Agency for I4C Determination.

Reconstruction of absorption efficiency factors from cell

characteristics and package effect

Cells are assumed to be spherical and homogeneous with

respect to the refractive index when the anomalous diffrac

tion approximation is made (van de Hulst 1957). The re

constructed chl a specific absorption coefficients, a*rcc(A),

can be estimated by dividing the reconstructed absorption

coefficients, arcc(A), by [Chl a]. The arec(A) can be estimated

using the number of cells, N, in a volume of the suspension,

V, the efficiency factors for absorption, Qa(X) and the geo-
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metric cross-section determined by spherical cell diameter,

</(Morel&Bricaud 1981):

arec(A)=N/V • QJLX) • (7t/4)d2. (3)

The Qa{h) for a single cell, that is, the ratio of absorbed to

energy incident on the geometrical cross section of the cell,

can be estimated as:

&/A)=l+2exp[-p'(A)]/p'(A)
+2{exp[-p'(A)]-l}/p'(A)2 (4)

in which p'(A)=acm(A) • d. The acm(A) coefficients were

here computed from the intracellular chl a concentration,

cChla, and the o*TX(A) (Sosik & Mitchell 1991) according

to:

acm(A)=«*TX(A)-cChla (5)

where cclll a is the ratio of [Chl a] to the product of cell vol

ume and cell density:

The intracellular concentrations of various pigments p, cip,

were computed from each pigment,/?, using equation (6).

Contribution of pigmentation to a*(A)

We examined pigmentation, which affects the magnitude

of diel variation in a*(440). The contribution of each pig

ment to the variation in a*(X) is equal to the product of the

intracellular concentrations of various pigments, cip, and

the in vivo pigment specific absorption coefficients. In vivo

absorption coefficients of various pigment, apig(A), were re

lated to in vivo absorption coefficients of total pigments,

fllola,(A), according to:

itP • a *soKp(A) (7)

i-l

where the value for the in vivo weight-specific absorption

coefficient of pigment p. a*so, p(A), was the in vivo weight-

specific absorption coefficient proposed by Fujiki and

Taguchi (2001). This technique does not take into account

pigment packaging effects, but resolves issues regarding

spectral shape and molar in vivo absorption coefficients.

Despite these problems, the method allowed us to assess the

relative importance of pigmentation to diel variation in

Mathematical and statistical analysis

The periodicity of the rhythm was analyzed by a modi

fied function of the Cosinor function (Halberg et al. 1978;

Kieding et al. 1984) as follows:

Y=A+ Bt+C sin [(t+e);r/( 12 + f)]

+Gcos[(t+e)/r/(12 + f)] (8)

where Y is an estimate of a circadian variable [e.g. a*(A),

cell diameter, etc.], A is the average of the circadian vari

able, B is gradient, t is time in hours, e is the difference be

tween the 12 h cycle and the length of a cycle, and (12+f)

is the length of one cycle. C is the amplitude of the sinor

function and G is the amplitude of the cosinor function,

thus the amplitude of the rhythm is calculated as (C2+

G2)1'2. A nonlinear least squares regression analysis was

used to test the degree of fitness of the estimated value to

the observed value.

The magnitude of diel variation (%) for each variable

was calculated as follows:

The magnitude of diel variation^Max — Minl/MinX 100

(9)

2>n2\\/2
where Max is A+(C2+G2)|/2 and Min is A-(C'+GZ)'".

Results

The a*{X) spectra throughout a diel cycle exhibited ab

sorption bands corresponding to chl a at around 440 and

674 nm, bands corresponding to accessory pigments at

around 460 and 490 nm, and spectral regions of relatively

weak absorption between 586 and 635 nm (Fig. 1). When

the Cosinor function was fitted to the parameter data, the

results (Table 2) clearly show that the difference is insignifi-
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Fig. 1. Diel variation in spectral values of the chl a specific ab

sorption coefficients [a*(A)] (A) and a*(A) after solubilization in

0.5% Triton X-100 [a*TX(A)] (B) for Isochrysis galbana. Each

panel includes 18 spectra determined throughout the experiments.
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Table 2. Values for chl a concentration [Chl a], cell density [N/V], chl a specific absorption coefficient [a*(X)], a*(X) after solubilization

in 0.5% Triton X-100 [tf*TX(A)], reconstructed a*(l) [o*rec(A)] and efficiency factor for absorption [Qa(X)] at 440 and 674 nm, mean cell

diameter (d) and pigment ratios (Fuco: fucoxanthin, DD: diadinoxanthin, DT: diatoxanthin, j8,y3-carotene: /?-carot) and reconstructed ab
sorption ratios of pigments to total pigment at 440 nm for Isochrysis galbana. The minimal and maximal values and magnitude of diel vari

ation (%) of the parameters estimated using a Cosinor fit to the data as in equation (8) are indicated. Minus signs indicate decrease during
the light periods.

Max. Min.

[Chla](mgm~3)

N/V (10"12 cells nT3)

a*(440)(m2mg-')

a*(674)(m2mg-')

tf*Tx(440)(m2mg-')
a*TX(674)(m2mg-1)

a*rJ44Q)(m2mg-1)

a*rJ674)(m2mg->)

a(440)

^(674)

d(fim)

Chlc,_2/chla
Fuco/chl a

DD+DT/chla

^3-carot/chl a

aChI</aTolal

°Ch! t^Total

^Fuco^Tota!

aDD^DI/C(Total

aJj-carot/flTotal

1593

6.0

0.0452

0.0187

0.0652

0.0192

0.0342

0.0157

0.72

0.33

4.2

0.10

0.35

0.27

0.049

0.57

0.11

0.14

0.22

0.049

1125

3.9

0.0300

0.0157

0.0454

0.0146

0.0450

0.0127

0.59

0.25

4.0

0.098

0.25

0.17

0.040

0.53

0.095

0.098

0.15

0.042

-41.6

-55.9

50.3

19.3

43.6

31.0

17.6

23.9

23.3

28.9

5.6

-5.3

-37.0

62.1

24.9

-7.7

-12.9

-39.7

49.8

15.8

cant. The significant 1:1 linear relationship between all

measured data in the present study (Table 2) and the data

estimated by equation (8) indicates distinct diel variation.

Distinct diel variations in measured a*(X) were observed

for the red absorption maximum at 674 nm and the blue ab

sorption maximum at 440 nm with maxima toward the end

of light periods and minima toward the end of dark periods

(p<0.Q0l) (Fig. 2). The magnitude of diel variation in

a*(l) was 19% at 674 nm and 50% at 440 nm (Table 2).

In detergent solubilized samples, the absorption peak

shifted toward shorter wavelengths of I nm at the blue peak

and 8 nm at the red peak. The spectral values of «*TX(A)

have been presented following adjustment (Fig. 1). Distinct

diel variations in a*rx(X) at 674 and 440 nm were also pre

sent with maxima toward the end of light periods and min

ima toward the end of dark periods (/?<0.001) (Fig. 2). The

magnitude of diel variation in #*TX(A) was 31% at 674 nm

and 44% at 440 nm (Table 2).

Distinct diel variations were observed for [Chl a] and

N/V with maxima toward the end of dark periods and min

ima toward the end of light periods (p<0.00\). The magni

tude of diel variation was 42% for [Chl a] and 56% for N/V,

respectively (Table 2). The d exhibited a distinct diel varia

tion with maxima toward the end of light periods and min

ima toward the end of dark periods O<0.001) (Fig. 3). The

magnitude of diel variation in d was 5.6% (Table 2). Dis

tinct diel variations were not obtained for cChI a (p>0.05).

The coefficient of variation throughout a die! cycle was

5.7%forcChla.

The predominant pigments found in this study are in

agreement with the previous findings of Zapata & Garrido

(1997). Distinct diel variations were observed for the fucox-

anthin/chl a and chl c,_2/chl a ratios with maxima toward

the end of light periods and minima toward the end of dark

periods (/?<0.001) (Fig. 3). Distinct diel variations were

also obtained for the (diadinoxanthin plus diatoxanthin)/chl

a and j8,j3-carotene/chl a ratios with a 12 h shift in the peri

odicity (p<0.00\) (Fig. 3). The increase in a*(440) or a*TX

(440) during the light periods (Fig. 2) was parallel to an in

crease in (diadinoxanthin plus diatoxanthin)/chl a ratio by

62% and #/J-carotene/chl a ratio by 25%, and a decrease in

fucoxanthin/chl a and chl c^2/chl a ratios of 37% and

5.3%, respectively (Table 2).

The relative importance to total pigment absorption of

reconstructed absorption due to each pigment was exam

ined. The reconstructed absorption of chl a, aCM O(440),

contributed to the reconstructed absorption of total pig

ment, tfT?lai(440), by 53-57% throughout a diel cycle. The

relative importance of the various pigments to «Tota|(440)

was followed by diadinoxanthin plus diatoxanthin, fucoxan

thin, chl c,_2 and j3,j8-carotene in order. Distinct diel varia

tions were observed for the ratios of aChi a or aFuco to aTola| at

440 nm with maxima toward the end of light periods and

minima toward the end of dark periods (p< 0.001) (Fig. 6).



N. Ohi, M. Shino, Y. Ishiwata & S. Taguchi

0.07

E

S3

s

12 24 36

Time (h)

Fig. 2. Diel variations in the chl a specific absorption coeffi

cients [a*(A)] (A) and a*(X) after solubilization in 0.5% Triton X-

100 [a*TX(?i)] (B) at 440 (•) and 674 (A)nm for hochrysis gal

bana. The cur\-e represents a Cosinor fit. Dark bars indicate dark

periods.

In contrast, distinct diel variations were observed for the ra

tios of aDD+DT or «p.Citrot to flTotal at 440 nm with a 12 h shift

in the periodicity (p<0.001) (Fig. 6). The increase in a*(X)

at 440 nm during the light periods was parallel to increase

in the aDD+DT/«Tolai ratio by 50% and the ap<ixrJaTolal ratio

by 16% for photoprotective pigments, with a decrease in

«Chl>To<al rati0 by 7-7%' «Chlc/flToial rati° b 3% d /
aTotal ratio by 40%, respectively (Table 2).

Fuc<

Discussion

Shifting in the phase of diel cycle of a*{X)

The diel pattern in a*(X) was characterized by maxima

toward the end of light periods and minima toward the end

of dark periods at 1500 fimo\ photons m 2s"'. However,

Ohi et al. (2002) have reported a contrary diel pattern in

a*(/l) for the same species /. galbana with maxima toward

the end of dark periods and minima toward the end of light

periods at lower irradiance (500 /jmol photons m"2 s"1) than
that in the present study. The results presented here and

published previously provide strong evidence that the same

species of phytoplankton exhibits 12 h shifted diel patterns

in a*{X) depending on whether irradiance levels are high or

0.00

12 24 36

Time (h)

Fig. 3. Diel variations in the cell diameter (d) (A) and the ratios

of pigments to chl a (B) for hochrysis galbana. Symbols indicate

the ratios of fucoxanthin (O), diadinoxanthin plus diatoxanthin

(□), chl cl+2(A) and /}j3-carotene (O) to chl a. The curve repre

sents a Cosinor fit. Dark bars indicate dark periods.

low. Reverse shifted diel patterns in the size-fractionated

chl a specific absorption coefficients of surface picophyto-

plankton, a*pico(X), have also been observed to depend on

high or low irradiance levels in the western subarctic Pa

cific (Ohi et al.; in preparation). These reverse shifted diel

patterns in a%,cv,(A) were primarily caused by contrary

changes in intracellular chlorophyll a concentration due to

photoadaptation to high- and low-irradiance levels, al

though there was some influence of pigmentation in the

blue to red ratio [«%rro(443)/a*/j;co(675)] under high-light

irradiance levels.

Reconstructed absorption coefficients and efficiency fac

tors for absorption

Distinct diel variations in reconstructed a*rcc(A) at 440

and 674 nm were also observed with maxima toward the

end of light periods and minima toward the end of dark pe

riods (/?<0.001) (Fig. 4). Relationships between diel varia

tion in experimental a*(X) and diel variation in recon

structed «*rec(A) are significantly correlated (r=0.76, p<

0.001 at 440 nm; r=0.92, p<0.001 at 674 nm), but the

slopes of the regression lines are 0.36 at 440 nm and 0.91 at

674 nm. The reconstructed values are lower than the mea-
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Fig. 4. Diel variations of the reconstructed chl a specific ab

sorption coefficients [a*rcc(A)] at 440 (•) and 674 (A) nm for

Isochysis galbana. The curve represents a Cosinor fit. Dark bars

indicate dark periods.

0.8-

0.7-

0.6 i
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0.3 '■

> ^*—

-f **v 440 nm

■■

A

^f ^ 674 nm

■ * ■ ■ ■ • . . 1 ■

12 24 36 48
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Fig. 5. Diel variations in the reconstructed values of the effi

ciency factors [Qa(X)] at 440 (•) and 674 (A)nm for Isochrysis

galbana. The curve represents a Cosinor fit. Dark bars indicate

dark periods.

sured values by on average 64% at 440 nm and 9% at 674

nm although the reconstruction is fairly satisfactory at 674

nm. These differences may originate from various sources:

(1) experimental errors in the estimation of N/V, cchla and d

used for the theoretical computations; (2) experimental er

rors in absorption measurement and (3) deviations from the

assumptions [equation (5)] introduced in these computa

tions (e.g. Bricaud et al. 1999; Moisan & Mitchell 1999).

Therefore, the magnitude of diel variation in a*rcc(A) is un

derestimated and may not provide a satisfactory quantita

tive estimate. In spite of these differences and various un

certainties, the diel patterns in a*{X) corresponded to the

diel pattern in a*rec(A). Therefore, this allows us to examine

how the various parameters contribute to the a*(X), or

equivalently Qa{X), variations over their diel cycle.

Distinct diel variations were observed for the Qa(X) at

440 and 674 nm with maxima toward the end of light peri

ods and minima toward the end of dark periods (p<0.001)

(Fig. 5). Diel variation in Qa(X) was estimated from the
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Fig. 6. Diel variations in the reconstructed absorption ratios of

pigments to total pigment [apig(440)/alotal(440)] for Isochrysis gal

bana. Symbols indicate the chl a (•), fucoxanthin (O), diadinox-

anthin plus diatoxanthin (□), chl c, +2 (A) and /3,/J-carotene (O).

The curve represents a Cosinor fit. Dark bars indicate dark peri

ods.

product of the intracellular chl a concentration, cCM a, the

cell diameter, d and a*TX(X) [Eqs. (4), (5), (6)]. The cChla- d

could be related to pigment packaging, which alters the

a*(X) (Ciotti et al. 1999). However, distinct diel variations

were not obtained for cChl a- d and cchl u (/?>0.05). Distinct

diel variations held for a*TX(X) at 674 and 440 nm and d

with maxima toward the end of light periods and minima

toward the end of dark periods (p<0.00l) (Figs. 2 and 3).

Contribution of variations in the intracellular chl a concen

trations and cell diameter to the variation of a*rec(A) was

less than one by a*TX(X) (Table 2). Any changes in a*TX(X)

are due only to changes in the pigmentation as described

above. Therefore, the diel variation in Qa(X) was primarily

due to diel variation in the pigmentation.

Contribution of pigmentation to diel variation in a*(X)

We examined the contribution of pigmentation and its ef

fect on the diel variation in a*(440). Increase in pigmenta

tion due to changes in the relative proportions of chl a and

accessory pigments during the light periods resulted from

an increase in photoprotective pigments, especially the di-

adinoxanthin plus diatoxanthin, to chl a ratio (Fig. 3). Simi

lar results under a light: dark cycle at high-light irradiance

have been observed for the photosynthetic and photoprotec

tive pigment to chl a ratio (e.g. Kohata & Watanabe 1989)

and diadinoxanthin plus diatoxanthin to chl a ratio (e.g. De-

mers et al. 1991). The increase in a*(440) during the light

periods was due mainly to both an increase in aDD+DT(440)

and a decrease in a chl a(440) during the light periods over

the diel cycle. The increase in a*(440) during the light peri

ods seemed to directly affect the amount of absorbed light

energy.
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Implication for field observations

The results in this study provide strong evidence that the

fl*(A) can increase during the day under a diel cycle in the

surface layer of the ocean. Diel patterns in photosynthetic-

and photoprotective-pigments due to photoadaptation were

the primary cause of the diel pattern in a*(X) under high

light conditions, although diel variation in package effect

also contributed. Because the diel patterns in pigmentation

of /. galbana were similar to other phytoplankton species at

high irradiance levels (Kohata & Watanabe 1989), these re

sults seem to be important for interpreting diel variations in

oceanic surface optical properties. The results presented

here and published previously (Ohi et al. 2002) suggest that

phytoplankton can exhibit 12 h shifted diel patterns in

a*(X) from the surface layer to deep layers in the euphotic

zone. The measurement of light-depth dependent optical

properties presents a new challenge for assessing the im

pact of this phenomenon on the procedures for estimating

phytoplankton biomass and production.
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