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Abstract

Spectral absorption of phytoplankton from cultures and natural samples was measured on filters
with various optical setups including collimated and diffuse irradiation and measurements of wetted
filters within an integrating sphere. In suspensions within an integrating sphere, specific absorption
cocflicients for laboratory cultures varied by a factor of only two.

Measurements on filters yielded values dependent on filter load. Specific absorption coefficients
derived from mcasurements of sample filters were considerably higher than values obtained from
suspensions in an integrating sphere due to increased diffuseness of irradiance and to pathlength
amplification by filter-particle and particle-particle interactions. Mecasured absorption of phyto-
plankton in the blue can be increased greatly by absorption of detritus, evident from absorption
spectra of depigmented samples on filter. After subtracting detrital absorption, absorption spectra
of phytoplankton are qualitatively similar to the corresponding quantum-corrected fluorescence
excitation spectra. The detritus-corrected ratio of absorption at 440 vs. 675 nm shows average
values between | and 1.5.

Comparison with published values shows that specific in vivo absorption cocfficients of phy-
toplankton arc mostly overestimated as a result of the methodology applied. In the blue region of
the spectrum, overestimation of phytoplankton absorption in field samples is possible if detrital

absorption is neglected.

The standard experimental approach to
measuring absorption of scattering samples
is to place the sample inside an Ulbricht
(integrating) sphere¢ (Grum and Becherer
1979), thus collecting all scattered light in
addition to transmitted light. Measuring
seawater at natural concentrations of chlo-
rophyll inside an integrating sphere calls for
extremely high resolution and stability of
radiative quantities because of high back-
ground absorption by water and dissolved
matter. Means of achieving such resolution
are discusscd elsewhere (Haardt and Maske
1987).

Shibata et al. (1954) proposed a method
in which opal glass is placed between the
sample and the detector, thus changing the
radiance detector of the photometer to a
detector of irradiance (cosine characteris-
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tic). This method will therefore yield values
similar to the diffuse attenuation coefficient
k, (Preisendorfer 1976, v. 5),

ka':D‘a + bf,

where a is the absorption coefficient, b, the
backscattering coefficient, and D the distri-
bution function. D = 1 for collimated light
and D = 2 for uniform radiance distribu-
tion. Because D = 1 and in addition b, oc-
curs, data obtained by this method over-
estimate the real absorption coefficient. As
judged by the spectra of total pigment ex-
tracts of plant material, the backscatter coef-
ficient of phytoplankton is low enough to
allow for satisfactory spectral signatures of
the opal glass technique (Bricaud et al. 1983).

Yentsch (1960) found a convenient way
to make a similar method usable for natural
phytoplankton samples. The absorbing par-
ticles are concentrated on a membrane filter
and placed in the sample compartment of
a spectral photometer. Thus the filter serves
at the same time as a diffuser plate, substi-
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tuting for the opal glass diffuser. The filter
method allows attenuation measurements
of dilute suspension because the sample is
concentrated on the filter. The great sensi-
tivity and simplicity of the method has led
to its considerable popularity among re-
searchers (Kiefer and SooHoo 1982; Du-
binsky et al. 1984; Faust and Norris 1982;
Gicskes pers. comm.).

The methods we investigated are intend-
ed to produce quantitative specific absorp-
tion data under collimated or diffuse states
of illumination. For application in calcu-
lating and interpreting the quantum yield of
fluorescence and of photosynthesis, as well
as chromatic adaptation and the upweclling
sca surface radiance, the spectra thus ob-
tained must be weighted with the appro-
priate state of diffuseness within the water
column.

We acknowledge comments by T. T. Ban-
nister. Technical help was provided by C.
Schomann and S. Neuer.

Methods

Absorption coeflicients were mcasured as
follows.

1. “‘Filter-collimated light” spectra were
obtained with the procedure of Yentsch
(1960) by sample filtration on an 0.8-um
membrane or glass-fiber filter and place-
ment of the filter ncxt to the spectral pho-
tometer detector window (Zeiss PM6) with
the sample toward the light source. The
choice of filter material did not alter results.
The filter was mounted between a glass on
the detector side and a 2-mm-thick dia-
phragm covered by glass on the light source
side thus preventing the filter from drying
during measurement. Spectral bandwidth
was 2 nm for all measurements, spectral
increment was 5 nm between 670 and 680
nm and 10 nm otherwise. Wavelength ac-
curacy was >1 nm. 100% transmission was
set according to a clcan, wetted membrane
filter in the same position.

2. For the “‘filter-integrating sphere”’
measurements, the bare sample filter was
held in the center of an integrating sphere
by a glass rod without being covered. The
11-cm-diameter sphere (Spindler and Hoy-
er, Gottingen) was placed in the sample
compartment of a spectrofluorometer (Shi-
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madzu RF 540). The instrument was op-
erated in the synchronous scan mode, where
the transmission wavelength of light source
and detector monochromator were set at the
same wavelength. Spectral bandwidth for
the light source was 2 nm and for the de-
tector 30 nm. The sphere had three ports:
toward light source, sample entry, and the
detector. The latter had a baffle to shield the
port from specular reflection. Sample filters
were dried at 45°C under reduced atmo-
spheric pressure over silica gel. The dried
filters were wetted with immersion oil (in-
dex of refraction = 1.52, matching the onc
of glass fiber). The sample filter was sus-
pended at about 10° between the normal of
the filter plane and the optical axis to pre-
vent specular reflection back into the exci-
tation window. The loaded side of the filter
faced the incoming light. Reference mea-
surements were made with a clean filter or
depigmented filter wetted with immersion
oil. The effect of drying on the filtered sam-
ple was routinely controlled by chlorophyll
analysis with the trichromatic method on
both the original and dried filter. No sig-
nificant change in chlorophyll concentra-
tion was measured.

Phytoplankton pigments were selectively
extracted from sample filters to obtain the
absorption of nonchlorophyllous particles.
The depigmented filters were obtained by
washing each twice with acctone and meth-
anol (3 min) while the filters were still in
the filter holder. Afterward the filters were
treated like the sample filters. Dinoflagellate
samples needed to be extracted with meth-
anol four times. The degrec of depigmen-
tation was determined by chlorophyll
measurcments on depigmented and ho-
mogenized filters. Between only O and 5%
of the original chlorophyll concentrations of
the samples were found in depigmented fil-
ters.

3. “Suspension-collimated light” values
were obtained by measuring phytoplankton
suspensions in cuvettes 200 mm long within
an integrating sphere of 450-mm diameter.
Details of this method are described else-
where (Haardt and Maske 1987). Repro-
ducibility was at the 0.0002-OD level. Spec-
tral bandwidth was 2 nm and wavelength
accuracy within 0.2 nm. As a reference, fil-
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Table 1. Dominant species in samples from Kiel
harbor.

(cells ml*')  (ug C liter™")

Sample A

Leptocylindrus danicus 118 16

Heterocapsa triqueta 22 4

Gyrodinium sp. 0.7 4
Sample B

Heterocapsa triquetla 648 127

Leptocylindrus danicus 635 84

tered samples (0.2-um Nuclepore, differ-
ential pressure 0.2 bar) were used to exclude
absorption of water and Gelbstoff.
Fluorescence excitation and emission
spectra were measured in a spectral fluo-
rometer (Shimadzu RF 540) in 1-cm? cu-
vettes equipped with a miniature magnctic
stirrer. The fluorometer was equipped with
red-sensitive photomultipliers (R928 SF) in
both channels. Excitation (390-690 nm) was
measured with a spectral bandwidth of 2
nm, wavelength accuracy within =1 nm,
and emission (730 nm) with 30-nm spectral
bandwidth. The excitation spectra were cor-
rected for a constant quantum response of
the fluorometer with 0.0114 M Oxazin 1
(Lambda Physik) measured in triangular cu-
vettes, excitation 360-720 nm, emission 730
nm (Kopf and Heinze 1984). Every day the
Oxazin stock solution was remeasured and
the new spectrum used for normalization.
According to the pcak height of the Oxazin
spectra, the fluorometer response varied
randomly during the 2-week measuring pe-
riod 6% (SE). Constant quantum response
ofthe Oxazin was verified with a thermopile
in place of the sample. Excitation energy of
the illumination was about 1 W m~2 at 440
nm and 2-nm bandwidth. Excitation illu-
minated about 30% of the sample volume.
Chlorophyll concentration was measured
by the trichromatic method (Jeffrey and
Humphrey 1975). Samples were extracted
in 90% acetone with glass beads in a ho-
mogenizer for 5 min. In the case of Nan-
nochloris sp., chlorophyll was extracted with
methanol and glass beads at 80°C in a ho-
mogenizer. In this case Chl a was calculated
without subtraction of Chl b and Chl ¢ ab-
sorption ovcrlaps (Marker et al. 1980).
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Cells were counted and their size deter-
mined visually with an inverted (Utermohl)
microscope (10-ml counting chamber).

Cultures were grown in natural seawater
of 30%o0 (Nannochloris sp., 15%o) with nu-
trients added at /20 concentration (Guil-
lard and Ryther 1962). Culture illumination
by “cool-white” fluorescent bulbs was 1.5 x
104 mol quanta m~2 s~! except for dark-
adapted cultures where it was 5 x 109,
Cultures were diluted at least once a week.
Culture strains were obtained from M. El-
brachter (BAH, List). They were originally
isolated from the North Sea. The cell sizes
were: Thalassiosira eccentrica, 36-50-um
diameter, 17-40 um high; Scrippsiella tro-
choidea, 16-um diameter, 23 um long; Cri-
cosphaera carterae, 10-12-um diameter.
Nannochloris sp. was obtained from the
aquaculture project at Kiel/Biilk. Samples
from Kiel harbor were taken from the lab-
oratory pier. For these samplcs phytoplank-

‘ton carbon of the dominant species was cal-

culated (Edler 1979) for better comparison
and is shown together with cell numbers in
Table 1.

Results

Our various methods consistently showed
an absorption peak at 675-677 nm for sea-
water samples (e.g. see Fig. 5). The absorp-
tion maximum in the blue was at 440 nm
except with the S. trochoidea culture where
it was at about 460 nm. Specific absorption
coefficients, a* [m? (mg Chl a)~'] were ob-
tained by dividing measured absorption
coeflicients by the in vitro chlorophyll con-
centrations of the samples. Data are pre-
sented in Tables 2 and 3 with those obtained
on the same day listed on one line. Absorp-
tion spectra taken with the filter-collimated
light method showed considerable absorp-
tion in culture samples at 730 nm where no
phytoplankton absorption was present as
shown by the culture sample values ob-

tained with the suspension-intcgrating

sphere value (Table 2). Samples from Kiel
harbor showed considerable absorption at
730 nm with each of the methods. All data
prescnted for the filter-collimated light
method were corrected by subtracting a
baseline value as measured at 730 nm.The
suspension-integrating sphere values of Kiel
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Table 2. The specific absorption coeflicients [m? (mg Chl a)*‘] at wavelengths 675/440 nm.

Suspension-integrating

Filter-collimated Filter-integrating

Sample sphere* lightt sphere*t

Scrippsiella trochoidea$§ — 0.024/0.040 0.017/0.023
0.013/0.018 | 0.022/0.036 0.017/0.016
0.013/0.018 - 0.013/0.010
Thalassiosira eccentrica 0.010/0.015 0.017/0.024 0.012/0.018
0.011/0.020 0.026/0.038 0.019/0.025
Cricosphaera carterae - 0.018/0.025 0.013/0.017
- 0.024/0.040 0.018/0.027
0.011/0.013 0.022/0.032 0.020/0.026
0.007/0.008 0.023/0.030 0.022/0.022
0.009/0.011 - 0.010/0.014

Nannochloris sp. 0.015/0.021 - -
Kiel harbor 0.017/0.045 0.033/0.080 0.030/0.042
0.009/0.019t 0.022/0.045 0.017/0.017

* Collimated light.

+ Value at 730 nm subtracted.

1 Detritus excluded.

§ Maximum value at 460-470 nm uscd,

harbor samples also had the 730-nm ab-
sorption subtracted.

Calculated specific absorption coeffi-
cients at 675 nm of the filter-collimated light
method plotted against filter loading (the
amount of pigment per filter arca) show that
with increased filter loading the specific ab-
sorption decreases (Fig. 1). The continuous
curve represents coefficients obtained from
a series of dilutions obtained with one sam-
ple. The relationship of coeflicients and fil-
ter load shows considerable variability if all

data points of this method are considered
(Fig. 1). The absorption coefficients ob-
tained with the filter-collimated light meth-
od and other filtered sample data presented
in Table 2 were chosen from samples with
higher filter loads. This selection resulted in
average coeflicients of specific absorption
obtained with the filter-collimated light
method of 0.023 m? (mg Chl a)~'.

When the sample filter was placed inside
the integrating sphere, measurements yield-
ed average filter-integrating sphere values

Table 3. The ratio of absorption at 440 nm to that at 675 nm measured by different techniques and the ratio

of fluorescence excitation at 440 and 675 nm.

Suspension- Filter- Filter-
integrating collimated integrating
Sample sphere* light spherc*t Fluorescence Acctone extract

Scrippsiella trochoidea§ — 1.66 1.35 1.48 3.12
1.38 1.60 0.96 1.38 3.03
1.30 0.77 1.75 2.77
Thalassiosira eccentrica 1.37 1.42 1.50 1.30 2.52
1.78 1.46 1.32 1.23 2.56
Cricosphaera carterae - 1.39 1.28 0.97 2.17
— 1.64 1.43 1.14 2.31
1.23 1.44 1.34 1.21 1.97
1.27 1.34 1.00 1.11 2.07
1.15 — 1.04 1.07 2.13
Nannochloris sp. 1.40 - — - 2.01
Kiel harbor 2.65 2.56 1.40 1.16 2.89
2.11 2.00 1.00 1.31 2.62

* Collimated light.

+ Detritus excluded.

} Maximum value at 665 nm uscd.

§ Maximum value at 460-470 nm uscd.
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Fig. 1. Specific absorption coefficients vs. filter load.

Filled symbols—valucs obtained with the filter-colli-
mated light method; empty symbols— filter-integrating
sphere method. Circles—samples from Kiel harbor;
triangles— Cricosphaera carterae. Connected data
points—dilutions from one sample.

at 675 nm of 0.019 m? (mg Chl a)~'. Ab-
sorption spectra were calculated by sub-
tracting the depigmented filter absorption
from sample absorption. Similar to the fil-
ter-collimated light method, this method
produces coefficients of filter load-depen-
dent specific absorption as indicated in Fig.
1. Significant detrital absorption was mea-
sured in samples from Kiel harbor (Fig. 2),
although no significant dctrital absorption
could be found in samples of cultures. The
detritus spectra show a nearly featureless
increase toward the blue (Fig. 2) of approx-
imately logarithmic character (Fig. 3). To
investigate whether treatment of depig-
mented filters might have altered the ab-
sorption specctra of the detritus, we mea-
sured detritus absorption with a sample of
4-week-old S. trochoidea culture. The cul-
ture had deteriorated to a point that no in
vivo fluorescence was detectable and ap-
parently it contained only detrituslike ma-
terial. The sample filter and the depig-
mented filter of this culture showed no
significant difference in absorption; we
therefore concluded that the organic solvent
treatment made no alteration in the spectral
characteristics of the detritus.

The suspension-intcgrating sphere meth-
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Fig. 2. Absorption spectra of sample B from Kiel
harbor measured with the filter-integrating sphere
method. Curve a—spectrum of particulate material,
b—spectrum of detritus; c—spectrum of phytoplank-
ton. To obtain absolute absorption coefficients these
values still must be corrected for methodological.ab-
sorption enhanccment.

od permits determination of absorption
spectra of three separate components in sea-
water: particles (a,.,), dissolved matter (a,),
and water (a,). Absorption of the sample
suspension is given by

a=a,, +a,+ a,.

‘The absorption coefficient of particles was

calculated by subtracting the absorption
spectra of suspension filtrate (a,, + a,) from
the sample suspension a. For Kiel harbor
samples we subtracted the absorption mea-
sured at 730 nm. Culture samples showed
zero absorption at 730 nm. The specific ab-
sorption coeflicients obtained by this meth-
od were lower than those of other methods
investigated. Values obtained at 675 nm
were between 0.007 and 0.017 m? (mg Chl
a)~' (Table 2). This range of values is the

‘result of the optical property of the individ-

ual cells of the sample and not related to
methodological noise or systematic errors
such as concentration dependence (Haardt
and Maske 1987). With methods other than
the filter-integrating sphere, samples from
Kiel harbor show rclatively high blue: red
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Fig. 3. Absorption coefficicnts of detritus including
pigment-extracted algae and dissolved yellow sub-
stance from Kiel harbor samples. Sample A: Chl g in
sample 7.21 mg m -3, in depigmented sample 0.39 mg
m 3, detritus—@, yellow substance—O. Sample B: Chl
a in sample 52 mg m~3, in depigmentcd sample 6.3
mg m~3, detritus absorption— X,

ratios of absorption (cf. Table 2 and Fig.
4)—roughly twice those in cultures (Table
3).

The absorption coeflicient of yellow sub-
stance (a,) was calculated from absorption
of'the filtrate (a,, + a,) and water absorption
(a,). Dissolved yellow substance showed
considerable difference in spcctral character
from detrital absorption (Fig. 3). The influ-
ence of pigment content per cell on specific
absorption was investigated with dark-
adapted cultures of C. carterae and S. tro-
choidea. Their specific absorption coefli-
cients at 675 nm [0.009 and 0.013 m? (mg
Chl a)~'] were not significantly different
from normally grown cultures (cf. Table 2).

Fluorescence excitation spectra were tak-
en at natural concentrations in the visible
part of the spectrum including the 675-nm
absorption pcak of Chl a. Detector wave-
length was set at 730 nm. We cxcluded the
possibility that the excitation spectra werc
distorted due to the measurement of pho-
tosystem 1 emission by comparing emission
spectra (bandwidth, 2 nm) of a concentrated
natural population from Kiel Bay. When the
excitation wavelength was varied between
450 and 670 nm (bandwidth, 2 nm) the rel-
ative shape of the emission spectra did not
vary. We concluded that there would be no
major qualitative difference in excitation
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Fig. 4. Spccific absorption spectra of sample A from
Kiel harbor. Suspension-integrating sphere method —
O; filter-diffuse light— A; filter-integrating sphere— X;
filter-collimated light—@. The filter-diffuse light values
are calculated by dividing the mcasured absorption
coeflicient by two.

spectra with emission set at either 685 or
730 nm.

As a first approximation we expected that
all absorbed quanta have the same proba-
bility of exciting fluorescence, i.e. a spec-
trally independent quantum yield. Conse-
quently therc should have been reasonable
agrcement between quantum-corrected ex-
citation spectra and the spectra of absor-
bance. This assumption seems generally
justified; Table 3 shows agreement of the
peak-height ratio of excitation with the fil-
ter-integrating sphere method within the re-
producibility of the latter method. Figure 5
presents spectra of normalized absorption
coefficients and fluorescence excitation tak-
en over a 2-week period from a culture of
C. carterae. The observed variability in ab-
sorption is probably not due to changes in
pigment composition if the spectra of the
acetone extract are any indication. Vari-
ability of the fluorescence excitation spectra
was kept to a minimum by normalizing to
an Ozxazin reference spectrum taken shortly
before measurements were made. Fluores-
cence excitation and absorbance peak-height
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A. Absorption spectrum of Cricosphaera carterae measured with the filter-integrating sphere method.

Absorption is normalized at 675 nm. Separate samples were taken over a 2-week interval. B. Quantum-corrected
fluorescence excitation spectrum of C. carterae. Excitation is normalized at 675 nm. Separate samples taken at

the same time as in panel A.

ratios in the red and blue agree considerably
better with culture samples (Table 3, Fig. 5)
than with the Kiel harbor samples (Fig. 4).

Acetone extracts of the samples always
presented a much higher absorption in the
blue compared to any of the above-men-
tioned methods (Table 3). The absolute val-
ues at 665 nm are, as expected, close to
0.0202 m? (mg Chl a)~' —the specific in vi-
tro absorption of Chl a in 90% acetone (Jef-

frey and Humphrey 1975). The absorption
ratio 440:675 nm stayed rather constant
within sample type, indicating no major
change in the ratio of accessory pigments to
Chl a during the sampling period.

Discussion

A knowledge of light absorption charac-
teristics of phytoplankton is essential to un-
derstanding primary production in the sea.



Phytoplankton absorption spectra

627

Tablc 4. Measurements of chlorophyll-g-normalized in vivo absorption coefficients of phytoplankton for
collimatcd light. (Not available—NA.)

Specific absorption coefficient

Spectral

[m? (mg Chl a)1] bandwi(‘:hh,
resolution
Source Mecthod 440 nm 675 nm (nm) Remarks
Morel and Prieur In situ irradiance 0.024 0.019 NA Model calculations
1977
Smith and Baker In situ irradiance 0.039-0.168 NA Model calculations
1978
Privoznik et al. Suspension close 0.006-0.013 0.004-0.010 NA, 10
1978 to photomulti-
plicer
Bannister 1979 Suspension/opal 0.030 0.020 NA, 5 Calculated from ex-
glass tract
Kiefer et al. 1979 Integrating spheres 0.050-0.050*  0.020-0.028 NA Calculated from dif-
both sides of cu- fuse transmittance
vette and reflectance
Yentsch 1980 NA 0.028 0.017 NA
Morel and Bricaud  Suspension/opal 0.036-0.092 0.020-0.031 NA Culture suspension
1981 glass
Prieur and Sathy- In situ irradiance 0.036-0.092 0.020-0.031 NA,5 Model calculations
endranath 1981
Kiefer and SooHoo  Filter and Butler 0.022 0.012 1.0 Corrected by path-
1982 photometer length amplifica-
tion factor = 6
Yentsch and Phin-  Filter/opal glass 0.026 0.5
ney 1982
Bricaud et al. Suspension/opal 0.0125-0.022 NA Same method as
1983 glass Morel and Bri-
caud 1981
Farmer et al. 1983  Filter/opal glass 0.034 NA Subtract value at
720 nm
Kirk 1983 NA 0.015 0.009 NA Euglena culture
Sathyendranath NA 0.010-0.026 NA Laboratory mea-
and Morel 1983 surements
Bannister and Suspension/opal 0.036 0.019 NA Scattering transmit-
Weidemann glass tance photometer
1984

* Lowest values used 10 exclude detritus.

The wide range of values of specific ab-
sorption coefficients in the literature (Table
4) suggests that some of the variation might
be due to methodological differences. Our
own measurements produced method-spe-
cific absorption coefficients with progres-
sively higher values for the suspension-in-
tegrating sphere, filter-integrating sphere,
and filter-collimated light methods. Re-
spective average values (Table 2) were 0.011,
0.019, and 0.023 m?2 (mg Chl a)~!. For this
limited data set, values varied between +20
and 30% (SE) from the mean for the various
methods. Some of this variability within the
filter methods is systematic. In Fig. 1 the
specific absorptions measured with the fil-
ter-collimated light and filter-integrating
sphere methods are presented against filter

loading (ug Chl a cm—2). With both meth-
ods, specific absorption decreases with in-
creasing filter load. This dependence has
been observed by Clarke (1982b) for aerosol
particles on dry membrane filters. We con-
sidered that the filter load will influence re-
flectivity or angular distribution of trans-
mittance or both. For comparison we
therefore measured the same wet sample fil-
ter in an integrating sphere. The resulting
values were similar, however, to the filter-
collimated light method. We conclude that
absorption enhancement was not due to light
scattered beyond the aperture of the receiv-
er. Microscopic observation gave no indi-
cation that heterogeneous sample distribu-
tion on the filter could be a reason for the
variation in specific absorption.
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Fig. 6. Ordinate—ratio of specific absorption cocf-
ficients at 675 nm measured by the filter-collimated
light method (f.c.l.) to that mcasured by the filter-in-
tegrating sphere method (f.i.s.): Abscissa—Chl a per
cell volume.

The filter load dependence is generated
through interaction of absorbing substances
with nonabsorbing but scattering particles,
leading to longer effective pathlength of light
within samples. It leads to overestimation
of absorption coeflicients with amplification
factors between 1 and >100 in the case of
strong scattering and weak absorption (But-
ler 1962). In our case the filter takes the role
of a nonabsorbing scatterer. Therefore, with
less sample on the filter, specific absorption
is enhanced more than with a higher filter
load. We reduced filter scattering by drying
and wetting the filter with immersion oil
which has a refractive index close to glass
(filter-integrating sphere method). The re-
sulting absorption coefficients were lower
than those obtained with the filter-colli-
mated light method, probably as a result of
reduced optical scattering compared to ab-
sorption (Table 2, Fig. 4). But the absorp-
tion coeflicients were still well above ab-
sorption measured by the suspension-
integrating sphere method.

The filter-integrating sphere absorption
coeflicients still show filter load dependence
(Fig. 1). Both methods vary considerably in
Fig. 1. The limited data set available does
not indicate a dependence of specific ab-
sorption coefficients of either filtered-sam-
ple method on the optical density of the cells
(cf. packaging effect: Duysens 1956). But the
ratio of absorption coefficients obtained for
the same samples and equivalent filter loads
with the filter-collimated light and the filter-
integrating sphere methods does show a
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highly significant dependence on the chlo-
rophyll concentration of the phytoplankton
cells (Fig. 6). This dependence suggests in-
creased amplification factors of the colli-
mated-light method for decreasing Chl a per
cell volume. The mechanism awaits further
explanation.

The increased specific absorption gener-
ally measured for filtered samples is partly
due to increased diffuseness within the
sample layer because the refractive index of
immersion oil (1.09) does not match that
of phytoplankton (1.05). An indication of
the state of diffuseness is given by the re-
sults we obtained by placing opal glass be-
tween the light source and the sample. We
expected a doubling of absorption with dif-
fusivity D =2 (Kubelka 1947; Preisendorfer
1976, v. 5), but the actual increase was only
about 20%. Apparently the light flux within
the sample does not maintain a collimated
state. We conclude that diffuseness of light
within the particle layer is a major cause for
overestimated absorption coeflicients with
filter methods. Particle-particle interaction
may also lead to enhanced absorption in
samples concentrated on filters, but this
mechanism should be of minor importance
because absorption coeflicients at 675 nm
(obtained with diffuse light and divided by
two) did not significantly exceed those coef-
ficients measured with the suspension-in-
tegrating sphere method.

In conditions of low chlorophyll concen-
trations, absorption is sometimes measured
on sample-filter sandwiches. In this case,
absorption is greatly enhanced due to high
reflectivity of the filters. A detailed analysis
of this method is given by Clarke (1982a).
Under these conditions, Kiefer and SooHoo
(1982) found that their absorption meca-
surement yielded sixfold higher values than
their reference method. In our case of a sin-
gle filter layer, the filter-collimated light val-
ues are about two times the corresponding
suspension-integrating sphere values. The
calibration of mecthods utilizing filters is
made more difficult by the sample-specific
packaging effect (Haardt and Maske 1987).
The values obtained with the various meth-
ods (Table 2) within our one study span
nearly the entire literature range (Table 4).
The suspension-integrating sphere method
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with samples at close to natural concentra-
tions seems to be the only one that yields
absorption coefficients for collimated light
with a minimum of scatter interaction. We
conclude so from the fact that it consistently
produced the lowest, and concentration-in-
dependent, specific absorption coeflicients,
and any kind of interaction would raise spe-
cific absorption.

Peak-height ratios 440:675 nm—Ab-
sorption measurements of healthy phyto-
plankton cultures show relative peak-height
ratios (440: 675 nm) between 1 and 2 (Kie-
fer et al. 1979). With age of culture or in
natural samples (Fig. 4) absorption at 440
nm rclative to 675 nm may increase con-
siderably (cf. Table 3; Kiefer et al. 1979;
Yentsch and Phinney 1982). Possible causes
of this increase are accumulation of acces-
sory pigments, changes in pigment content
per cell or in cell morphology (packaging
effect: Duyscns 1956), buildup of dead phy-
toplankton cells with residual carotene and
carotenoid content, accumulation of detri-
tus (all of which would lead to absorption
selectively in the blue), production of small
light-scattering particles like bacteria or or-
ganics, or enhancement of water absorption
by nonabsorbing scatterers. The first two
factors are of physiological significance to
primary producers; the others reflect rela-
tive abundance of primary producers to oth-
er particles.

We tried to differentiate between non-
photosynthetic and photosynthetic absorp-
tion by subtraction of decpigmented sample
absorption (Fig. 2) from sample absorption.
The results are apparent in Table 3 where
the ratios of absorption 440:675 nm are
presented. Samples from cultures show ra-
tios between 1.15 and 1.78 with the sus-
pension-integrating sphere method, indi-
cating that the cultures werec in a healthy
state. Comparison between the suspension-
integrating sphere and the filter-integrating
sphere values suggests that in cultures of 7.
eccentrica and C. carterae nonbiological ab-
sorption was negligible. Samples from Kiel
harbor show peak-height ratios above 2.0
for the suspension-integrating sphere and
filter-collimated light methods. In these
samples only the filter-integrating sphere
method, where detrital absorption was sub-
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tracted, yielded ratios similar to the fluo-
rescence-cxcitation ratio. The latter can be
used as a reference to indicate detrital con-
tamination of the absorption spectra. Peak-
height ratios of S. trochoidea obtained with
the filter-integrating sphere method were
significantly lower than those measure-
ments normally including detritus. One in-
terprctation would be that these samples
actually contained detritus. Another expla-
nation might be incomplete pigment ex-
traction leading to overestimated detrital
absorption and underestimated biological
absorption. The retained pigments would
have to be carotenoids or Chl ¢ because the
detritus absorption spectra showed no typ-
ical absorption signature near 675 nm.
Becausc there is the possibility of phys-
iological adaptation through adjustment of
accessory pigments, ratios of absorption in
vitro are given in Table 3. As expected
(Duysens 1956) the in vitro ratios are al-
ways between 1.5 and 2 times higher than
the corresponding in vivo ratios. The in vi-
tro values vary little within but show sig-
nificant differences between sample types.
The culture samples from one species thus
secm to have reproducible states of adap-
tation with respect to relative pigment com-
position. This docs not exclude variations
in pigment concentration per cell volume
with resulting changes in specific absorp-
tion. As a result of this packaging effect,
variations of ratios of absorption at different
wavelength are possible (Duysens 1956).
Detrital absorption—Detrital absorption
coefficients were obtained from depigment-
ed filters measurcd with the filter-integrat-
ing sphere method. Unconcentrated sample
A from Kiel harbor showed detrital absorp-
tion comparable to phytoplankton absorp-
tion in the blue part of the spectrum (Fig.
2). Because the absorption coefficients in
Fig. 2 werc obtained with the filter-inte-
grating sphere method, we assume they are
exaggerated. Therefore we corrected the de-
trital absorption coeflicients with a factor
equal to the ratio of phytoplankton absorp-

tion coefficients at 675 nm in the suspen-

sion-integrating sphere and the filter-
integrating sphere methods (Fig. 3). A wave-
length dependence of the correction factor
was not observed.
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We assume that washing the filter with
acetone and methanol will extract accessory
pigments and Chl a but leave detritus ab-
sorption untouched. This assumption is dif-
ficult to verify. It seems that no detrital pig-
ments are extracted by acetone because the
absorption ratio (440: 675 nm) for the ace-
tone extract of Kiel harbor samples with
their considerable detrital contamination is
similar to that of culture samples (Table 3).
We could show that no wavelength shift took
place due to organic solvent treatment by
processing a sample that contained only de-
tritus (see results). Depigmentation of sam-
ples was not always complete. Residual Chl
a in sample B from Kiel harbor was 12%

because the phytoplankton biomass was

dominated by the dinoflagellate Heterocap-
sa triqueta. As pointed out in the methods
section, marine samples containing signifi-
cant amounts of dinoflagellates need to be
extracted by a modified routine. Absorption
by the residual chlorophyll of sample B is
clearly visible in Figs. 2 and 3.

Doucha and Kubin (1976) obtained de-
pigmented phytoplankton cells by adding
peracetic acid followed by strong UV-irra-
diation of the sample. The bleached cells
were supposed to keep their cellular ge-
ometry with unaltered scattering character-
istics. Because this method can be expected
to bleach detritus as well, we chose the ex-
traction method to obtain absorption spec-
tra of detritus.

The detritus absorption spectrum in Kiel
harbor (Figs. 2 and 3) is very similar to the
absorption spectrum of “‘pigments that co-
vary with pheopigments” obtained by sta-

- tistical treatment by Kiefer and SooHoo
(1982, figure 8) from oceanic samples. The
spectrum of detritus differs considerably in
quality from the absorption spectrum of
dissolved yellow substance in an unconcen-
trated Kiel harbor sample (Fig. 3). At 400
nm, detritus absorption was about ¥ of the
absorption by yellow substance.

Absorption and fluorescence excitation
spectra— Assuming constant curves of spec-
tral quantum efficiency of photosynthesis
and fluorescence of in vivo phytoplankton
pigments for most of the visible spectrum
leads to comparable fluorescence-excitation
spectra and absorbance spectra. In the spec-

Maske and Haardt

tral range of carotenoid absorption, a de-
crease of photosynthetic quantum efficiency
might be expected from literature data. The
quantum response of fluorescence is sensi-
tive to the spectral emission component be-
cause antennae and reaction centers show
slightly different absorption spectra for each
photosystem, due to heterogeneous distri-
bution of accessory pigments and to the type
of protein complexing. A review of this sub-
ject is given by Larkum and Barrett (1983).

Generally it might be expected that flu-
orescence excitation spectra obtained with
emission of photosystem 1 (PS1) at 730 nm
would be representative for the major spec-
tral characteristics of the complete photo-
synthetic apparatus with some PS1-specific
features. We looked for spectral character-
istics in the excitation of PS1 and photo-
system 2 (PS2) (685 nm) and found no sig-
nificant difference (see results). Thus
excitation spectra between 400 and 680 nm
with emission at 730 nm can be expected
to follow closely the spectra of absorptance
of all light-harvesting pigments. The “red
drop,” a decrease of fluorescence yield at
longer wavelength, is usually found to start
at 680 nm, and therefore it should be of
little concern with respect to comparison
between absorption and excitation spectra
below this wavelength. The advantages of
emission detection at 730 nm are that the
excitation peak at 675 nm can be detected
and that there will be no significant reab-
sorption of fluorescence.

For a comparison of biologically active
absorptance and fluorescence-excitation
spectra we subtracted detritus absorption as
measured by depigmented filters. The re-
sulting absorption spectra of the filter-in-
tegrating sphere method and fluorescence-
excitation spectra of C. carterae in general
show good agreement (Fig. 5). Compared to
the fluorescence yield at 675 nm, the yield
is higher in the wavelength range 510-560
nm and lower at wavelengths <510 nm.

One aim of this research was to arrive at
absorption spectra of phytoplankton from
coastal samples heavily contaminated by
detritus. Therefore we combined informa-
tion from the suspension-integrating sphere
method and the filter-integrating sphere
method to yield a spectrum of biologically
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active absorption from a sample of Kiel har-
bor. We calculated the difference spectrum
of the specific absorption (Fig. 7, O) ob-
tained with the suspension-integrating
sphere method and the corrected detritus
spectrum of this sample (Fig. 3) obtained
from thc depigmented filter. Alternatively
a spectrum was calculated (Fig. 7, @) by
correcting the specific absorption spectrum
obtained with the filter-integrating sphere
method with a factor derived from the ratio
of specific absorption coeflicients at 675 nm
of the suspension-integrating sphere meth-
od and the filter-integrating sphere method,
all from the same sample (Table 2). By def-
inition, both spectra (Fig. 7) show a similar
peak height at 675 nm, but the second spec-
trum shows lower absorption in the blue.
This decrease would still persist if specific
absorption coeflicients of the filter-integrat-
ing sphere were corrected so that both spec-
tra coincided at 675 nm. A comparison of
particulate absorption (detritus and phyto-
plankton) measured with the filter-integrat-
ing sphere and the suspension-integrating
sphere methods yielded only small varia-
tions in proportionality factors over the
spectrum for another sample. In this par-
ticular case (Fig. 7) wavelength-dependent
scattering might have led to some under-
estimation of absorption in the blue. Higher
absorption coeflicients of detritus would de-

Comparison of calculated biologically active absorption coefficients (O, @) and fluorescence excitation

crease the calculated absorption spectrum
(Fig. 7, O), thus improving the correspon-
dence of the absorption spectrum with the
fluorescence-excitation spectrum. There is
some qualitative difference noticeable be-
tween absorption spectra at 460, 490, and
580 nm.

For comparison of absorption spectra with
fluorescence-excitation spectra, it was un-
necessary to calculate the absorptance: be-
cause of thc low Chl a concentration and
the cuvette dimension of the fluorometer (1
cm square), the series expansion of exp(—al)
can be truncated after the first term. The
quantum-corrected fluorescence-excitation
spectrum in Fig. 7 was scaled to suit the
absorption spectra based on data points at
675 and 600 nm. On comparison with the
first absorption spectrum, only small vari-
ations in the relative quantum yield of flu-
orescence (fluorescence divided by absorp-
tion coeflicient) are apparent. The quantum
yield is relatively high from 510-560 nm
and low below 510 nm (cf. Figs. 5 and 7).
Some species-specific differences in pigment
composition and efficiency of exciton trans-
fer leading to variations in relative quantum
yield were to be expected (cf. Larkum and
Barrett 1983). Such differences might rep-
resent adaptive properties of phytoplankton
(Neori et al. 1984). A comparison of ratio
of peak height of excitation and absorption
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(Table 3) shows higher excitation in the blue
in some cases. There are several explana-
tions for this unexpected feature: as indi-
cated by Table 3 there is some noise in the
data (cf. both absorption spectra in Fig. 7);
the depigmentation of the filter for the filter-
integrating sphere methods left some resid-
ual accessory pigment on the filter, thus
underestimating the amount of pigments;
and the “red drop” of fluorescence excita-
tion decreased fluorescence excitation at
wavelengths <680 nm, although this is not
found to be the case normally (Govindjee
et al. 1968).

We would like to emphasize again that
absorption spectra of natural samples are
made up to a large extent of detrital ab-
sorption (cf. Fig. 2). Interpretation of bio-
logically active absorption is not possible
without subtracting detritus. Otherwise the
ratio of absorption at 440: 675 nm can in-
crease considerably, leading to a seemingly
decreased fluorescent quantum efliciency in
the blue. Neori et al. (1984) presented spec-
tra of relative fluorescence yield decreasing
by about half from 540 to 400 nm. Part of
this decrease may be due to high concen-
trations of detritus. Because of the strong
increase in detrital absorption with shorter
wavelength, seemingly low efficiencies of
fluorescence result.

References

BANNISTER, T. T. 1979. Quantitative description of
steady state, nutrient-saturated algal growth, in-
cluding adaptation. Limnol. Oceanogr. 24: 76-96.

, AND A. D. WEIDEMANN. 1984. The maximum
quantum yield of phytoplankton photosynthesis
in situ. J. Plankton Res. 6: 275-294.

BRICAUD, A., A. MOREL, AND L. PRIEUR. 1983. Op-
tical cfficiency factor of some phytoplankters.
Limnol. Oceanogr. 28: 816-832.

BuTLER, W. L. 1962. Absorption of light by turbid
materials. J. Opt. Soc. Am. 52: 292-299.

CLARKE, A. D. 19824. Intcgrating sandwich: A new
method of mecasurement of the light absorption
coefficient for atmospheric particles. Appl. Opt.
21: 3011-3020.

. 1982h. Effects offilter internal reflection coef-
ficients in light absorption measurements made
using the integrating plate method. Appl. Opt. 21:
3021-3031.

DOUCHA, J., AND S. KuBIN. 1976. Measurement of
in vivo absorption spectra of microscopic algae
using bleached cells as a refcrence sample. Arch.
Hydrobiol. Suppl. 49, p. 199-213.

Maske and Haardt

Dusinsky, Z., T. BERMAN, AND F. ScHANzZ, 1984. Field
experiments for in situ mcasurements of photo-
synthetic efficiency and quantum yicld. J. Plank-
ton Res. 6: 339-349.

Duvsens, L. N. M. 1956. The flattening of the ab-
sorption spectrum of suspensions, as compared to
that of solutions. Biochem. Biophys. Acta 19: 1-
12.

EDLER, L. 1979. Recommendations for marine bio-
logical studies in the Baltic Sea. Phytoplankton
and chlorophyll. Baltic Mar. Biol. Publ. 5.

FARMER, F. H., O. JARRETT, Jr., AND C. A. BROWN.
1983. Visible absorbance spectra: A basis for in
situ and passive remote scnsing of phytoplankton
concentration and community composition. NASA
Tcch. Pap. 2094.

Faust, M. A., AND K. H. Norris. 1982. Rapid in
vivo spectrophotometric analysis of chlorophyll
pigments in intact phytoplankton cultures. Br.
Phycol. J. 17: 351-361.

GovVINDIEE, R., E. RABINOWITCH, AND GOVINDJEE.
1968. Maximum quantum yield and action spec-
trum of photosynthesis and fluorescence in Chlo-
rella. Biochem. Biophys. Acta 162: 539-544.

GRruM, F., AND R. J. BECHERER [EDs.]. 1979. Optical
radiant energy. V. 1. Academic.

GUILLARD, R. R. L., ANDJ. H. RYTHER. 1962. Studies
of marine planktonic diatoms. 1. Cyclotella nana
Hustedt and Detonula confervacea (Cleve) Gran.
Can. J. Microbiol. 8: 229-239.

HAARDT, H., AND H. MAske. 1987. Specific in vivo
absorption coefficient of chlorophyll a. Limnol.
Oceanogr. 32: 608-619.

JEFFREY, S. W., AND G. F. HUMPHREY. 1975. New
spectrophotometric equations for determining
chlorophylls a, b, ¢, and ¢, in higher plants, algae
and natural phytoplankton. Biochem. Physiol.
Pflanzen 167: 374-384.

Kierer, D. A., R. J. OLsON, AND W. H. WiLson. 1979.
Reflectance spectroscopy of marinc phytoplank-
ton. Part 1. Optical properties as related to age and
growth rate. Limnol. Oceanogr. 24: 664-672.

, AND J. B. SooHoo. 1982, Spectral absorption
by marine particles of coastal waters of Baja Cal-
ifornia. Limnol. Oceanogr. 27: 492-499.

Kirk, J. T. O. 1983. Light and photosynthesis in
aquatic ecosystems. Cambridge.

Kopr, U., AND J. HeNze. 1984. 2,7-Bis-
(diethylamino)phenazoxonium chloride as a
quantum counter for emission measurements be-
tween 240 and 700 nm. Anal. Chem. 56: 1931~
1935.

KUBELKA, P. 1947. New contributions to the optics
of intensely light-scattering material. J. Opt. Soc.
Am. 38: 448-456.

LARKUM, A. W. D., AND J. BARRETT. 1983. Light-
harvesting processes in algac. Adv. Bot. Res. 10:
3-219. Academic.

MARKER, A. F. H., E. A. NuscH, H. Rai, AND B. Rie-
MANN. 1980. The measurement of photosyn-
thetic pigments in freshwaters and standardization
of methods: Conclusions and recommendations.
Ergeb. Limnol. 14: 91-106.

MOREL, A., AND A. BRICAUD.

1981. Theoretical re-



Phytoplankton absorption spectra

sults concerning light absorption in a discrete me-

dium, and application to specific absorption of

phytoplankton. Deep-Sea Res. 28: 1375-1393.

, AND L. PRIEUR. 1977. Analysis of variations
in ocean color. Limnol. Oceanogr. 22: 709-722.

NEOR], A., O. HoLM-HANSEN, B. G. MITCHELL, AND
D. A. Kierer. 1984. Photoadaptation in marine
phytoplankton. Plant Physiol. 76: 518-524.

PREISENDORFER, R. W. 1976. Hydrologic optics. V.
1-6. NOAA Environ. Res. Lab., Honolulu.

PRIEUR, L., AND S. SATHYENDRANATH. 1981. An op-
tical classification of coastal and oceanic waters
based on the specific absorption curves of phy-
toplankton pigments, dissolved organic matter, and
other particulate materials. Limnol. Oceanogr. 26:
671-689.

PrivozNIK, K. G., K. J. DANIEL, AND F. P. INCROPERA.
1978. Absorption, extinction and phase function
measurcments for algal suspensions of Chlorella
pyrenoidosa. J. Quant. Spectrosc. Radiat. Transfer
20: 345-352.

SATHYENDRANATH, S., AND A, MoOREL. 1983. Light
emerging from the sea—Interpretation and uses in
remote sensing, p. 323-357. In A. P. Cracknell

633

[ed.], Remote sensing applications in marine sci-
ence and technology. Reidel.

SHIBATA, K., A. A. BENsSON, AND M. CALVIN. 1954,
The absorption spectra of suspensions of living
micro-organisms. Biochem. Biophys. Acta 15:461-
470.

SmitH, R. C., AND K. S. BAKER. 1978. Optical clas-
sification of natural waters. Limnol. Oceanogr. 23:
260-267.

YENTSCH, C. S. 1960. The influence of phytoplankton
pigments on the colour of seca water. Deep-Sca Res.
7: 1-9.

1980. Light attenuation and phytoplankton

photosynthesis, p. 95-127. In 1. Morris [ed.],

Physiological ecology of phytoplankton. Black-

well.

, AND D. A, PHINNEY. 1982. Thc use of the

attenuation of light by particulate matter for the

estimate of phytoplankton chlorophyll with ref-

crence to the Coastal Zone Color Scanner. J.

Plankton Rces. 4: 93-102.

Submitted: 6 August 1986
Accepted: 20 January 1987




