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ABSTRACT

The vertical structure in fluorescence and beam attenuation (at 660 nm) is
related to local hydrographic features and the composition of photosynthetic pig-
ments for the western North Atlantic in September. Phytoplankton and covarying
material appear to be the major factors affecting the beam attenuation coefficient
through changes in species composition and pigment concentration, and through
photoadaptation. Detailed pigment analysis combined with measurements of in
vivo phytoplankton absorption spectra showed a major regional difference in the
specific-absorption spectra of phytoplankton which is directly linked to the struc-
ture of the phytoplankton community present in the water column. Thz results
indicate a strong influence of other pigments co-existing with chlorophyll-a in algal
cells on the variabilities of the specific-absorption coefficient of phytoplankton.

To account for an effect due to pigment composition, absorption spectra of
several phytoplankton species were decomposed, after correction for the “particle-
size” effect, and the in wvivo absorption properties of the major light-harvesting
pigments were estimated. A Gaussian shape is suitakle , theoretically and empiri-
cally, to represent the absorption spectra of individual photosynthetic components.
The Gaussian parameters agreed well with the expected pigment compositions of
3 groups of algae, and the peak heights were linearly correlated with the concen-
trations of the 4 major pigments measured in the samples. The linear relationskip
did not vary with phytoplankton species. The results give estimates of the in vivo
specific-absorption coefficients of photosynthetic pigments which, then, are used to
reconstruct the in vivo absorption spectrum of a multi-species samples.

Another application of the previous results is to compute photosynthetic- pig-
ment concentrations in seawater from the knowledge of the absorption coefficient
of phytoplankton. The contributions due to detrital particles and phytoplankton
to total light absorption are retrieved by non-linear regression on the absorption
spectra of total particles from various oceanic regions. The model used explains
more than 96% of the variance in the observed particle absorption spectra. The
resulting absorption spectra of phytoplankton are then decomposed into Gaussian
bands, following a similar procedure as the one previously described. Such a de-
composition, combined with HPLC data of phytoplankton pigment concentrations,
allows the computation of specific- absorption coeflicients for chlorophylls-a, -b, -c,
and carotenoids. It is shown that these coefficients can be used to reconstruct the
absorption spectra of phytoplankton at various locations and depths. Discrepancies
that do occur at some stations are explained in terms of particle-size effect. Lastly,
these coefficients can also be used to determine the concentrations of phytoplank-
ton pigments in the water, knowing just the absorption spectrum of light by total
particulate matter.
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General Introduction

The modification of the path and intensity of a light beam passing through
the ocean are determined by the absorption coefficient and the volume scattering
function (Kirk 1983). These properties are classified as Inherent Optical Properties
(IOP, Preisendorfer 1976) because they do not depend on the angular structure of
the incident radiation field but rely, instead, only on the nature of the in-water
constituents, e.g, their shape, size, and the material of which they are composed.
Direct measurements of IQP are difficult to obtain, although a few instruments were
designed to monitor underwater absorption (Hgjerslev 1978, Spitzer and Wernand
1981, Zaneveld et al. 1988), and scattering (Tyler 1963, Petzold 1972). On the con-
trary, Apparent Optical Properties (AOP) such as the diffuse attenuation coefficient
and the reflectance of seawater, are routinely computed from the measurements of
downwelling and upwelling irradiances (Morel and Prieur 1977, Smith and Baker
1978), as well as from the water-leaving radiances detected from remote sensors
(Gordon and Morel 1983). These properties depend on the angular structure of
the radiance distribution in the water, as well as on the IOP. Since IOP are linked
to the optically-active components in seawater, investigations on changes of these
apparent optical properties in relation to biological variables require information cn
the contributions to absorption and scattering of light by all material present in the

water.

Optically-active constituents in seawater are partitioned into molecular water,
phytoplankton, dissolved organic substances (or yellow substances), and detrital
matter which may include mineral particles, small heterotrophs, bacteria, as well as
algal debris. However, absorption and scattering by phytoplankton and covarying

constituents are generally considered to be responsible for most of the variations in
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the optical properties of case 1 waters (sensu Morel and Prieus 1977), which repre-
sent 98% of the world’s oceans (Morel 1988). Knowledge of these inherent optical
properties of phytoplankton is therefore a necessary requirement for computations
of the light penetration in seawater (Sathyendranath and Platt 1988), and of the
photosynthetically usable radiatior. (Morel 1978) which, in turn, is used in the deter-
mination of the photosynthetic quantum yield and primary production in the ocean
(Stmitk et al. 1989). They are also important variables in models of phytoplankton
growth rate (Sakshaug et a!. 1989), and even mixed-layer dynamics (Lewis et al.
1983, Sathyendranath et al. 1991). Bio-optical models for remote sensing of phy-
toplankton biomass and primary productivity in the oceans are also based on the
optical properties of phytoplankten (Gordon and Morel 1983, Sathyendranath and
Morel 1983, Platt 1986, Sathyendranath and Platt 1989). These biomass models are
generally more sensitive to changes in the characteristics of spectral absorption than
to changes in their scattering properties (Gordon and Morel 1983, Sathyendranath
1986). However, in spite cf its importance, the absorption coefficient of natural phy-
toplankton populations has not been much studied in the past, no doubt because of
the difficulty in recovering it from the in vivo absorption spectrum of natural parti-
cle assemblages, where phytoplankton compete with other material for the capture
of photons. In this thesis, I focus on the variabilities of some optical properties
of particulate matter in seawater, with special reference to the absorption of phy-
toplankton, and the problems that are associated with the determination of the

phytoplankton absorption coefficient.

Unlike field work, in vivo spectral absorption of phytoplankton has been the
subject of numerous laboratory experiments related to various subjects. A typ-
ical absorption spectrum of marine algae is characterized by maxima at 440 nm
and 675 nm which are primarily associated with chlorophyll-a, but additional con-
tributions related to secondary chlorophylls, carotenoids and phycobilins are also

present. The intracellular pigment composition varies within each algal group, such
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that differences could occur in their absorption spectrum (Prézelin 1981). For o-
ceanographic purposes, a quantity of interest is the specific absorption coefficient of
phytoplankton, that is, the wavelength-dependent absorption coefficient normalized
to chlorophyll-a. Results of these studies show that this coefficient at 440 nm varies
by a factor of 3 (Sathyendranath 1986). Using culture experiments, Bricaud et al.
(1983) and Sathyendranath et al. (1987) demonstrated that two factors account
for most of the variance in the absorption coefficient of algae: the size and config-
uration of the cells, and the intracellular pigment composition. The former effect,
well known as the particle effect (or package effect, or flattening effect), was orig-
inally described by Duysens (1956) and describes flattening of absorption spectra
of particles in suspension when compared with an equivalent amount of absorbing
material in solution. Morel and Bricaud (1981) have investigated this phenomenon
in marine algae to correct phytoplankton absorption spectra for this effect. In con-
trast, the effect of pigment composition has not been signiﬁcantl)_' documented (but
see Sathyendranath et al. 1987), probably because of the difficulty in retrieving the

“in vivo”characteristics of spectral absorption by individual pigments.

In this thesis, in situ bio-optical field data and modelling studies are combined

to achieve two main goals:

1. To assess the role of various phytoplankton pigments in controlling the

magnitude and shape of the specific spectral absorption of light by phytoplankton.

2. To develop a method to determine the specific absorption coefficient of
phytoplankton, which will account for the “in vivo” absorbing characteristics of

various photosynthetic pigments.

In Chapter One, some bio-optical variables of water samples collected in the
western North Atlantic are investigated in relation with local hydrographic features
and the composition of photosynthetic pigments. Also, detailed pigment analyses

are combined with measurements of in v:wo phytoplankton absorption spectra to
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examine the variability in the specific absorption coefficients of phytoplankton in
relation to the pigment composition, and, hence, to changes in the structure of the

phytoplankton community with sampling location and deptn.

In Chapter Two, absorption spectra of several phytoplankton species were de-
composed, after correction for the particle effect, to estimate, the in vivo abuurption
properties of the major light-harvesting pigments in marine algae. A Gaussian ap-
proximation is used to resolve the spectral absorption of four different pigments in
the entire visible range. The reliability of this method is tested against published
data on the optical properties of individual pigments obtained with techniques that
reduce as much as possible the effect of separation of the pigment from its in vive

molecular environment.

In Chapter Three, the contributions due to detrital particles and phytoplankton
to total light absorption are retrieved by non-linear regression.on the absorption
spectra of total particulate matter from various oceanic regions. The resulting
absorption spectra of phytoplankton are then used in combination with the model
described in Chapter Two to compute specific absorption coefficients of individual
pigments. The application of these coefficients to recover biological variables in the

oceans are also investigated.

Finally, a synopsis of this thesis is given in a general conclusion, which briefly
expande on further applications of this work in different domains of oceanography,

particularly remote sensing of ocean colour.



CHAPTER 1

Bio-optical characteristics of coastal waters:
absorption spectra of phytoplankton and pigment
distribution in the western North Atlantic

1.1. Introduction

Direct measurements of in vivo light absorption by phytopla:nkton are difficult,
considering the low concentration of algal cells in the water (when compared with
cultures) and the competition for photons between phytoplankton and other par-
ticulate material such as detritus and sediment. Recently, however, methods have
been developed for measurement of the absorption spectra of live phytoplankton
from natural sea-water samples (Yentsch 1957, 1962, Mitchell and Kiefer 1984,
Kishino et al. 1985, Iturriaga and Siegel 1989). Applications of these methods
to field samples are still sparse, particularly in coastal waters which are often of

economic importance (but see Yentsch and Phinney 1989).

The Gulf of Maine provides an excellent environment for investigation of the
variability in the optical properties of phytoplankton. Several water masses of
different regions coexist in that area during summer (Hopkins and Garfield 1979).
Their interactions lead to strong biological gradients and an interesting system of

particle dynamics (Spinrad 1986).

In this chapter, the vertical structure in beam-attenuation and in vive chloro-
phyll fluorescence for the Gulf of Maine region in late summer are presented, and
interpreted in terms of vertical stability, phytoplankton community structure and
photoadaptation. Then, the variability in shape and amplitude if the in vivo specific

absorption spectra are examined in relation to differences in pigment composition,

5
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and the implications for remote sensing and bio-optical models of primary produc-

tion are discussed.

The effect of cell size (i.e., package effect) on the absorption coefficient of algal
cells has been fairly well studied (Morel and Bricaud 1981, Sathyendranath et al.
1987). Yentsch and Phinney (1989) have concluded that it represents the major
factor responsible for the variability in the specific absorption coefficient at 440
nm in the western North Atlantic. Using simultaneous measurements of pigment
distribution and in vivo absorption spectra, the following question is addressed:
how the intracellular pigment composition of algal species affects the variability in

the chlorophyll-specific absorption spectra of phytoplankton ?

Bio-optical models of light penetration, ocean colour and primary productivity
currently in uze make little concession to changes in the optical properties of phy-
toplankton associated with changes in community structure. The results presented
here indicate clearly that such changes can be significant, and that information on
pigment composition may contain the key necessary to determine the magnitude of

these variations and, hence to improve the performance of bio-optical models.

1.2. Materials and methods

1.2.1. Data collection. Data were collected in September 198§ during a cruise of
the R/V Cape Hatteras in the Gulf of Maine and Georges Bank region. Hydrocasts
were performed at 20 stations (Fig. 1.1) using a sampling rosette (General Oceanic
model 1015) equipped with eleven 5 1 Niskin bottles. Hydrographic and optical data
were obtained simultaneously with a CTD profiler (Neil Brown Instrument System
SMART), an in situ fluorometer (Sea Tech, Inc.) and an in situ transmissometer
(Sea Tech., Inc.), all of which were attached to the water sampling rosette. The
fluorometer was calibrated agairst pure chlorophyll a (Sigma Chem. Co.).
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FIGURE 1.1. Study area and station locations in the western North Atlantic.
Cruise of the RV “Cape Hatteras” in September 1989.
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1.2.2. The beam-attenuation coefficient. The transmissometer was oper-
ated with a light-emitting-diode (LED) light source at a wavelength of 660 nm.
Light transmittance T measured at this wavelength was used to compute the beam-

attenuation coefficient ¢ (m™!) using the following relationship:

T(660) = exp[—0.25 c(660)] , (1.1)

where 0.25 is the pathlength of the instrument in meters.

1.2.3. Pigment analysis. Algal pigments were separated and quantified using
a reverse-phase, high-performance liquid-chromatography (HPLC) technique with
some modifications to the general procedure described by Mantoura and Llewelyn
(1983). Samples of 0.3 1to 1.5 1 were filtered onto Whatman GF/F filters (2.5 cm in
diameter), frozen immediately at liquid N, temperature and stored at —70°C prior
to analysis. Gieskes and Kraay (1983a) have shown that storage of filters in this
manner for several months does not significantly affect the pigment composition
of the filtered material. The filters were then immersed in 1 ml of 100% acetone
and crushed vigorously using a tissue grinder. The pigments were extracted in
the dark for several hours at 5°C. Just before HPLC injection, the samples were
centrifuged and diluted with deionized water at a ratio of 2:1 (sample:water) to
prevent band-spreading in the first eluted peaks (Welschmeyer and Hoepfner, in

press).

The instrumentation for HPLC consisted of a Beckman “System Gold” appara-
tus, including a dual-pump soivent module (Model 126) and a scanning absorbance
detector (Model 167). Both the modules and the chromatogram analysis were pro-
grammed using an IBM PC loaded with the Beckman “System Gold™ software pack-
age. Pigments were separated on a short (4.6 mm x 7.0 cm) Ulitasphere XL-ODS

colurn (Beckman), filled with 3 pm (in diameter) packing material. The solvents
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were a mixture of methanol and 0.5M ammonium aceiate (80:20, v:v) as solvent
A, and a mixture of methanol and ethylacetate (70:30, v:v) as solvent B. A linear
gradient from 100% solvent A to 100% solvent B was set up from 1 to 16 min of a 23
minute chromatographic run. A pause of few minutes between each sample allowed
the baseline to stabilize with 100% solvent A. The pigments were monitored at 440
nm cnd identified by comparing their retention times and absorption characteristics
with quantitative standards. All standards were provided by Dr. R.R. Bidigare as
part of an HPLC pigment intercalibration study (SCOR Working Group, 1989).

Pigments quantified by the present method were chl-a, -b, -(¢1 + ¢;), peri-
dinin, fucoxanthin, 19’- butanoyloxyfucoxanthin, 19’-hexanoyloxyfucoxanthin, al-
loxanthin, prasinoxanthin, diadinoxanthin, zeaxanthin and 3-carotene. The method
was not capable of separating either zeaxanthin from lutein, or chl-(¢; + ¢z) from
Mg 2,4- divinylphaeoporphyrin a5 monomethyl ester. Zeaxanthin, however, was as-
sumed to be dominant over lutein, as suggested by other field observations (Gieskes
and Kraay 1986, Everitt et al. 1990). On the other hand, the distributic.a of Mg 2,4~
D-like pigment in sea water is poorly known (Hooks et al. 1988), so that the peak,
hereaiter referred to as chl-(c; + ¢2), should be interpreted with caution. The abun-
dances of chl-c;, diatoxanthin and a-carotene were determined qualitatively since no
standards were available to quantify these pigments. These three peaks were identi-
fied by comparison with chromatograms of unialgal species of known pigment com-
position: Emiliana huzleyi for chl-cs (see Jeffrey and Wright 1987), Isochrysis gal-
bana grown in culture at high light intensity for diatoxanthin (see Welschmeyer and
Hoepflner, in press), and marine “prochlorophytes” for a-caro‘ene (see Chisholm
et al. 1988). For several samgles, particularly those collected in oligotrophic wa-
ters, the acetone extract was acidified with 1N HCI to note the presence of divinyl
phaeophytin-like pigment which characterizes the group Prochlox"ophyceae, recently

discovered in oceanic waters (Chisholm et al. 1988).
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1.2.4. Absorption spectra. Light absorption by marine particles was determined
after concentration of the particles on glass-fiber filters, using the method originally
described by Yentsch (1957) and modified later by Kishino et al. (1985) to dis-
criminate between absorption by pigmented and non-pigmented particles. Water
samples of 0.25 to 1.5 1 were filtered onto Whatman GF/F filters (2.5 c¢m in di-
ameter) with a nominal pore size of 0.7 um. Optical densities of total particles
on filters were measured between 400 and 750 nm, using a UV-visible single-beam
spectrophotometer (Philips, model PU-8600) equipped with tungsten-halogen and
deuterium arc sources. The instrument displays absorbances up to 3.0 OD unit with
an accuracy of + 0.002. A special apparatus was designed to hold the filter normal
to the light beam and very close to the detector, to allow all transmitted and most
of the forward- scattered light to be collected by the detector. Before each scan, the
filters were placed on one drop of filtered seawater to ensure complete saturation
(Mitrhell and Kiefer 1984). A blank filter, wetted with filtered sea water, was used
as reference. Optical densities of total oarticles, OD;()), were then converted to

1

absorption coefficient, a;()) in m™!, urirg the following relation:

ay()) = 2.3 OD,(\)S/V , (1.2)

where § is the clearance area of the filter and V' the volume of filtered sea water.
All samples were taken in duplicate. One set of filters was then extracied with 90%
acetone whereas the other set was extracted with a mixture of 90% acetone and
DMSO at a ratio of 6:4 (v:v). The solvents were allowed to flow passively through
the filter, which required an extracting period of 25 to 30 minutes. The extracted
filters were soaked again in filtered sea water and scanned from 400 to 750 nm to
measure the absorption coefficient of the particles without their pigments, aq4()).
The absorption of light by just phytoplankton, a,,()), was obtained by subtracting

aq()) from ay()). A comparative study between both extracting methods showed
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that a mixture of 90% acetone and DMSO was more efficient thau just 90% aceione
for extraction of photosynthetic pigments, as the latter solvent always left a slight

absorption at 675 nm due to chl-a.

The absorption spectra are corrected for the path-length amplification due to
filters (Mitchell and Kiefer 1984). To obtain the correction factors, the absorption
coefficient of equivalent amounts of aigal cultures was measured in suspension,X*,
(using a scattered transmission accessory similar to that in Sathyendranath et ai.
1987), and on a filter, X/. An empirical relationship was established between
the two measurements using a series of dilutions made from each culture. The
data for all wavelengths were smoothly scattered along the following second order

polynomial,

X" =031 (X7)+0.57 (X7)? (1.3)

In order to maintain the same protocol to measure the absorption by cells in cul-
ture and natural sea water, all filter samples were frozen (—70°C) immediately after
collection, and thawed immediately before measurement of absorption. These pre-
cautions minimised some of the potential problems associated with this method

(Stramski, 1990).

1.3. Results

1.3.1. Biophysical structure of the water column The physical environment
affects to a large extent the distribution of particles in the Gulf of Maine (Spinrad
1986). It also controls, over a wide range of time and space scales, the physiol-
ogy of phytoplankton, by modifying their light and nutrient conditions (Yentsch
and Garfield 1961). The vertical profiles of temperature, fluorescence and light

transmission are shown in Figure 1.2 for some representative stations.
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FIGURE 1.2. Profiles of fluorescence (dotted line), beam-attenuation coefficient
at 660 nm (sclid line), and temperature (dashed line) for selected
stations in the western North Atlantic. The depth of the euphotic

zone (1% light level) is indicated by an horizontal dashed line.
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Vertical temperature structure. A distinct progression from stratified to completely-
mixed water column was observed from the stations further offshore (e.g. Station
D) to the shallowest area over Georges Bank (e.g. Station H). The depth of the
thermocline, present at most of the stations, varied from 75 m within the clearest
deep-ocean waters at Stations 3 and D, to less than 5 m at coastal stations charac-
terized by a water column shallower than 100 m. Station C is an intermediate case
with the thermocline at 30 m. However, at several stations, a more complicated
struciure was recorded in the temperature profile. For example, two distinct ther-
moclines can be seen at Station 10, the shallower one occurring at 15-20 m and the
second one at around 45 m. A similar structure was also observed by Townsend et
al. (1984) during the same period of the year along the northern edge of Georges
Bank. At Station I, the thermocline is less sharply defined. Instead, a staircase-
like structure may be observed from 10 m down to about 50 m. At Station 1, the
stratification is very shallow, and also has several staircase-like features along the

thermocline.

Such variations in the temperature profile are not uncommon, particularly in
this region where the vertical structure of the water column is strongly affected by
tidal currents and the depth of the water column (Garrett et al. 1978, Yentsch
and Garfield 1981). Note the change in the vertical structure of the water column
between Stations B and H which, in fact, represent the same location sampled on
different days. It is well known that a tidal front develops around Georges Bank
during the spring- fall period between the well-mixed waters over Georges Bank
and the surrounding stratified waters (Garrett et al. 1978, Horne et al. 1990). The
variations in stratification between Stations H and B reflect the dynamic nature of

this front whose posiiion varies with the local tidal excursion.

Euphotic depth. At Stations 1 to 11, the euphotic zone, Z., defined as the 1% light
level, was estimated using the Secchi disk and the following relations (Kirk 1983):



16

Z, =4.61/K , (1.4)

with

K =144/Zsp , (1.5)

where K represents the mean extinction coefficient of light in the water column, and
Zsp, the Secchi depth. The relationship between K and the pigment concentration
(Bo) at the surface, calculated as the sum by weight of all HPLC pigments, is seen
in Figure 1.3. The empirical fit to the data set is given by:

K =4.6/Z. = 0.018 + 0.158[1 — exp (—1.19 By)] . (1.6)

The intercept of the curve at By = 0 yields K = 0.018 m~! which is 2/3 of the mean
attenuation coefficient given by Smith and Baker (1978) for clear ocean waters, K,,
= 0.027 m™!. This relationship (Eq. 1.6) was used to estimate the photic depths for
Stations B to I, where no Secchi disk measurements were available. Note that, I do
not pretend, using Equation 1.6, to analyse the variability of K in oceanic waters.
Further, a saturation of K at 0.18 m™! for a pigment concentration higher than
3.0 mg.m™~3 is probably unrealistic. Sathyendranath and Platt (1988), and Morel
(1988), using different methods, have computed higher values of K for a pigment
concentration of 10.0 mg.m™3 K = 0.26 m~! and K = 0.32 m™!, respectively.
However, within the range of pigment concentrations from 0.0 to 3.0 mg.m~3, both
studies give similar K values than those obtained from Equation 1.6, supporting
then the use of the above formulation to approximate Z, in Gulf of Maine waters in
September. The depth of the euphotic zone for each station is indicated in Figure

1.2.
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Subsurface chlorophyll mazimum (SCM). At most of the stations, the SCM (as de-
tected by in situ fluorescence) was well above the 1% light level, in close association
with the thermocline, probably reflecting the vertical distribution of nutrients. At
Station 10, however, the fluorescence data show a uniform layer‘ of maximal values
in the upper mixed layer. Over Georges Bank, within the 60 m isobath (Station
H), the fluorescence was uniformly distributed with depth, as expected according
io the strong vertical mixing occurring in that region. A similar flucrescence profile
was observed at Station 6, located at the southwest tip of Nova Scotia, known to

be a region affected by strong tidal currents (Fournier et al. 1984).

Beam-attenuation coefficient. The profiles of the beam -attenuation coefficient,
¢(660), correspond well with the fluorescence profiles. In a recent study, mainly
conducted in open ocean waters, Kitchen and Zaneveld (1990) observed marked
differences between the profiles of these variables. In the present data, on the other
hand, fluorescence and beam-attenuation coefficient are generally “in phase” at all
stations. The upper mixed layer was usually characterized by high values of ¢(660),
rangiag from 0.44 m™?, i.e., nearly as low as pure seawater, at Stations 3 and D in
open ocean waters, to 0.9 m™! at Station 10. A layer of maximum turbidity was
observed in relation with, or slightly above, the chlorophyll maximum. Deeper in
the water column, the beam-attenuation coefficient reached minimum values which
were often, in coastal waters, over layers of increased turbidity, corresponding, after

Spinrad (1986), to the nepheloid layer with resuspension of bottom material.
1.3.2. Pigment distribution.

Chlorophylls. The concentrations of chl-a, measured by HPLC, were lower by 24%
on average, than the values estimated using conventional fluorometric methods
(Yentsch and Menzel 1963). Similar discrepancies (up to 30%) have been reported

earlier and shown to be related to the presence of chlorophyll derivatives which have
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identical spe-tral properties but differ in solvent polarity (Mantoura and Llewellyn
1983, Gieskes and Kraay 1983a).

The concentrations of pigments per unit area (integrated over the euphotic

zone) are indicated in Table 1.1. Chl-a concentrations range from 16.5 mg.m~? in
oligotrophic waters (Stations 3 and D), to 62.3 mg.m~? at Station 10. Stations G
and H on the central part of Georges Bank show high concentrations, with 44.5
and 40.0 mg.m~? respectively. Concentrations of chl-b and -c are generally low,

with values less than 8.0 mg.m~2.

Total chl-c, however, was underestimated at
some stations which had significant amounts of chl-¢3, such as in stratified waters
of the Gulf of Maine. Oceanic waters (Stations 3 and D) show the lowest values of
chl-(¢; + ¢2). The horizontal distribution of chl-b is somewhat inversely related to

that of chl-¢, i.e., the proportion of chlorophyll-b increases with distance offshore.

Except over the well-mixed Georges Bank, the vertical distribution of chloro-
phylls is characterized by a general increase with depth until it reaches a subsurface
maximum (Fig. 1.4). Compared with its concentration at the surface, chl-¢ in-
creased by a factor ranging from 2.5 at coastal stations to 6 in c->pen ocean waters.
The variations with depth of chlorophylls-b and -c¢ are similar, except at Station
D where chl-b increased significantly more than chl-¢ at the chlorophyll maximum.
The ratio of chl-b to -a varied from 0.07 at the surface to 0.2 below the mixed layer,
in both coastal and slope waters. In oceanic waters, the ratio ranged from 0.04 at
the surface to 0.56 at the base of the euphotic zone. High chl-b/a ratios at depth
have been found in different marine regions (Vernet and Lorenzen 1987). They
reflect either a change in the species composition of the phytoplankton community,

or a process of photoadaptation under low light energy.

Recently, prochlorophyte-like cells were discovered in great abundance near
the base of the euphotic zone in different marine waters (Chisholm et al. 1988,

Olson et al. 1990). HPLC chromatograms of acidified pigment extract (all forms of



Station Chia Chlb Chlc) +c2 19’°hezanoyl. 19’bulanoyl. Fucozan. Peridinin Diadino. Zeazanthin Allozan. Prasino. [(-carel.
1 29.8 2.44 3.57 10.02 1.28 5.63 2.06 3.13 0.94 0.88 - 0.50
2 28.0 4.89 2.64 4.91 1.39 3.39 2.08 2.01 2.98 0.94 0.76 1.04
3 16.6 4.86 1.02 3.20 1.58 0.47 - 0.53 3.35 0.09 - -

4 26.5 5.96 2.09 6.10 1.56 2.04 1.18 1.58 4.24 0.29 - 0.22
S 23.0 3.17 2.11 5.65 1.03 2.73‘ 1.61 2.01 1.59 0.81 0.35 0.91
6 18.6 2.86 2.04 2.41 0.79 5.17 0.40 1.58 1.06 0.75 1.03 0 56
7 30.3 2.42 3.88 9.98 1.48 3.39 4.87 3.81 1.81 0.62 0.01 1.13
8 . - . - - - . ; . . . -

9 30.3 .84 3.82 7.58 1.59 5.09 3.84 3.72 0.98 0.87 0.24 0.78
10 62.3 2.54 3.82 7.58 1.58 5.09 3.84 3.72 0.98 0.87 0.24 0.79
11 34.7 4.33 4.22 8.19 1.52 5.57 4.99 3.78 1.74 1.23 0.43 1.20
B 32.9 3.38 3.43 8.70 0.82 5.66 1.73 2.64 1.05 1.10 - 0.33
C 36.1 6.60 3.93 9.98 2.12 5.14 2.77 2.36 3.00 0.64 0.71 0.38
D 18.2 4.66 1.38 4.27 2.39 0.83 - 0.69 3.52 0.01 - -

E 33.8 5.18 4.00 8.36 1.19 5.35 3.01 3.58 1.81 1.59 0.40 1.67
F 28.0 4.41 2.44 7.43 0.97 3.26 0.59 1.49 2.12 1.35 0.18 1.18
G 4.8 3.51 4.22 1.29 0.12 16.55 1.40 3.60 0.87 3.55 0.98 1.38
H 40.0  7.31 3.97 5.06 1.00 7.07 1.43 2.90 1.23 3.07 1.24 1.08
1 33.9 5.65 3.54 5.78 1.90 7.06 1.52 2.93 2.40 1.82 1.53 1.22

TABLE 1.1. Pigments concentrations (in mg.in™>} integrated over the euphotic

laver. defined as from the surface to the 1% light level.

0¢
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chloropohyll have been transformed into their respective phaeophytin form) from
water samples collected at Station 3, which has a similar pigment distribution to
Station D), indicate the presence of these “prochlorophytes” (Fig. 1.5). These
are characterized by a divinyl phaeophytine (and b)-like pigment (Chisholm et
al. 1988). The ratio of the divinyl form relative to the “normal” phaeophytina
was actually higher at the surface, 0.68, than deeper in the water column (0.59
at 92 m). A similar result was obtained at Station D, with ratios of 0.75 at the
surface and 0.51 at 92 m. The chromatograms in Figure 1.5 also show that all
forms of phaeophytinb are practically absent from surface waters. On the other
hand, the divinyl phaeophytin b reaches 50% of divinyl phaeophytin a at 92 m. The
chromatograms of acidified pigment extracts from coastal water samples did not

reveal any trace of prochlorophytes.

Carotenoids. Quantitative measurements of chlorophylls and the different forms
of carotenoids in a water sample provide valuable information for diagnosis of the

dominant algal groups in the water column (Liaaen-Jensen 1985, Hooks et al. 1988).

Prymnesiophyceae are usually associated with the carotenoid 19’hexanoyloxy-
fucoxanthin (Hooks et al. 1988). More specifically, Berger et al. (1977) have
related this pigment to members of the Gephyrocapsaceae (Prymnesiophyceae coc-
colithophorid) which includes the widely distributed species Emiliana huzleyi. All
stations contained 19’-hexanoyloxyfucoxanthin in significant concentration (see Ta-
ble 1.1). Its proportion relative to chl-a is higher than the other carotenoids at 13 of
the 18 stations analysed. Large amounts of this pigment are seen in surface waters
at Station 1 (Fig. 1.4), within the Northeast Channel, and in Jordan Basin (Station
7). Another significant contribution of this group of algae was observed in the deep
chlorophyll maximum at Stations 3 and D, in agreement with other studies in olig-
otrophic waters based on pigment analysis (Gieskes and Kraay 1986) or microscopic
observations (Hoepfiner and Haas 1990). Emiliana huzleyi, in culture, exhibits ra-

tios of chl-a to 19’-hexanoyloxyfucoxanthin ranging from 0.7 to 1.3, depending on



22

FIGURE 1.4. Vertical distribution of the pigments at selected stations in the west-
ern North Atlantic. For each station, the left panel represents the
distribution of chlorophylls, whereas the other two paneis illustrate
the distribution of carotenoids.
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FIGURE 1.5. HPLC chromatograms of iwo acidified pigment extracts of samples

collected at 5m and 92m in occanic waters (Station 3). For com-
parison, the acidified chromatogram of a marine prochlorophyte in
culture is shown. The peaks are identified as zeaxanthin (a), divinyl-
phaeophytin-b {b), divinyl-phacophytin-a (c), a-carotene (d), and
phaeophytin-a (e).
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light intensity (unpublished data). Accordingly, the coccolithophorids would be re-
sponsible for 30 to 50% of the chl-a in surface water at Station 7, and 15 to 25%
of the chl-a within the SCM at Station 3. In both cases, the occurrence of large
amounts of 19’ -hexanoyloxyfucoxanthin coincided, on the HPLC chromatograms,
with a significant peak in chl-c3-like pigment which has been identified in several

prymnesiophytes (Jeffrey and Wright 1987).

Fucoxanthin was the second most important carotenoid. At Stations 3 and
D, however, its concentration per unit area was less than 1.0 mg.m~2 (Table 1.1).
Fucoxanthin and diadinoxanthin are commonly used as pigment markers for diatoms
(Bidigare et al. 1989), although these pigments are also present in prymnesiophytes
and chrysophytes. It is then diffcult to estimate the proportion of each of these algal
groups on the basis of fucoxanthin concentration, particularly at stations showing
significant amounts of 19’- hexanoyloxyfucoxanthin and 19’-butanoyloxyfucoxanthin
which characterize some prymnesiophytes and chrysophytes (Hooks et al. 1988,
Everitt et al. 1990). Over the central part of Georges Bank (Stations G and H)
and at Station 6 off the coast of Nova Scotia, fucoxanthin represented the major
carotenoid in the water column (see Table 1.1, Fig. 1.4). The ratio of chl-a to
fucoxanthin for several diatoms in culture averaged 1.6 (unpublished data). Using
this factor, diatoms would represent ca. 60% of the phytoplankton population at
Station G. An even higher proportion (70-75%) would result if one uses the ratio
of 2.0 estimated for two diatoms from a study by Stauber and Jeffrey (1988). Chl-
c3-like pigment was negligible at these stations, supporting further the idea of a

population dominated by diatoms, rather than prymnesiophytes or chrysophytes.

Peridinin is a carotenoid typically found in dinoflagellates (Johansen et al.
1974). Its concentration per unit area varied from 0 to 4.99 mg.m~2, (not detect-
ed at Stations 3 and D, see Table 1.! and Fig. 1.4). Its importance relative to
chl-a was usually low, except at three stations in the Gulf of Maine (Stations 7,

9 and 11) where it was 15% or so of the chl-a concentration. At these stations,
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peridinin concentrations were low at the surface but increased rapidly at depth to
become, with 19’-hexanoyloxyfucoxanthin, the major carotenoid within the subsur-
face chlorophyll maximum (Fig. 1.4). With a peridinin to chl-a ratio of 0.42 for the
dinoflagellates (Jeffrey et al. 1975), these organisms would represent 45 to 55% of
the phytoplankton community at this depth.

The cryptophytes are characterized by the carotenoid alloxanthin (Liaaen-
Jensen 1985). The relative importance of alloxanthin was highest on Georges Bank
where it represented just 8% of the chl-a concentration. Gieskes and Kraay (1983b)
have shown that these organisms can be temporarily abundant in coastal waters.

Here, there is no evidence of it (Table 1.1).

The importance of green algae was indicated by the occurrence of chl-b and
carotenoids such as zeaxanthin, present in chlorophytes, prasinophytes and the ma-
rine prokaryote “prochlorophytes” (Liaaen-Jensen 1985, Chisholm et al. 1988) and
prasinoxanthin, typically found in prasinophytes (Foss et al. 1984). Zeaxanthin
is also the major carotenoid present in marine cyanobacteria which, on the other
hand, do not contain chl-b (Guillard et al. 1985). In the present data, zeaxanthin-
like pigment was present at all stations but its proportion in coastal waters was
small when compared to 19’-hexanoyloxyfucoxanthin or fucoxanthin (Table 1.1).
On average, it represented less than 10% of the chl-a concentration. On the con-
trary, zeaxanthin-like pigment was important in slope waters and in the open ocean,
becoming even the inajor carotenoid in the upper mixed layer at Stations C and D
(Fig. 1.4). The lack of significant amounts of chl-b in these waters suggests that
a high proportion of zeaxanthin-like pigment is due to cyanobacteria, in agreement
with previous studies (Hooks et al. 1988, Bidigare et al. 1989). However, the chro-
matograms of acidified solvent extracts (Fig. 1.5) indicate that a large number of
prochlorophytes was also present in this area. Furthermore, the chromatograms of
non-acidified samples from Station 3 and D (not shown) present a high peak of a-

carotene instead of - carotene, which also supports the idea that prochlorophytes
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rather than cyanobacteria are responsible for the zeaxanthin-like pigment observed
in these waters. Over the continental slope, at Stations 4 and C, (-carotene was
identified in the chromatograms only as a shoulder on the a-carotene peak. On
the other hand, in coastal waters, §-carotene was the dominant carotenoid. This,
in combination with the lack of divinyl phaeophytin a-like pigment in the acidified

chromatograms points to the absence of prochlorophytes in these waters.

The importance of prasinophytes can be estimated by the concentration of
prasinoxanthin. The identification of this pigment on the chromatograms was, how-
ever, uncertain since its elution time, using the HPLC technique described here, may
be very close to that of neoxanthin, characteristic of chlorophytes. In any case, the
proportion of this pigment in the euphotic layer never exceeded 3% of the chl-a.

This pigment was usually present at depth in coastal stations (Fig. 1.4).

At Station 2, the vertical distribution of pigments resembled that of deep water
stations, in the sense that zeaxanthin-like pigment was the dominant carotenoid in
the upper mixed layer (Fig. 1.4), although it is a coastal station (depth less than
100 m) on the southern edge of Georges Bank. This reflects the influence of open-
ocean waters intruding episodically onto Georges Bank area (Butman and Beardsley
1987). At the time of the cruise, AVHRR images for this area indicated clearly the
presence of a Gulf Stream eddy butting up against the shelf (v.P. Shapiro, pers.

comm.).

1.3.3. In vivo absorption spectra of particulate material. When normalized
to the biomass (i.e. chl-a concentration), the absorption coefficient of total particles,
a}, at 440 nm varies from 0.04 to 0.12 m?(mgChl-a¢)~?, and shows slightly higher
values at low chlorophyll concentrations (Fig. 1.6a). A similar trend is also seen in
a;(440), the absorption coeflicient of particles after extraction, though this parame-
ter is highly variable at chl-a concentrations less than 0.5 mg.m™3 (Fig. 1.6b). The

high values of a}}(440) correspond to samples from the base of the euphotic zone for
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several coastal stations, and the entire water column at Station 6. In open-ocean

waters with low chlorophyll concentrations, a};(440) was low, with values similar to

those recorded for high chlorophyll concentrations in coastal stations.

The absorption coeflicient of phytoplankton was obtained as the difference be-
tween the absorption coefficient for particles before and after extraction of pig-
ments. Values of specific absorption coefficient of phytoplankton, (a;, = a; — a3),
also showed some variability at 440 nm, ranging from 0.03 to 0.1 m?(mgChl-a)™!
(Fig. 1.6c), but showed no dependence on the chlorophyll concentrations. A sim-
ilar range in a;,(440) values has been reported for different oceanic regimes using
different methods of measurement (Prieur and Sathyendranath 1981, Bricaud and
Stramski 1990). The mean value of a;,(440) in the euphotic zone decreased from
offshore stations to the shallowest area on Georges Bank. In open ocean, a;,(440)
values averaged 0.064 m%(mgChl-¢)~! (including Station 2 in the calculation). In
the Gulf of Maine, the mean a,(440) was 0.050 m*(mgChl-a)~!, whereas on the
central part of Georges Bank, this value was 0.037 m?(mgChl-a)~!. The estimation
of an averaged a;;(440) value in the Gulf of Maine did not include Station 1. The
high specific absorption coefficient observed at this station in the blue part of the
spectrum (Fig. 1.7) was probably due to a large amount of phaeopigment in the
water column, as suggested by a significant shift of the absorption maximum toward

shorter wavelength (c.a. 430 nm and less).

A general trend in the variations of @}, (440) with depth was difficult to discern.
At a few stations (e.g. Stations 10 and 11, Fig. 1.7), a slight dc':crease in a;,(440)
with depth was observed, probably as a consequence of photoadaptation, e.g. an
increase in the pigment content of the cells. On the other hand, a change of species
was probably at the origin of the low value of a;h(440) observed in the deepest
sample at Station C (Fig. 1.7). The fucoxanthin profile for this station (Fig.
1.4) suggests an accumulation of diatoms at the base of the euphotic zone. No

explanation has been found for the low values of a;, () observed at 20 m at Station
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B (Fig. 1.7), and could merely be an error (overestimation) in the chlorophyll

concentration or a technical difficulty during the filtration of that sample.

The variability of a}, at 674 nm was less than that of 440 nm (Fig. 1.7).
The mean value of a},(674) for all stations was 0.025 m?(mgChl-aj~', ranging
from 0.013 m?(mgChl-a)~! at Station B (20 m depth) to 0.034 m?(mgChl-a)~1.
The highest values coincided with absorption spectra that showed evidence of a
significant amount of phaeopigment in the sample, for example at Station 1 and, to
a lesser extent, at Station 2, where the maximum absorption in the blue region of the
spectrum was shifted toward shorter wavelengths. The value of 0.025 m?(mgChl-
a)”! is slightly higher than other in situ values reported in the literature (Maske
and Haardt 1987, Bricaud and Stramski 1990), probably because of the differences

noted between chl-a concentration as measured by HPLC and by other methods.

Variations in the shape of the specific absorption spectrum of phytoplankton
were analysed after normalization of aj,()) to its value at 440 nm (Fig. 1.8).
Almost all stations with a stratified water column presented a notable change with
depth in the shape of the absorption spectra. A distinction, however, should be
made between open ocean and Gulf of Maine waters. In open ocean waters, a;,(})
to ay,(440) ratio increased drastically in the 460-470 nm range, from the bottom
of the mixed layer to the base of the euphotic zone (Fig. 1.8a). This feature
is related to an increase in chl-b relative to chl-a, also observ;ad in the pigment
profiles at the same station (Fig. 1.4). Moreover, an enhancement of absorption
was also observed at depth at around 650 nm, which corresponds to the absorption
maximam for chlorophyll-b in the red part of the spectrum. Within the mixed
layer, the normalized absorption spectra present a sharp peak at 446-448 nm. The
peak position is shifted slightly toward higher wavelengths compared with what is
observed at the other stations (maximum between 435-440 nm). Such a shift has
been reported for absorption by prochlorophytes (Chisholm et al. 1988), and in a
deep sample from the Sargasso Sea by Bricaud and Stramski (1990).
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In coastal regions, the most significant change in the specific absorption spectra
with depth occurred in the wavelengths between 510 to 570 nm (Fig. 1.8b). The
increase in the relative specific absorption coefficient within this range, observed at
depths below the chlorophyll maximum, was related to an increase in the carotenoid
concentration relative to chl-a. A similar feature appeared in samples from Station
G and H (Fig. 1.7). A positive correlation (r = 0.86, n = 56) was found between
the relative absorption at 550 nm and ratio of fucoxanthin to chl-a. This is in
agreement with the observations of Goedheer (1970), who noted high absorption at
this wavelength in the in vivo absorption spectrum of the brown algae Laminaria

digitata, and attributed it to fucoxanthin.
1.4. Discussion

1.4.1. The role of phytoplankton in determining the optical properties
of sea water. The beam-attenuation coefficient is an inherent optical property of

the water sample and can be expressed as:

o(2) = ew(A) + p(2) + ay(}) , (1.7)

where c,,(A) is the attenuation coefficient of pure sea water, c,(A) is the attenuation
coefficient of the particulate material (including phytoplanktor® and a,()) repre-
sents the absorption coefficient of dissolved organic substances. At 660 nm, a, can
be neglected since the dissolved organic substances mostly absorb in the UV and
blue parts of the spectrum. Then, with a beam-attenuation coefficient at 660 nm
of 0.4 m™? for clear marine waters (Smith and Baker 1981), Equation 1.7 can be

rewritten as:

c(660) = 0.4 + (B) ¢}, (660) + c4(660) , (1.8)
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where Cph 18 the specific attenuation coeflicient of phytoplankton at 660 nm, and
B is ihe phytoplankton biomass as measured by the concentration of chl-a in the
water; cq is the attenuation coefficient of non-chlorophyllous particles. Using E-
quation 1.8, the contribution to the attenuation coefficient of phytoplankton and
associated matter, relative to other particulate material, can be assessed by relating
the in situ fluorescence to the beam-attenuation coefficient (Fig. 1.9). The plots
were made for three representative stations, each of them having slight differences
in their turbidity profile (Fig. 1.2). At two of the three stations, the plots are
A-shaped, comparable with the data obtained by Denman and Gargett (1988) and
Kitchen and Zaneveld (19906). From the surface to the chlorophyll maximum, the
relationship between ¢(660) and fluorescence varied from one station to another,
depending on the strength of vertical mixing in the upper layer, as well as biolog-
ical processes. At Station 10, no significant changes in the values of ¢(660) and
fluorescence were observed in that portion of the plot, as expected from the profile
shown in Figure 1.2. At Station 11 and D, the fluorescence signal increased with-
out significant variation of the beam-attenuation coefficient. This result suggests
that photoadaptation, rather than an accumulation of cells, is responsible for the
subsurface chlorophyll maximum at these stations. Here, the pigment data suggest
that the photoadaptative mechanism might be a change in the chlorophyll content
per cell. Denman and Gargett (1988) have also suggested that photoadaptation was
responsible for such phenomena, but they related this photoadaptative process to
a photoinhibition of fluorescence at the surface. Neori et al. (1984) have also con-
cluded that photoadaptation was the principal mechanism responsible for changes

in absorption and fluorescence properties of phytoplankton with depth.

In the section between the subsurface chlorophyll maximum (SCM) and the
deep turbidity minimum (DTM), ¢(660) values decreased in a linear fashion with
fluorescence (Fig. 1.9). For all stations, the linear fit to the data for this portion
of the curve intercepted the z-axis at ¢(660) values ranging from 0.37 to 0.71 m~’.
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The highest intercepts were observed at stations with shallow and entirely mixed
water columns, in the central part of the Georges Bank, as well as off the southwest
coast of Nova Scotia, indicative of a resuspension of sediments within the water

column. On average over all stations, the intercept was 0.45 m™!

, which is very
close to the attenuation coefficient at 660 nm of the clearest water, 0.40 m™! (Smith
and Baker 1981). Spinrad (198€) has characterized particle-free water within the

Gulf of Maine by a value of c(660) less than 0.46 m™!.

Therefore, at most of the stations, phytoplankton and covarying particulate ma-
terial can be considered the major component affecting the attenuation coefficients
in that section of the water column which lies between the chlorophyll maximum
and the deep turbidity minimum. Further evidence of this result is observed from
the correlation between the beam-attenuation coefficient at 660 nm and the absorp-
tion coeflicient of phytoplankton at the same wavelength. Over the entire euphotic
zone, the linear fit to the data explains 65% (n = 108, P < 0.05) of the variance.
The regression line intercepts the y-axis at a value of ¢(660) = 0.47 m™!, again
very close to the value proposed for the clearest water. The absorption coefficients
of the particles after extractinn of pigments (Fig. 1.6b) show that, in the open
ocean and slope waters, absorbing material other than algal pigments accounted,
at the most, for 30% of total absorption by particles in the blue. This contribution
increased in the Gulf of Maine and on the central part of Georges Bank to 38% and
47% respectively due to physical forcing and shallower water depth, allowing for a

resuspension of non-algal particulate matter in the euphotic zone.

The slope of the linear regression between (SCM) and (DTM) in Figure 1.9
should provide a measure of the specific beam attenuation coefficient of phytoplank-
ton at 660 nm, c},(660). These values ranged from 0.09 m?(mgChl-a)~" at oceanic
stations (Stations 3 and D) to 0.57 m?(mgChl-a)~! at Station E on Georges Bank.
Bricaud et al. (1988) have estimated specific attenuation coefficient for different

species in culture. Their values at 660 nm range from 0.05 to 0.5 m?*(mgChl-a)~!
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approximately, with an average of about 0.2 m?(mgChl-a)™?, very similar to the
present in situ observations. It is interesting to note that the low values of c;,(660)
in Bricaud et al. (1988) are associated with Chlorophyceae, whereas the high values
seem to be associated with diatoms. A similar distinction can be made with the
present in situ data in terms of beam-attenuation coefficients, pigment distribution
and phytoplankton groups. Low values of c,(660) are strictly ;)bserved in ocean-
ic waters characterized by cells containing chl-b, whose HPLC signature suggest
affiliation to the Prochlorophyceae. On the other hand, high values of c;,(660)
are recorded over the Georges Bank where diatoms seem to dominate the phyto-
plankton community. In a recent study (Balch et al. 1991), the highest values of
the beam-attenuation coeflicient within the Gulf of Maine were observed in waters
with a dominant population of Coccolithophoridae (Prymnesiophyceae). This case,
however, corresponded to a bloom period of the species Emiliana huzleyi, which
represented almost the entire phytoplankton community. The body scales (i.e.,
coccoliths) of this organism increase significantly the scattering properties of each
cell (Bricaud and Morel 1986) and, consequently, the beam-attenuation coefficient
of seawater. Here, although large amount of Prymnesiophyceae are reported from
pigment analyses, there is no evidence of such blooms which tend to occur earlier in
the summer (ca. June-July, Balch et al 1991). Also, the effect of coccoliths on the
beam-attenuation coefficient is more pronounced in the blue and blue-green part of

the spectrum (Balch et al. 1991), than at 660 nm as measured here.

Thus, it is clear that the variability in the optical properties of sea water in the
western North Atlantic results mostly from a diversification in the phytoplankton
community. A similar observation has been reported by Yentsch and Phinney (1989)

from a study in the same area at different periods.

1.4.2. Importance of intracellular pigment composition in the variabil-
ity of a;,(440). Changes in the value of a;,(440) can result from either one or
both of the two following factors (Morel and Bricaud 1981, Sathyendranath et al.
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1987): 1) the “package effect”, known to flatten the absorption spectra of particles
with increasing size and intracellular pigment concentration; and 2) a change in the
pigment composition, mainly occurring with variations in the species composition
within the phytoplankton community. Yentsch and Phinney (1989) give primary
importance to size effect to explain the differences in the averaged value of a*(440)
between open ocean waters and the Gulf of Maine (including Ge;)rges Bank). How-
ever, flow-cytometric data taken during the cruise, at Stations 1 to 10 (i.e. excluding
Georges Bank, see Fig. 1.1), did not show any difference in the size distribution of
chlorophyllous particles (in the 3-30 pm size range) between open ocean and Gulf of
Maine waters (T.L. Cucci and L.P. Shapiro, unpublished). The particle frequency
increased with decreasing particle diameter, similar to the distribution noticed by
Kepkay et al. (1990) in the Northeast Channel. On the other hand, Kepkay et
al. (1990) have observed, over Georges Bank, a size distribution of particles that
reaches a distinct maximum at 10 pm, which favors the idea that size effect does
contribute to the variability of a;h(440) between the Georges Bank proper and its

surrounding waters.

On the other hand, open-ocean waters were characterized by cells containing
chl-b, and the Gulf of Maine by chl-¢ containing cells. From the absorbing char-
acteristics of both pigments (Prézelin 1981), it is likely that the overlap between
chl-a and -b absorbing bands is greater than between bands of chl-a and -c. As a
result, Chlorophyceae shows a higher specific absorption at 440 nm than diatoms
or other species containing chl-c. Therefore, a higher proportion of chl-b in offshore
water samples would contribute to an enhancement of a;,(440), compared to water

samples from the Gulf of Maine which contain mostly chl-c.

Variations of a;,(440) with depth can also bi: explained in terms of package
effect and changes of pigment composition. As suggested by the fluorescence and
beam attenuation profiles, the intracellular pigment content increases with increas-

ing depth at some stations, resulting in a reduction of a;,(440) due to a stronger
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package effect (e.g. Stations 10 and 11, Fig. 1.7). When the samples contain
chl-b, however, an increase of its relative cellular concentration with depth should
somewhat counteract the package effect. This may be true of Station D (Fig. 1.7),
where a;,(440) slightly decreases in the the mixed layer, and increases below 65 m

in relation with an increase in chl-b relative to chl-a.

1.4.3. Spatial variability in the absorption spectrum of phytoplankton.
A clear regional distinction emerges from pigment composition (which parallels
changes in shape and amplitude of the specific absorption spectra), when the open-

ocean data are compared with data from the Gulf of Maine.

The occurrence of large amounts of 19’- hexanoyloxyfucoxanthin in surface wa-
ters of the Gulf of Maine agrees well with recent studies using satellite imagery
(Ackleson et al. 1988) that show extensive blooms of coccolithophores in this area
during summer months. On the other hand, fucoxanthin dominates in the water
samples taken from Georges bank. Its identification with diatoms confirms obser-
vations by Cura (1987) made at the same location. Gieskes et al. (1988) have also
established a good correlation between fucoxanthin and the presence of diatom-
s in water samples from the Banda Sea. Finally, the open-oce.an waters are also
characterized by the presence of prochlorophytes in surface samples. This is rather
surprising at this period of the year, since surface maxima of these prokaryotes
in the Sargasso Sea have been observed mostly in winter and spring (Olson et al.
1991). Their importance relative to cyanobacteria has been mentioned by Everitt

et al. (1990) in the western equatorial Pacific.

Following the same zonal distinction, one of the main changes in the shape
of the specific absorption spectra of phytoplankton between stations occarred in
the region of fucoxanthin absorption. Figure 1.10 shows a considerable increase
in the ratio of a},(550) to a},(440) as the proportion of fucoxanthin relative to

chl-a increases in the surface samples. The lowest ratio (open ocean waters) and
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the highest one observed on the central part of Georges Bank differed by a factor
of six. Yentsch and Phinney (1982) reported values of green:blue absorption ratio
varying from 0.3 to 0.47 for populations dominated by diatoms and dinoflagellates
(surface and deep samples), very close to the surface values observed on the central
part of Georges Bank. This result can be of direct importance in remote-sensing
studies that use the reflectances of sea water at 440 and 550 nm to estimate chl-a

concentration.
1.5. Conclusions

The data show that variations in both the beam-attenuation coefficient and
the absorption coefficient of particulate material in the western North Atlantic are
dictated largely by variations in the phytoplankton population. This is true even of
Georges Bank, even though the contributions by non -algal particles are relatively
more important here than in the open-ocean waters. The study reveals systematic
regional differences in the specific optical properties, i.e., in the absorption and the
beam-attenuation coefficients normalized to chlorophyll concentrations. Compari-
son with pigment data from the same stations suggests that these differences are

associated with changes in phytoplankton community structure.

A clear regional distinction appears in pigment composition and phytoplank-
ton groups. Offshore stratified waters are typically represented by cells whose
HPLC signatures suggest affiliation to the Prochlorophyceae. Within the Gulf of
Maine, Prymnesiophyceae appear to dominate in stratified waters, and diatoms in
the mixed waters over Georges Bank. This distinction parallels changes in shape
and amplitude of the specific absorption spectra of phytoplankton. The absorp-
tion coeflicient at 440 nm normalised to chl-a varies over a factor of two. Yentsch
and Phinney (1989) attributed this to the effect of changes in the particle size dis-
tribution of phytoplankton. The results, in this chapter, point to an additional

factor: changes in the relative importance of chl-b, with a large absorption band
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that overlaps the blue absorption band of chl-a. The changes in the shape of the
absorption spectrum are also associated with changes in the contributions of aux-
iliary pigments. The field results support the conclusions of Sathyendranath et al.
(1987), based on laboratory measurements, that neglecting either the size effect
or the pigment composition leads to an incomplete description of variations in the

specific absorption spectrum of phytoplankton.

The chlorophyll-specific, beam-attenuation coeflicient at 660 nm from this re-
gion is variable, ranging from 0.09 to 0.57 m?*(mg Chl-a)~!. The changes in this
arameter also parallel changes in phytoplankton community, with the low values
being associated with Prochlorophyte-dominated, open-ocean waters, and the high

values with diatom-dominated Georges Bank waters.

The optical properties also show clear structure in the vertical dimension. This
is related to vertical stability of the water column and to photoadaptation. The ef-
fects of these physical and biological processes are seen both in the beam-attenuation
coeflicient and in the absorption spectra. In some stations, the optical properties
within the mixed layer show no depth dependence, and probably represent cases
where the rate of photoadaptation is low relative to that of turbulence (Lewis et
al. 1984). Other stations show an increase in chlorophyll fluorescence with depth,
which is not accompanied by a change in beam-attenuation, suggesting that the
deep chlorophyll maximum at these stations is due to an increase in the amount
of chl-a per cell, rather than to changes in the number of cells. The pigment data
and the absorption spectra indicate that this change may be accompanied by an in-
crease in the relative importance of chl-b with respect to chl-a as a light-harvesting

pigment.

A requirement in oceanography today is the estimation of primary produc-
tion at large horizontal scale. One approach to this problem is through definition

of biogeochemical provinces, within which the parameters of the models may be
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considered to be stable. Simultaneous analysis of optical properties and pigment
composition provide important information necessary for defining such provinces.
The present investigation shows that the western North Atlantic in September can
be divided into three provinces, each with its own typical bio- optical character-
istics: the open-ocean waters, the stratified waters of the Gulf of Maine, and the
mixed waters of Georges Bank. The bio-optical models for these regions can be
improved by allowing the optical parameters of phytoplankton to change with the

predominant taxonomic group in the province.

A clear change in the spectral shape of phytoplankton absorption is observed
in the data, with change in pigment composition. For example, the ratio of the
absorption coeflicient at 550 nm to the corresponding value at 440 nm is seen to
vary by a factor of 6 with changes in the importance of fucoxanthin relative to chl-a.
Since these wavelengths figure prominently in the algorithms currently in use for
estimation of chl-a concentrations by remote sensi:ug, these observations point to a
possible source of error in these algorithms (see also Yentsch and Phinney 1982). On
the other hand, the changes in the shape of the absorption spectrum with changes
in phytoplankton community could probably be exploited in the next generation of
ocean colour sensors with higher spectral resolution, to differentiate between major

phytoplankton pigments and major taxonomic groups of phytoplankton.



CHAPTER 2

Effect of pigment composition on

the absorption properties of phytoplankton

2.1. Introduction

To identify the absorption coefficient of phytoplankton at any wavelength X,
it is common practice to express the total absorption coefficient a,s(A) in terms of
a “specific absorption coefficient”, a;h(l), and C, the concentration of chl-a, the

main pigment in phytoplankton :

aph(X) = C al () (2.1)

Note that phytoplankton absorption is due to absorption not just by the
chlorophyll-a, but also by all the auxiliary pigments present. Therefore, a;,(})
is not a true specific absorption by chl-a, but only an apparent one. The composi-
tion of the auxiliary pigments and the relative importance of their absorption are
variable. This variability in pigment composition has been shown to be one of the
two important factors responsible for the observed variability in the magnitude and
spectral form of a, (A) (Bricaud et al. 1983, Sathyendranath et al. 1987), the other
factor being the particle effect (Duysens 1956, Kirk 1975, Morel and Bricaud 1981).
Indeed, the magnitude of a}, at 440 nm has been shown to vary over a factor of
three (Sathyendranath 1986). The choice of chl-a alone for normalization is dictated
primarily on practical grounds - chl-a is the pigment that is easiest to measure, and
it is routinely measured on most biological oceancgraphic cruises. Its choice is also
justifiable in primary production studics because of the central role played by this
pigment in photosynthesis. With recent technical developments, however, measure-

ment of auxiliary pigments is becoming more common, and therefore it would be
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useful to develop techniques that would account, in a systematic manner, for the
consequences of changes in pigment composition on phytoplankton absorption. To

do this, Equation 2.1 is rewritten as:

ap(X) = 3 Cial(h), (22)

where C; is the concentration of the i** pigment, al()) is the “true” specific absorp-
tion coefficient of the i** pigment, and 7 is the total number of pigments considered
(note that chl-a is one of the n pigments). To make use of .Equation 2.2, the
concentrations of the n pigments are required, as well as their specific absorption

coeflicients.

Very little is known about the in vivo, spectral specific absorption coefficients
of the major phytoplankton pigments. Bidigare et al. (1987) tried to account for
the influence of auxiliary pigments, but in the absence of information on the in vivo
specific absorption coeflicients of the pigments, they were obliged to use the values
for extracted pigments from a single culture (Mann and Myers 1968). However, ab-
sorption by phytoplankton pigments are known to change with extraction{Prézelin
anzl Boczar 1986); besides, estimates from a single culture can hardly be considered
to be statistically valid for application to natural populations. Sathyendranath et
al. (1987) tried to estimate the specific absorption coefficients of major phytoplank-
ton pigments, after correction for the particle effect. But the multiple regression
method they used did not yield acceptable values of the specific absorption coeffi-

cients because of non-zero covariance among the pigments in the sample set used.

In this chapter, a method for the estimation of in vivo specific absorption co-
efficient of major phytoplankton pigments is outlined. The data of Sathyendranath
et al. (1987) are reanalysed, but instead of using multiple regression, I have de-
composed the spectra into Gaussian absorption bands. This method is statistically

more valid, and has the backing of theory as well. The results are based on in
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vivo spectra that have been corrected for the particle effect, and, therefore, the
specific absorption spectra proposed are not influenced by the size of the cells or
the intracellular concentration of the pigments. Also, the method is designed for
separating absorption by active pigments from any background absorption that may
be present. The data consist of in vivo absorption spectra of 20 monospecific cul-
tures that were selected to cover three major phytoplankton groups, allowing then
a discussion of the results in terms of variability of the absorpt.ion characteristics
between algal groups. The method separates successfully the absorption due to the
different pigments, and, in turn, the specific absorption bands proposed can be used
to reconstruct the total absorption coefficient, provided the pigment concentrations

are known.

2.2 Material and methods

2.2.1. Bio-optical data In vivo absorption spectra, pigment concentrations (chl-a,
-b, -¢ and carotenoids), particle size distribution and cell numbers of twenty different
cultures were taken from Sathyendranath et al. (1987). Species in culture included
three Distoms ( Chaetoceros protuberans, Chaetoceros didymum, Skeletonema costa-
tum), four chlorophyceae (Dunalielle marina, Platymonas suecice, Platymonas sp.,
Tetraselmis maculata) and two Prymnesiophyceae ( Hymenomonas elongata,

Emiliana huzleyi), representing major pigment compositions commonly observed in

the marine environment ( Gieskes and Kraay 1986).

The spectrophotometer was designed with a scattered transmission accessory.
It consisted of the sample and reference ceils placed very close to the detector,
with diffusing plates placed in front of them, to ensure the capture of most of the
forward scattered light. The absorption spectra were measured from 340 to 760
nm. The cell size for each culture was estimated from cell volume measurements,

and expressed as the diameter of an equivalent sphere. Number of cells per unit
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volume was estimated with hemacytometers. To remove the effects of changes in
cell size and intracellular pigment concentrations on absorption, all spectra (one
spectrum per species) were corrected for the particle effect (Duysens 1956). Morel
and Bricaud (1981) and Sathyendranath et al. (1987) have shown that this effect
can lead to significant modifications in the absorption spectra of phytoplankton.
The same algorithms as in Sathyendranath et al. (1987)were used, which assume
sphericity of the particles and uniform distribution of the absorbing material within
the cells. Each absorption spectrum was then corrected for the value at 737 nm,
assuming that there is no absorption of light by phytoplankton pigments at this

wavelength.

Pigment concentrations were measured spectrophotometrically after extraction
in 90% acetone. Chl-a was estimated using the equations of Lorenzen (1967);
SCOR/UNESCO (1966) equations were used to calculate chl-b and -c, and the
method of Richards and Thomson (1952) was used for carotenoids.

2.2.2. Decomposition of absorption spectra The abscrption spectrum from
400 nm to 750 nm of photosynthetic organisms is characterized by a continuous en-
velope, reflecting a strong coupling in the transfer of the excitation energy between
antenna pigment molecules (Forster 1965), until it reaches the photochemical reac-
tion centres in which specialized chlorophyll molecules perform the energy conver-
sion for photosynthesis. The continuous nature of the spectrum renders it difficult
to estimate the contribution to the total absorption by each pigment species, unless

the spectrum can be suitably decomposed.

One of the simplest theoretical models of absorption is that of Lorentz, which
predicts the shape of absorption bands based on ithe assumption that electrons
and ions can be treated as simple harmonic oscillators in an electromagnetic field
(Bohren and Huffman 1983). This model has been successfully applied to decompose

the spectrum of the imaginary part of the refractive index of the alga Platymonas
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suecica (Bricaud and Morel 1986). The Loreniz model, however, does not fully
account for the effects of overlapping absorption bands and of strong, vibrational
interaction between molecules (Knox 1963), as is found in photosynthetic pigments.
Toyozawa (1958) proposed a general formalism, which considers the strength of the
electron-lattice coupling, for computation of the absorption coefficient. He conclud-
ed that, in the presence of a strcng interaction between oscillators, an absorption
band assumes a Gaussian shape, whereas if the transfer coupling is weak, the ab-

sorption tends to a Lorentzian shape.

Empirical evidence on the decomposition of absorption spectra of chl- a in
solution (Cotton et «l. 1974, Shipman et al. 1976, Kaiz et al. 1977), and of
chlorophyll-protein complexes (French et al. 1972, Larkum and Barrett 1983), also
favours use of Gaussian curves for approximating the individual absorption bands

of pigments.

Based on these considerations, absorption spectra in the present study were
decomposed using Gaussian curves. A curve-fitting program, initially described
by French et a! (1967), was slightly modified and adapted to the needs of this
study. The input specifications for each absorption spectrum were as follows: 1)
only Gaussian curves were used for the curve-fitting analysis; 2) no weighting of the
data was done, i.e., all parts of the spectrum were treated as equally important; 3)
the program was set up to run a maximum of twenty iterations per spectrum; 4)
the wavelength positions (band centre) and the band halfwidths (i.e., 2.350) were
not allowed to change by more than one nanometer per iteration; 5) the halfwidth
is constrained to lie between zero and four times its initial value; 6) the height of

each Gaussian band is required to be at least zero.

Since the spectra were corrected for particle effect, the spectral features were
emphasized, facilitating the initial estimation of the band parameters according to

the presence of peaks and shoulders on the observed spectrum. In the initial runs,



i ien band number
Gaussian parameters Gaussian ban

1 2 3 4 5 8 7 8 9 10 11
0

Wavelength position (nm) 380 415 440 460 500 545 580 620 645 675 70
Halfwidth (nm) 50 20 40 35 50 30 30 30 30 36 40

TABLE 2.1. Input specifications of the Gaussian parameters for decomposition of

absorption spectra of 4 phytoplankton groups. The halfwidth of the
right and left side of each band are allowed to vary independently.
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eight absorption bands were specified, but it was observed that a better fit was
achieved by adding three more bands: one at each extremity of the spectrum, and
another at around 550 nm. Therefore, a total of eleven Gaussian curves were used
to reflect the absorption spectra. Further increases in the number of bands did
not improve the fitting procedure significantly for most of the cultures. Table 2.1
summmarizes the input parameters of the Gaussian curves. Wavelength positions and
halfwidths (in nm) of the initial guesses were kept the same for all analyses, whereas
the initial height of each band (in m™!) was changed according to the biomass in

each culture.

2.3. Results

Figure 2.1 shows the observed and estimated absorption spectra for three
species from distinct taxonomic groups, together with the results of the decomposi-
tion program. In all cases, twenty iterations were sufficient to allow the convergence
criterion (percentage difference in standard deviation between successive iterations)
of the curve fitting to be less than 0.1%. Maximum deviation of the fitted curve
from the observed spectrum was about + 0.8 m™!, i.e., less than 1% of the band
heights. Maxima of errors are in the 450 to 600 nm region of the spectrum and

around 650 nm, which correspond to absorption by accessory pigments.

Table 2.2 indicates the average positions and the halfwidths of the eleven Gaus-
sian curves estimated for the three groups of algae. The peak.positions changed
little compared to the initial inputs. The halfwidths, however, changed by as much
as 19 nm during the computation. Analyses of variances were applied to each of
the bands to detect any trends in the variations of the Gaussian parameters (Table
2.3). In almost all cases, the parameters of different algal groups differed more from
each other than did the individual values within any one group. In other words,
the null hypothesis that the mean squares between and within groups estimate the

same variance had to be rejected for all except four of the band centres. In a very
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few cases, however, the variances of the data failed to satisfy an homogeneity cri-
terion (Bartlett test, P < 0.01). Therefore, a non-parametric method was used in
parallel with the analysis of variance (Sokal and Rohlf 1969). No differences were
obtained when a Kruskal-Wallis test was used instead of a standard analysis of vari-
ances. Both methods showed a substantial “between-group” difference for most of

the bands.

For the first band, the statistical analysis (Table 2.3) shows a significant dif-
ference between groups in its position (P < 0.05) and in its halfwidth (P < 0.01).
A multiple-range test (Tukey, P < 0.05) tends to differentiate the position of this
band for the Chlorophyceae from that for the Prymnesiophyceae, whereas the po-
sition for Diatoms does not seem to be statistically different from that of the other
two groups. On the other hand, the Diatoms have a substantially narrower band

than the two other groups (Table 2.2).

Gaussian bands 2 and 3 are centered at 412 and 435 nm, respectively. The
analysis of variance on the position of these bands (Table 2.3) did not suggest
any difference between the groups of algae. The halfwidths were, however, slightly
different (P < 0.05) between Diatoms (18.8 and 29.3 nm) and Chlorophyceae (23.3
and 34.7 nm). The Prymnesiophyceae has intermediate halfwidths values of 21.7
and 32.4 nm for band 2 and 3, respectively, which were similar to both the other

groups.

The parameters of band 4 are statistically very different bet.ween the groups of
phytoplankton species. The position of this band is 460.9 nm for Diatoms, which is
significantly different from 463.6 nm, the position observed for the Chlorophyceae.
The Prymnesiophyceae have an intermediate value of 462.1 nm, not different from
that of the two other groups. The halfwidth of band 4 varies very strongly between
species, being larger by a factor of 1.7 for Chlorophyceae compared with the two
other groups (Table 2.2).
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FIGURE 2.1. Observed absorption spectra (solid line) corrected for particle effec-
t, and the corresponding fitted spectra (dashed line) expressed as
the sum of 11 Gaussian components for three marine species: (a)
Chlorophyceae, (b) Prymnesioph; ceae, (c) Diatom. The error curve
(difference between observed and fitted curves) of each spectrum is
shown in the lower panel. Each error curve is magnified by a fac-
tor (indicated in the panel) to avoid changing the ordinate scale. A
larger magnification implies a better fit.
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Band number Chlorophyceae Prymnesiophyceae Diatoms
Center Halfwidth Center Halfwidth Center Halfwidth
1 383.06 54.04 384.85 55.18 383.95 52.07
2 411.72 23.34 412.63 21.75 414.03 18.78
3 433.80 34.66 435.40 32.43 435.29 29.28
4 463.68 44.96 462.05 25.65 460.94 28.71
5 488.92 41.28 490.13 41.18 489.95 53.60
6 529.92 47.40 529.53 45.75 536.33 44.46
7 580.66 48.20 579.03 49.20 586.18 43.32
8 623.90 40.42 623.08 38.50 623.41 25.99
9 654.88 24.44 644.33 37.13 642.61 20.73
10 677.80 19.54 678.03 23.43 674.09 21.87
11 700.84 33.62 706.30 27.53 692.03 39.21
TABLE 2.2,

Averaged values of wavelength positions (in nm) and halfwidths(in
nm) of 11 Gaussian bands used to fit the alsorption spectra of 3

groups of mariue algae,



Souarce of Vansatuons

Gausstan band number

1 2 3 4 ) 6 7 8 8 18 11
Center {in nm)
Belween groups 3 58= g 89 435 1304« 221 10742+ + 9960¢s+ 079 2659834 3597 sw 345 7B+ »
Whthin groups 0 81 328 1 68 205 197 585 737 921 158 021 2218
Helfwidth (in rm)
Detween groups 16 35 ~=+ 39 35+ 53314 ¢% 55086+ % 37853+ 1504 »» T132++ 46024%+ 385184 178859 211 70s
Withia groups 168 6 89 3 60 13 46 621 073 329 14 81 583 168 46,18

Tukey test * signifieanr, v 005, ** highly significant, p<e 0 01

TABLE 23 Root mean sq 1ared deviation of wavelength positions and halfwidths of
11 Gaussiun bands used in decomposition of the absorption spectra
from 3 groups of marine algae.
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Gaussian band 5 is centered at 490 nm and this position does not seem to
be influenced by taxonomic group. Its halfwidth, however, varies significantly be-
tween the algal groups, with the Diatoms having a slightly larger band (53.6 nm)
than the Chlorophyceae and the Prymnesiophyceae (41.3 and 41..2 nm respectively).
Gaussian bands 6 and 7 are located in the region of minimum light absorption by
phytoplankton cells. They are centered at 529.7 and 579.9 nm respectively for both
the Prymnesiophyceae and the Chlorophyceae, whereas the Diatoms tend to absorb
at a longer wavelength in both cases ( 536.3 and 586.2 nm for band 6 and 7 re-
spectively). The statistical analysis on the halfwidths suggest a different behaviour
of these bands between groups. Indeed, each of the three algal groups present a
significantly different halfwidth for band 6, ranging from 44.5 to 47.4 nm (Table
2.2). On the other hand, the band 7 is significantly narrower for Diatoms (43.3 nm)

than for the two other groups (48.7 nm on average).

No difference between groups is observed in the position of the Gaussian band 8,
centered at 623.5 nm. This band has a small peak but is proportignately very broad.
As with the previous band, its halfwidth is significantly narrower for the Diatoms
(26.0 nm) than for the two other groups (38.5 and 40.4 nm for Prymnesiophyceae
and Chlorophyceae respectively).

The parameters of the absorbing bands 9 and 10 show significant differences
between the groups of algae. Band 9 is centered at 643.5 nm, on the average, for the
Diatoms and for the Prymnesiophyceae, which is 10 nm less than the position for
the Chlorophyceae (654.9 nm). The halfwidths are significantly different for each
of the three groups, varying from 20.2 nm to 37.1 nm (Table 2.2). The difference in
the position of band 10 is not so large. Diatoms present a peak absorption at 674.1
nm, which differs from the corresponding peak in the other groups by only 4 nm.
The halfwidth is narrower for Chlorophyceae than for the two other groups (Table
2.2).
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Finally, the last absorbing component of the spectra is represented by the
Gaussian band 11 of low amplitude. Its position ranges from 692 nm (o 706 nm
with a significant difference between Diatoms (692.0 nm) and the two other groups
(700.8 and 706.3 nm). On the other hand, its halfwidth tends to differentiate the
Prymnesiophyceae (27.5 nm) from the Diatoms (39.2 nm), while the Chlorophyceae
has an intermediate value of 33.6 nm, not significantly different from the two other

groups.

2.4. Discussion

Previous studies using a curve decomposition method were concerned mainly
with the absorption properties of the chlorophylls in the red part of the spectrum.
The results showed the complexity of the pigment system in algae and higher plants
in which the absorption maximurm of chlorophyll at 670-680 nm could be the result
of 6, 10 or even more absorbing components (Katz et al. 1977 and references
therein). A more simplistic view of the light-harvesting system ir algae, such as the
one presented here, has the advantage of ease of use in ecological applications such
as the estimation of the optical properties of natural communities of phytoplankton
and their variation in time and space. Nevertheless, the efficiency of the present

model and the associated statistical data must be tested on some physiological basis.

2.4.1. Biological interpretation of the Gaussian bands The first band has
a maximum absorption in the U.V range of the spectrum. Physiologically, such a
strongly absorbing band is likely to include several components, startirg with the
absorption by the particulate material itself (i.e., the non-photosynthetic pigments).
The absorption spectra of natural communities of phytoplankton, after pigment
extraction, often display a monotonous increase from the red to the blue regions
of the light spectrum (Kishino et al. 1984), similar to the absorption spectra of
detritus or yellow substances. Also, some recent studies (Yeritsch and Phinney

1989) have demonstrated the presence of mycosporine-like UV absorbing pigments
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in significant amounts within several algal species commonly found in the marine

environment.

The Gaussian bands 2, 3, 8 and 10 with their maxima at 412, 435, 623 and
675 nm respectively correspond to absorption by chl-a in vivo. Goedheer (1970) ob-
served that the in vivo absorption spectrum of the brown benthic algae Laminaria
digitata had chl-a peaks at 418, 437, 618 and 673 nm. Similarly, the absorption spec-
trum of P700-Chla-protein complex from Glenodinium sp (Prézelin 1980) showed
peaks and shoulders at 419, 437, 618 and 675 nm. Owens and Wold (1986) found
that the presence of chl-a in different pigment- protein complexes was i>dicated by
absorption at 418, 440 and 670-678 nm. The statistical analysis on the data sug-
gests less significant differences between groups for these bands, in agreement with
the ubiquitous properties of chl-a in autotrophic organisms. Band 10 represents a
particular case in the sense that, for the Diatoms, the chl-a absorption in the red
seems to be shifted significantly to a shorter wavelength (674 nm) than for the two
other groups (678 nm). Such a difference can be explained by a variation between
groups of algae in the ratio of the photosystem I (PSI) to the photosystem II (PSII).
The red absorption band of photosynthetic reaction centre PSII occurs at shorter
wavelengths (670-675 nm) when compared with the position of the absorption band
associated with the PSI reaction centre (677-680 nm) (Larkum and Barrett 1983).
A change in the ratio of PSI to PSII should then induce a slight variation in the
wavelength position of the ch!-a maximum absorption. Falkowski et al. (1981) ob-
served a PSI to PSII ratio of approximately one for the Chlorophyceae whereas the
ratio was found to attain 0.44 in Diatoms. The red absorption maximum of chl-a
for Diatoms would then be shifted to shorter wavelengths compared with Chloro-
phyceae. It is also very likely that this ratio may vary in response to other factors

such as the environmental light conditions (Melis and Brown 1980, Owens 1986).

The parameters of the bands 4 and 9 correspond to the absorption character-

istics of other groups of chlorophylls, particularly chl-b for chlorophyceae and chl-c
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for Diatoms and Prymnesiophyceae. The two types of algae cannol be differenti-
ated on the basis of the position of the absorption band in the blue. On the other
hand, the halfwidth of band 4 differs very significantly (P << 0.01) between the
groups of algae, with the cells containing chl-c having a much narrower band than
the Chlorophyceae. A large absorption band for chl-b should allow Chlorophyceae
and other cells containing chl-b to utilize blue light with high efficiency. In this
context, it is interesting to note that Chlorophyceae and Prasinophyceae are now
generally considered to contribute to a high proportion of ultraphytoplankton in the
deep chlorophyll maximum of oligotrophic oceans (Gieskes and Kraay 1986, Hooks
et al. 1988). In the red part of the spectrum, the wavelength positions of band 9
varies by 10 nm between Chlorophyceae (655 nm) and the two other groups (443
and 644 nm). The results are in complete agreement with absorption spectra of
pigment-protein complexes containing chl-b (Prézelin and Boczar 1986, Fawley et
al. 1990) and chl-c (Friedman and Alberte 1984, 1986, Owens and Wold 1986, Rhiel
et al. 1987, Boczar and Prézelin 1989).

Absorption bands 5 and 6 on the decomposed spectra correspond to absorption
by carotenoids. The position of band 5 seems to be common to the three groups
of algae whereas band 6 is positioned at a longer wavelength for the Diatoms (536
nm) than for the other groups (529 and 530 nms). From this result, it is tempting
to identify bands 5 and 6 as representative, respectively, of the carotene and the
xanthophyll groups of pigments. Indeed, carotenes, and particularly 8- carotene,
are present in most algal taxa (Rowan 1989). Also, the presence of §-carotene in
the absorption spectra of pigment-protein complexes is indicated by a shoulder at
485-495 nm (Thornber and Alberte 1977, Boczar and Prézelin 1989). On the other
hand, the hypothesis that xanthophylls are responsible for band 6 is supported
by the work of Owens and Wold (1986) who pointed out that an increase in the
background absorption within the 480-550 nm range on the abgorption spectra of

pigment-protein complexes of Diatoms is attributable to fucoxanthin. They also
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noticed a large decrease in absorption at these wavelengths ior P700-chla-protein
complex and chla-chle light harvesting complex, both containing no or very little
fucoxanthin but having some (3-carotene as indicated by a shoulder at 490 nm.
Fucoxanthin was also detected in the in vivo absorption spectrum of Laminaria
digitata as a feature at 530-545 nm (Goedheer 1970). Such a differentiation between
carotenes and xanthophylls, although an attractive idea, may be too simplistic. In
fact, up to 500 carotenoids occur naturally (Liaaen-Jensen and Andrewes 1985) and
all of them absorb light within the 400-550 nm region. Their absorbing properties
are known to change with some differences in their chemical structure, such as the
number of double bonds and the degree of cyclisation (Britton 1983). Although
xanthophylls differ from carotenes by the presence of oxygenated groups in their
molecules, such a factor is not sufficient to distinguish specifically the absorption
properties of the two types of pigments. Therefore, both bands 5 and 6 may very well

correspond to the absorption of light by a mixture of carotenes and xanthophylls.

The small Gaussian band 7 contributes to the optical properties of phytoplank-
ton in the region of minimum absorption. Its position varies from 579 nm to 586
nm according to species. Such a band may represent a small absorbing component
of the chlorophylls. The presence of a small feature at 585 nm due to chl-c was ob-
served in the in vivo absorption spectrum of Laminaria digitata (Goedheer 1970).
The same feature was observed in some absorption spectra of chla- chle-protein
complexes (Rhiel et al. 1987, Boczar and Prézelin 1989). On the other hand, chl-a
may also contribute to absorption in that region of the spectrum. Prézelin (1980)
and Fawley et al. (1990) observed a slight absorption at 470-600 nm in the spectra
of P700-chla-protein complexes. An in vivo spectrum of Nannochloris salina, con-

' taining neither chl-b nor chl-¢, also showed an absorption at around 580 nm due to

chl-a (Owens et al. 1987).

Band 11 does not have a clear physiological explanation. The decomposition

of the chl-a peak in the red by French et al. (1972) produced a similar unexplained



64

Gaussian component with a peak position varying from 700 to 706 nm. Later, Katz
et al. (1977) postulated that all chlorophyll structures absorbing at 685 nm and
higher wavelengths are mainly the results of different interactions between the chl-a

molecules and other compounds such as water or phaeophytins.

2.4.2. Specific absorption coeflicients A non-linearity in the relationship be-
tween the absorption coefficient app()) and the concentration of chl-a has often
been observed in natural environments, particularly at low chlorophyll concentra-
tions (Prieur and Sathyendranath 1981, Kiefer and Soohoo 1982, Yentsch and Phin-
ney 1989). Such a non-linearity has been related either to the particle effect, the
pigment composition effect, or to a combination of both. Also, detrital compounds

covarying with phytoplankton can be in higher proportions at low concentrations

of chlorophyll.

In the present study, the relationship between the height of each Gaussian band
and the pigment concentration to which it corresponds is expected to be linear since
tne particle effect and the differences in pigment composition have been successively
removed from the initial absorption spectra. In Figures 2.2, 2.3, 2.4 and 2.5, a linear
fit has been applied to the data. In most cases, the fitted curves explained more
than 80% of the variances and the correlations were significant at 0.01 probability
level. Note that here, the linearity is maintained for a multi-species sample set.
Until now, a linear relationship had heen observed between the apparent absorption
coefficient a(A) and the concentration of chl-a on only monospecific algal cultures

(Sathyendranath et al. 1987).

Due to the high correlation between concentrations of the various pigments
(e.g. r2 = 0.9, between concentrations of chl-a and carotenoids), it is clear that a
good linear fit could also be observed by regressing the height of a Gaussian band
with the pigment concentration to which it does not correspond. For example, a

coefficient of determination r? = 0.88 is obtained from a linear regression analysis
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between Gaussian heights at 532 nm (i.e., wavelength allocated to absorption by
carotenoids) and the concentration of chl-a. This result, however, is unrealistic
considering what it is known about spectral absorption by clil-a (e.g. Prézelin

1980), showing minimal absorption in the range ca. 500 - 600 nm.

An increase in the scatter amongst the data points was observed with the low-
amplitude Gaussian bands (Figs. 2.2a, 2.2¢c, 2.3b). In these particular cases, the
linear fit still explains more than 50% of the variances but the data were probably
affected by covarying absorption by more than one pigment, which failed to be
separated by the method. For example, it has already been mentioned that band 7
(Fig. 2.3b) most likely included absorption by chl-c as well as a small contribution
from chl-a. A multiple regression analysis describes the relationship between the

height of band 7 (y) and the concentrations of chl-a and -c as follows:
Y= 0.26 + 0.003Cp1c + 0.0020,:},1“,

with a regression coefficient 2 of 0.89. At these low levels of absorption, the data

might also be affected by instrumental noise.

A linear relationship between the Gaussian absorption at 460 nm and chl-¢
concentration (Fig. 2.3a) explained only 33% of the variances, but the correlation
was still significant at the 0.05 probability level. Note, in this case, that the data
points representing the Prymnesiophyceae tend to lie above the regression line and
above the data obtained for Diatoms. The same trend is maintained in Figures 2.3b
and 2.3c. Most of the Diatoms, particularly the species used in the present study, are
known to contain chl-¢; and -¢; (Stauber and Jeffrey 1988). In addition to these two
pigments, the Prymnesiophyceae have a third form, chl-c3, which possess slightly
different optical properties (Fawley 1989). This difference may explain the higher
absorption coefficient of Prymnesiophyceae when compared with that of Diatoms.
As a result, the regression in Figure 2.3 are probably biased by the preponderance

of Diatoms. I corrected for this effect by using the geometric regression line whose
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slope is given by the ratio of the actual slope to the correlation coefficient (Ricker

1984), . This procedure gave a value of (a’;;.) at 460 nm of 0.045 m? (mg Chl ¢)™*.

The true specific absorpticn of chl-a at 435 nm is given in Figure 2.2b by the
slope of the regression line. Note that the “irue”, in vivo specific absorption coeffi-
cient of chl-a, after correction for particle effect, has not been reported previously
in the literature. For this reason, comparisons with the “apparent” value of a*
reported so far in the literature have to be made with caution.' Nevertheless, the
specific absorption coefficient obtained from Figure 2.2b fits well within the wide
range of values given in the literature for the apparent specific absorption coeffi-
cient of chl-a in the blue region (Sathyendranath et al. 1987, Maske and Haardt
1987, Mitchell and Kiefer 1988). The present decomposition method suggests that
the high variability in a,,, at 435-440 nm depends on the species involved. The
decomposition of absorption spectra from Chlorophyceae (Fig. 2.1a) showed that
chl-b contributes to a high proportior (ca. 30-35%) of the total absorption of the
cells at 435-440 nm. This explains why a,;, obtained from Chlorophyceae cultures
(e.g. Table 4 in Mitchell and Kiefer 1988) would be systematically higher than the
al,;;, value proposed here. On the other hand, the contribution to total absorption

at 435-440 nm by pigments other than chl-a is less in the case of Diatoms and

*

Prymnesiophyceae (Fig. 2.1). Again, it explains why the apparent values of a7,,,

for cells containing chl-c (e.g. Mitchell and Kiefer 1988) become more similar to

1
Aeplar

In the red part of the spectrum, the particle effect is not as important as
at shorter wavelengths where the absorption is higher (Kirk 1983). On the other
hand, the contribution to total absorption at 675 nm by pigments other than chl-a is
minimal (Fig. 2.1). As a result, the range of values for a7, at 675 nm, 0.010-0.030
m? (mg Chl a)! (Maske and Haardt 1987, Bricaud et al. 1988) is much narrower
than for af.;,, in the blue region and tends on an average to become reconciled with

the present value of a’;;, of 0.015 m? (mg Chl a)~! (Fig. 2.2d).
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The decomposition of absorptinn spectra also gives the true specific absorption
coefficient of chl-b (Fig. 2.4) and carotenoids (Fig. 2.5) at their wavelengths of
maximum absorption. The intercepts of the regression lines relating absorption
bands 5 and 6 to the carotenoid concentrations (Fig. 2.5) were significantly different
from zero. Problems with carotenoids, however, are not unexpected, considering the

imprecise method used to measure their concentrations (Parsons et al. 1984).

Regression analysis should give the specific absorption coeflicient for each band.
However, the technique of least-square analysis tends to assign more weight to the
data points that are most distant from the origin. To avoid this effect, I used the
specific absorption coefficent as computed by the mean of the specific absorption
coeflicient calculated for each sample. These values are shown in Table 2.4. The
absorption of the first and last bands have been normalized to chl- a since the heights
of both bands showed a good correlation with the concentration of this pigment (r?

= 0.84 and 0.87).

2.4.3. Reconstruction of in vivo absorption spectrum From the present anal-
ysis, it is possible to recover the entire absorption spectrum of any phytoplankton

sample. Such reconstruction will be based on the sun: of several Gaussian curves:

!
o A= Ani)?
aph(A) = Z “fi('\mj, ~j €Xp [—%} (2.3)
j=1 7

where the height of each Gaussian curve is represented by the product of the specific
absorption coefficient of the j-th band-pigment (one pigment can be represented by
several absorption bands in the visible range) and the concentration of that pigment
Cj. Amj is the position of the maximum absorption and o; represents the halfwidth
of the Gaussian curve. Figure 2.6 illustrates the reconstructed absorption spectrum

of a population containing Chlorophyceae, Diatoms and Prymnesiophyceae. The
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Gaussian band number and associated pigment species
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Chl-a  Chl-a

6 7 8 9co 9b° 10 11
Chl-a  Chl-¢  Chl.l  Carot Carot Chl-¢  Chl-a Chl-¢ Chlb  Chl-a Chl-a
Spec abs. coeff ¢ 0 037 0012 0039 0 051 0061 0038 0017 0012 0005 0010 0022 0020 0 0602
Halfwidth (nm) 53 8 213 321 27 2 450 45 1
Center {nm)

459 46 3 350 28 S 244 216
461 464

490 332 583 623

335
384 413 435 644 655 676

700
? The cheraclenstics of these Gaussian bands change depending on whelher the cells contain chl-c (Bands 4¢ and 9¢) or chl-b (Bands 4% and Qb)

In the case of a mixture of cells containing both chl-c and -b, all 13 bands in the table would have to be used rather than just 11

b he specific absorption coeflicient 1s calculated as a fuction of chl-c only, even though chl-a also appears to have an effect (see lext)

while concentration of carotenoids s in mSPU m—3

3

¢ Specific absorption coefficient has units of m~! per unit pigment concentration Chlorophyll concentrations are in mg m™2,

TABLE 2 4. Mean characteristics of the Gavssian bands Chl = chilovoply il caiot
= carotenuidsa Spec abs. coeft = specific absmpuion coemaent.
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observed absorption spectrum has been made up by averaging the absorption spec-
tra of the twenty algal culiures used in the present study. In the same way, the
concentrations of the major pigments were averaged over the values for the twenty
cultures (Sathyendranath et al. 1987). The resulting spectrum represents the ab-
sorption properties of both cells containing chl- b and -¢. Since each of these two
accessory chlorophylls are represented by one absorption band in the blue and one
in the red, 13 Gaussian bands were used to fit the data instead of 11 that were used
for unialgal culture of cells containing either chl-b or -c. Each band is characterized
by the parameters shown in Table 2.2 (Gaussian absorbance) and Table 2.4 (centre

and halfwidth).

The reconstructed absorption spectrum closely matches the observed curve.
Slight differences occur in the region of minimum absorption, where the estimated
absorption coefficient is systematically lower than the observed values. This dis-
crepancy probably results from an underestimation of the height of band 7 which

has been related to the absorption properties of chl-c only.

2.5. Conclusions

The present study has shown that the in vivo absorption spectra of phytoplank-
ton cells, after correction for the particle effect, can be represented as the sum of
a dozen or so Gaussian absorption bands. Linear correlation of the different peak
heights with the concentrations of one or the other of the five major pigments in the
samples indicates that the method has been successful in separating the absorptions
due to each pigment. One exception to this is the small absorption band at 579 -
586 nm region, which appears to be influenced by both chl-a and chl-c. The role
of UV-blue absorbing material appears to be non-negligible in the samples, but I
was unable to propose a specific absorption coefficient other than one normalized to

chl-a for the Gaussian peak associated with this absorption, since no measurements
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were made of the concentrations of the pigments that may be responsible for this

absorption.

The relationship between peak heights and pigment concentrations are hardly
affected by the phytoplankton species. This may be considered an indication of
the validity of the simple model of particle effect applied to the data set: if this
effect had not been corrected for adequately, the consequence would have been a
greater dispersion between the results for different species. On the other hand,
some inter-species differences in peak characteristics were noted, especially in the
peak positions and in the band widths. These differences, however, car be ex-
plained in terms of the known variations in the pigment composition from species
to species. Note that the possibility exists that these differences could be exploited
for the identification of major phytoplankton species present in a natural sample
from an analysis of its absorption spectrum. No experiments were made with ma-
rine cyanobacteria although they can be abundant in oligotrophic waters. Lewis
et al. (1986) observed, however, that none of the studies on absorption and ac-
tion spectra of natural phytoplankton has shown any indication of the presence of

phycobiliproteins which are characteristic pigments of cyanobacteria.

I have presented here the first estimates of the “true” in vivo-specific absorption
coefficients of five major pigments, after correction for particle effect. This opens
the possibility of estimating the absorption spectrum of a phytoplankton sample
from measurements of its pigment concentrations and cell size. With the advent of
the modern techniques of flow cytometry and HPLC, the measuren:ents required for
the application of these results are becoming increasingly common. The proposed
method to measure the absorption spectrum of phytoplankton is indirect, but has
the advantage of circumventing the problem of separating absorption by live phyto-
plankton from background absorption by covarying substances. This method is also

free of some of the pitfalls of other methods that have been proposed, such as the
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problem of obtaining measurements on a representative sample set for micropho-
tometry (Iturriaga and Siegel 1989), and the problem of quantifying the results from
the filter technique of Yentsch (1962) and Mitchell and Kiefer (1984). The analysis
presented here is based on estimates of pigment concentrations from the absorption
spectra of acetone extracts. I do not yet know how well these results would apply to
concentration data estimated by other techniques, for example the HPLC method.
But I anticipate that, in the future, as more accurate HPLC measurements become

more routine, they would facilitate refinement of the results presented here.



CHAPTER 3

Determination of the major groups of phytoplankton pigments
from the absorption spectra of total particulate matter

3.1 Introduction

New techniques to retrieve in vivo spectral absorption by phytoplankton, sep-
arating it from that of “detrital” matter and dissolved organic substances which
coexist with phytoplankton, have been instrumental in recent advances in marine
optics (Prieur and Sathyendranath 1981, Kishino et al. 1985, Iturriaga and Siegel
1989). Applications of these methods to field samples (Bricaud and Stramski 1990),
as I did in Chapter One, have shown, indeed, a significant contribution due to non-
chlorophyllous or “detrital” particles to the absorption properties of total particulate
matter, even in oceanic regions that may be considered to be case 1 waters (sensu

Morel and Prieur 1977).

Also, recent developments in techniques for pigment analysis have made it eas-
ier to collect information on auxiliary pigment concentrations, in addition to that
of chlorophyll-a, and to improve our understanding of the role of these pigments
in modifying the absorption spectrum of phytoplankton. In Cl;apter Two, I have
decomposed the in vivo phytoplankton absorption coefficient into components as-
sociated with the major photosyathetic pigments, and computed “true” specific
absorption coeflicients of chl-a, -b, and -¢, and carotenoids. These values, which
were corrected for the package effect (Duysens 1956), showed no significant de-
pendence on species. It is also suggested that these coefficients could be used to
reconstruct the in vivo absorption spectrum of a mixed algal population, knowing

the concentrations of the pigments. Inversely, knowing the absorption spectrum

7
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of phytoplankton community in the water, one could also use these “true” specific

absorption coeflicients to evaluate the concentrations of pigments in the sample.

In this chapter, an inverse method is outlined to deterraine the spectral char-
acteristics of absorption by phytoplankton cells and the concentrations of the main
pigments, solely from knowledge of the absorption coefficient of total particulate
matter in seawater. Absorption by detrital matter is taken into account using a
parametrization that reflects the shape of observed data from field studies, while
the specific absorption coefficients of various pigments are determined following
the model described in Chapter Two. The data set used here (see Chapter One),
representative of different oceanic conditions, included absorption spectra of total

particles and detailed pigment analyses using liquid chromatography.

Earlier works (Roesler et al. 1989, Bricaud and Stramski 1990) have used the
spectral shape of light absorption by detritus to assess the respective contributions
of algal and non-algal components on the absorption spectrum of total particulate
matter. The model presented in this work follows a similar approach, but the as-
sumptions in the model have been relaxed, and each major photosynthetic pigment

has been treated individually.

3.2 Materials and Methods

3.2.1. Observed data All data were collected during a cruise in the northwest
Atlantic Ocean in September 1989. Sampling sites included water masses, ranging
from “blue” open-ocean waters (Sargasso Sea) to highly productive areas (Georges
Bank), and several intermediate types in the Slope region and in the Gulf of Maine
proper. Sampling locations and variables monitored are described in detail in Chap-

ter One, and only a brief summary is given here.

Absorption spectra. About one hundred absorption spectra of total particulate mat-

ter were collected at various locations and depths in the sampling area. Spectral
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values of the absorption coefficient were monitored every 2 nm from 400 to 750 nm,
using the filter technique (Mitchell and Kiefer 1984, 1988). In addition, absorption
by non-pigmented material (or detritus) was estimated using a solvent extraction
procedure (90% acetone and DMSO) according to Kishino et al. (1985). Absorp-
tion due to phytoplankton pigments was then computed as the difference between
absorption by total particulate matter and detritus. Details regarding the method,
and correction of the data for pathlength amplification due to the filter, also called
the 8- factor (see Mitchell and Kiefer 1984), have been presented in Chapter One.

Pigment data. In parallel with absorption measurements, samples were collect-
ed for detailed pigment analysis, using the reverse-phase, high-performance liquid-
chromatography (HPLC) technique. The method allowed us to quantify the major
groups of chlorophylls and nine species of carotenoids, including important bio-
logical markers such as fucoxanthin, peridinin, and 19’-hexanoyloxyfucoxanthin.
Instrumentation for pigment analysis was a Beckman “System Gold” apparatus e-
quipped with a scanning abscrbance detector. A binary solvent system was used to
separate pigments on a short (0.46 x 7.0 cm) Ultrasphere XL-ODS column (Beck-
man) filled with 3 pm packing material. A linear gradient from 100% solvent A
(solution of methanol and 0.5M ammonium acetate) to 100% solvent B (solution
of methanol and ethylacetate) was set up from 1 to 16 min of a 23 min chromato-
graphic run. The pigments were monitored at 440 nm and identified by comparing
their retention time and absorption properties with quantitative standards. For the

purpose of the present work, all carotenoids have been combined into a single group.

3.2.2. Theoretical considerations Inherent optical properties of seawater, as
defined by Preisendorfer (1961), are independent of the light field and result from
as many additive components as there are optically active constituents in the water
column. Thus, the total absorption coeflicient of seawater, a;, at wavelength ), can

be expressed as:
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a(A) = au(A) +ap(A) +a4(3) , (3-1)

where the subscripts w, p, and y refer to molecular seawater, particulate material,
and yellow substances, respectively. The spectral values of a,, are well known (Morel
1974, Smith and Baker 1981). They are similar to that of pure water, and considered
to be invariant (but see Hgjerslev and Trabjerg 1990). The remaining two terms in
the right-hand side of Equation 3.1, namely the absorption coefficient of particulate
matter and that of dissolved organic substances, are variables and are capable of

modifying the total absorption significantly.

In marine waters, dissolved orgaﬁic substances that centribute to absorption
are mainly composed of a mixture of humic and fulvic acids which present slight
differences in their optical properties (Carder et al. 1989). Nevertheless, several
investigations in various water masses (Bricaud et al. 1981, Hgjerslev 1988 and
references therein) reveal a similar spectral behaviour of absorption for these sub-
stances, often referred to as yellow substances. It is now well admitted that a,())

can be expressed as:

ay(A) = ay(A¢) exp [—0.014 (A — Ay)], (3.2)

where )¢ is a reference wavelength in the blue or UV region (e.g. 300 or 440
nm). To simplify further the contribution due to yellow substances, Prieur and
Sathyendranath (1981) suggested that 20% of the total absorption at 440 nm could

be attributed to dissolved organic material in open ocean (case 1) waters.

The total absorption coefficient can then be computed for the open-ocean wa-

ters, if the absorption by particulate matter, ap(), is known. Particulate absorption
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can in turn be decomposed into contributions from phytoplankton pigments, a,s(A),

and from other particulate material, mainly detritus, a4()):

ap(3) = apn(A) + ad(}) , . - (33)

In fact, the term “detritus” should include unpigmented parts of algal cells and
mineral particles, as well as breakdown products of photosynthetic pigments such
as phaeopigments. Recent field measurements (Roesler ef al. 1989, Bricaud and
Stramski 1990) show that detrital matter absorbs visible light in a similar fashion
to yellow substances. In other words, a4()) can be expressed as an exponential

function, analogous to that of yellow substances:

ad(A) = aq(Ao) exp [—q (A= Xo)], (3.4)

where the exponent, ¢, takes values of the same order of magnitude as the expo-
nent in Equation 3.2. It varies, however, over a wide range, 0.006 to 0.016 nm™1
(Roesler et al. 1989, Bricaud and Stramski 1990), and cannot be considered con-
stant. Combining Equation 3.3 and 3.4, the absorption of total particulate matter

can be expressed as:

ap(A) = apa(X) + ag(440) exp [—q (A — 440)] (3.5)

Since the absorption of light by phytoplankton pigments reflects absorption by
the major component, chl-a, and by secondary (or auxiliary) pigments, including

other chlorophylls and carotenoids, a.,(A) can be expressed as:

n

(M) =Y 6 G, | (36)

i=1
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where n represents the total number of pigments considered; a}()) is the specific
absorption coefficient of the i*# pigment at wavelength ), and C; is the concentration
of this pigment. According to Chapter Two, the specific absorption coefficients
of each pigment can be estimated using a decomposition of a,s()) into several
Gaussian bands simulating the absorbing properties of these pigments. This result

allows Equation 3.6 to be rewritten as:

l

aph(A) = Za}(/\mj)Cj exp [-—— (_tz:TmJ)i:I , (37)

i=1

where ),,; is the position of maximum absorption for the j** Gaussian band, o;
determines the width of the peak, and a}(Am;) is the specific absorption coefficient
for the j** absorption band at the wavelength of maximum absorption (An;), I is
the total number of Gaussian bands, and C; is the concentration of the pigment
responsible. Since a given pigment may be responsible for more than one absorption
band, I > n. In theory, if the package effect (Duysens 1956) is m;t significant, these
specific absorption coefficients are “true”, i.e., independent of the algal species,
and therefore can be used to determine pigment concentrations at any location
from the knowledge, at a few wavelengths, of the local absorption coefficient of

phytoplankton.

3.2.3. Approach. The application of the bio-optical model previously described
requires several steps to facilitate the computation and to validate the results of the

model. The procedure I adopted is as follows:

1. The observed absorption spectra of detrital matter were fitted with an expo-
nential function (Equation 3.4) to retrieve the exponent and the absorption
coefficient at the reference wavelength. The fitted exponent obtained from the

detrital spectra is designated q;.
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2. To obtain a typical shape for the absorption spectra of phytoplankton, each
measured absorption spectrum of phytoplankton was normalised at 440 nm,
and the average computed for each wavelength. This average normalised ab-

sorption spectrum for phytoplankton is designated a;’h(/\), (see Table 3.1).

3. The first term in the right-hand side of Equation 3.5 can now be rewritten as
the product of the normalized average absorption spectrum, a;lh(,\) and the

absorption coefficient of phytoplankton at 440 nm:

ap(X) = a,n(440) aZy(A) + 2a(440) exp [—ga(\ — 440)) (3.8)

Given a,()) from field measurements, Equation 3.8 was solved for three un-
knows, a,5(440), a4(440), and g¢o, by non-linear regression. Note that the term g,
should be similar to g:. However, both valucs are obtained using different methods
(i-e., g1 by applying Equation 3.4 on the observed a4()) data; and g2 by applying
Equation 3.8 on the observed a,()) data), such that a different subscript is used
to compare both estimates of g. After reconstruction of a4(A) for each sample, the

local spectral absorption by phytoplankton was then estimated as:

apr(A) = ap(A) — aq(440) exp [—g2(A — 4400)] (3.9)

Note that, in this procedure, a fixed shape for phytoplankton absorption is
assumed merely to estimate the detrital absorption. Once the detrital absorption

is determined, this constraint is dropped.

4. Half of the computed absorption spectra of phytoplankton, a,,()), were decom-
posed into Gaussian components, as described in Equation 3.7. The remaining
spectra were used to test the accuracy of pigment retrieval from absorption

spectra of particulate material.
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FIGURE 2.1. Spectral values of light absorption by (a) total particulate matter,
(b) non-algal fraction, and (d) specific absorption spectra of living
phytoplankton, obtained by subtracting (b) from (a) and normalized
to the concentration of chl-a.
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3.3 Results

3.3.1. Absorption coefficients from field data Absorption by total particulate
matter, ay(}), by detritus, ag(A), and specific absorption by phytoplankton, a;,(A),
are shown in Figure 3.1 for all samples collected in the western North Atlantic.
Contributions frcm detritus to the total particle absorption in the blue part of the
spectrum (ca. 440 nm) varied with water mass (Chapter One), reaching a maximum
of 45% over the central part of Georges Bank, a shallow, well-mixed, productive area.
When normalized to the biomass (figure not shown), a;(440) ranged from 0.04 to
0.12 m?(mg Chl-a)~'. A similar variability was observed for a;;(440), which was
not related to the chlorophyll concentration in the sample (Chapter One). In fact,
values of aj 4 (440) were closely coupled with the pigment composition of the sample,
and reflected regional differences in the dominant phylogenic group of phytoplankton

species.

Detrital absorption, aq\}), increased exponentially toward short wavelengths
(Fig. 3.1b). This pattern is consistent with previous studies (Roesler et al. 1989,
Bricaud and Stramski 1990) and enable us to apply Equation 3.4 as a parametrisa-
tion of the spectral variations of the absorption coefficient due to detrituc. Indeed,
a very good correlation was obtained between observed spectra: of ag and the ex-
ponential fit using Ag = 440 nm in Equation 3.4. For all samples (n =102), the
exponential model explained more than 98% of the variance in the observed data.
The expenent, g;, varied from 0.004 to 0.020 nm™?, extending the range of values
given by Bricaud and Stramski (1990), 0.007 to 0.016 nm™!, for samples collected
in the Sargasso Sea. Only 10 values of ¢, out of 102 were less than 0.006 nm~!. In
these instances, I obseived (detailed figur: not shown) a significant depressicn in
the a4()) spectra in the vicinity of 410 nm, which could be responsible for the low
values of ¢, obtained. This feature cannot be explained by an incomplete extrac-
tion of photosynthetic pigments on the filter samples since the spectra showed no

evidences of a residual peak of absorption at 675 nm due to chl-a.
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400 0.794 460 (866 520 0382 580 0.132 640  0.180 700 0077
402 0.804 462  (0.862 522 0371 582 0.132 642  0.182 702 0067
404  0.823 464 0858 524 0 360 584 0132 644  0.184 T04 0.061
406 0.839 466  0.853 526 0 348 586  0.134 646 0.186 706 0053
408  0.858 468  0.845 528 0339 588 0135 648 0188 708 0 049
410 0.874 470 0835 530 0330 580 0136 €50 0 191 710 0043
412 0.887 472 (0.822 532 0.323 592 0135 652 0 196 712 0039
414 0.900 474  0.808 534 0.314 594 0136 654 (204 714 0.035
416 0.907 476 0.791 536 0.308 596 0136 656 0214 716 0031
418  0.916 478  0.772 538 0.300 598 0.136 658  0.211 718 0028
420 0.920 480 0753 540 0 293 300 0135 660 0251 720 0024
422 0.925 482 0734 542 0285 602 0135 662 0278 722 0.022
424  0.929 484  0.715 544 0.277 504 0135 664  0.307 724 0.018
426 0.940 486 0698 546 0.269 606 0137 666 0341 726 0.016
428 0951 458 0680 548 0.258 608 0138 668  0.373 728 0.015
430 0 965 490 0662 550 0218 610 0111 670 0401 730 0013
432 0979 492 0643 552 0237 612 0 143 672 0419 732 v 3510
434 0993 494 0622 554 0.225 614  0.146 674 0429 734 0.009
436 1000 496 0601 556 0.213 616 0149 676  0.426 736 0.008
438 1002 498 0579 558 0 200 618 0152 678 0415 738 0.004
440 1.000 500 0 555 560 0.188 620 0.154 680 0392 740 0.003
442 0.989 602 0534 562 0178 622 0156 682 0362 742 0.002
444 0974 504 0 509 564 0168 624 0158 6844 0324 744  9.001
446 0 957 506 0.488 566 0160 626 0.162 686 0284 746 0.001
448 0.937 508 0468 568 0.152 623 0.165 688 0 241 748 0.000
450 0.917 510 0450 570 0.145 630 0.168 690 0201 750  0.001
452 0.901 512 0434 572 G.140 632 0.171 692 0.164

454 0 886 514 0420 574 0136 634 0.173 694 0133

456 0.877 516 0 407 576 G134 636 0175 696 0109

458 0871 518 0393 578 0132 638 0177 698 0091

TABLE 3.1. Spectral vaiues of absorption coefficient of phytoplankton, normalized
at 440 nm and averaged over all samples taken from the western
North Atlantic (see Chapter One).



88

FIGURE 3.2. Plots of (A) absorption coefficient of phytoplankton at 440 nm (in
m™!), (B) absorption coefficient of detritus at 440 nm (in m™!), and
(C) exponential parameter g (in nm™!), as retrieved from Equation
3.8 wversus observed values. Note that ¢ derived from the model
is compared with ¢; obtained from the exponential fit on the ob-
served spectra of detrital particle. Regression lines were calculated

for untransformed data:
[2p1(440))01c. = 0.0016 + C.96[a;5(440)]ops., 72 = 0.98
[24(440)] cate. = —0.0009 + 1.14[a4(440)]ops.,  7° = 0.80
g2 = —0.0014 4 1.16q;, % =0.73
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3.3.2. Decomposition of the absorption snccira of total particles Each
absorption spectrum of phytoplankton, computel as the difference between total
particle and detritus absorption spectra (Fig. 3.lc), was normalized to its value
at 440 nm. The average valuc for each wavelength is given in Table 3.1 at 2 nm
interval from 400 to 750 nm. Note that the dimensionless values of a;'h()\) thus
obtained are close (r? = 0.97. n = 30) to the comparable curve proposed by Prieur
and Sathyendranath (1981), although they applied a different method to data from
other regions. This result demonstrates the underlying stability in the spectral
shape of absorption by phytoplankton, when a normalized ‘bsorption spectrum is

obtained frora averaging data over various oceanic regimes.

Knowing a,(}), a;'h(z\), and the spectral shape of a4()) as described above,
a non-linear regression. analysis was applied to Equation 3.8 {o retrieve: a,;(440),
a4(440), and ¢». A linearization of Equation 3.8 through logarithmic transformation
was not recommended as it would require assumption of normality in the error
distribution (Seber and Wild 1988), and it would also have reduc;ed the significanc:
of the parameters. For all samples, the model described in Equation 3.8 predicted
spectral variations of total particle absorption successfully. An analysis of variance
on the fitiing process showed a minimum r? value of 0.965, with a mean value of

0.98 (n = 102)\:

In Figure 3.2, the observed and computed values of the parameters are com-
pared. In the case of the exponent, the values obtained from a4(}), g2, are compared
with those obtained from the exponential fit on the observed spectra, q;. All plots
(Fig. 3.2) showed a one-to-one relationship between observed and calculated values,
with an intercept not significantly different from 0. Further, the model can explain
99% and 81% of the variance in the values of a,n(440) and a4(440), respectively
(Fig. 3.2a and b). Greater scatter of the data is observed for the exponent ¢ (Fig.
3.2c). The regression aualysis showed, however, a coefficient of determination, r? =

0.73, still significant at the 0.05 probability level.



FIGURE 3.3. Spectral values of absorption by phytoplankton and detritus com-
puted from the non-linear regression on total particle absorption
spectra and compared with field observations. Station names refer
to tlie sampling schedule, described in Figure 1.1.
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3.3.3. Comparison of computed and observed spectra Based on the com-
puted values of ¢, and a4(440), the spectral variations of a4(A) were reconstructed
for each sampl~, and the absorpiion spectra of phyicplankton were then retrieved
by subtrecting ug(}) from a,(A). Reconstructed spectra are shown in Figure 3.3 for
some representative water masses, together with the observed data. Results are very
satisfactory and shew a good agreement between observed and decomposed spectra
within various environments such as oligotrophic and coastal waters, surface and

deep layers.

In some cases, the observed absorption coefficients of detrital particles were
significantly different from the model estimates, particularly in the blue part of
the spectrum. This observation can be partly explained by the error dist :ibution
in the estimated parameters. Standard relative errors on the first parameter of
Equation 3.5, i.e., a,4(440}, varied from + 0.7% to & 5.9%, with a mean value of +
1.7%. Higher errors in the determination of a,;(440) were observed at depth, below
the euphotic depth. In absolute values, the magnitudes of the error on a,,(440)
were similar to those on a4(440). Thus, in situations were au(440) was several
times less than a,,(440), an insignificant error in the determination of a,;(440)
corld become severe for a4(440). This phenomenon is well illustrated in Figure
3.3, showing a depth variation of detrital and phytoplankton absorption spzctra
in Jordan Basin (Gulf of Maine). From surface to 15 m, corresponding to the
mixed layer, the model underestimates the absorption coefficient of detritus by a
factor up to 3 when compared with observed data. The error on a4(440) decreased
from -+ 27% at the chiorophyll maximum (ca. 22 m) to + 5.7% and £ 2% at
35 m and 50 m, respectively, as the contribution from detritus to total particle
absorption increased. 1In most cases, however, the mean standard error on the
determination of a4(440) remained reasonably low, + 5.5%, and the model was
able to predict accurately the absorption spectrum of phytoplankton in all pelagic

environments which characterize the western North Atlantic. Figure 3.4 shows a
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one-to-one corresponde . e (r? = 0.99, n == 17500 data points) between estimated

and observed values of a,;()) for all stalions.

3.35.4. Decomposition of phytoplankton absorption spectra In Chapter
Two, I have decomposed the absorption spectra of algal cells into several Gaussian
bands, simulating the optical properties of the majcr groups of pi.gmeuts. Using this
approach, I estimated in vivo specific absorption coefficients, a}(}}, for chl-a, -b,
and -c, and carotenoids. The analyses, however, were based on spectrophotometric
determination of pigment concentrations. It is known (Gieskes and Kraay 1983) that
liquid chromatography technique can yield estimates of pigment concentrations that
differ ..gnificantly from spectrophotometric estimates. Therefore, new estimates of

*

a;

(A) for the various pigments were necessary in the present work.

The curve fitting program was used as in Chapter Two, with slight medifi-
cations in the initial values of the parameters ‘o allow a decomposition of each
spectrum into 13 Gaussian bands. Note that only 11 bands were used to repre-
sent absorption spectra of unialgal cultures of species containing either chl-¢ or -b
(Chapter Two). Both types of species are likely to occur in natural phytoplankton
assemblages, and consequeatly, the number of bands corresponding to both chl-¢
and -b should be taken into account in the decomposition analysis. The initial val-
ues of halfwidths (equal to 2 o) and centres of maximuin Gaussian absorption were
taken from Chapter Two (see Table 2.4), as they are the mean values obtained from
cultures of three most important phytoplankton groups (Diatoms, Haptophyceae,

Chlorophyceae).

Figure 3.5 illustrates the process of decomposition applied on absorption spec-
tra of natural phytoplaniton measured at 2 different locations and depths, together
with the fitted curve. In all cases, the convergence criterion, less than 0.1% vari-
ation in the least-square estimales of the parameters, was reached with less than

10 iterations, and the standard deviation of the fitted spectrum was significantly
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2 h (m ) calculated

FIGURE 3.4..

0.20 1 1 —r

v = 0.0009 + 0.94 x

0.15
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0.00 &
000 005 0.10 0.15 0.20

Calculated in vivo spectral absorption coeflicient of phytoplankton
versus observed values for all samples collected in the western North
Atlantic (Chapter One). The coeflicient of determination is r?
0.99, n= 17500 data points.
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FIGURE 3.5. Decomposition of absorption spectra of natural phytoplankton com-
munilies, using the method decribed in Chapter Two. Each absorp-
tion spectrum can be represented by the sum of 13 Gaussian bands,
reflecting the optical properties of various pigments. Variations in
the crror are shown in the lower panel for each spectrum.
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lower than 1% of the band heights at all wavelengths. The relationship between
the height of each Gaussian band and the concentration of ihe pigment assumed

responsible in each case is shown in Figure 3.6.

In all cases, the regressions are significant (P < 0.01, n = 54), with linear fits
that explained more than 75% of the variances. The best fit is observed with chl-a
and its absorption at 675 nm (Fig. 3.6a) as expected, since contributions due to
other pigments are small at this wavelength and this band is the easiest to retrieve.
The correlations between chl-c and its Gaussian absorption at.460 and €43 (Fig.
3.6c) are more significant than with algal cultures (see Chapter Two Fig. 2.3),
probably as a result of a higher efficiency in measuring the concentration of this

pigment with HPLC than with conventional spectrophotometric methods.

Note that the regression analyses have been performed on all bands, except
those at both ends of the spectrum. Although the absorption values of these bands
were normalized to chl-a concentration, their presence could not be linked with
enough confidence to any specific pigment or group of pigments. Also, band 8
has been allocated to chl-c, although it is pointed out, in Chapter Two, that chl-a
could contribute as well to the light absorption in this spectral range of minimum

absorption by phytoplankton.

All regression lines have an intercept not different from 0.. Their slopes con-
stitute an estimation of the specific absorption coefficient, a¥(1), of the pigments
at the respective absorption maxima of the Gaussian bands. The slopes (Fig. 3.6)
are significantly higher than those estimated earlier, in Chapter Two, with algal
cultures, which is in general agreement with differences in the methodology used in
the two studies: HPLC usually gives lower estimates of pigment concentration than

spectrophotometric methods. The differences are not equal for all ihe pigments.
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The specific absorption coefficients of chl-c at three wavelengths of maximum ab-
sorption (Fig. 3.6c) are higher by a factor of 4 when compared with culture values,
whereas this factor is only 1.9 for chl-b.

Table 3.2 shows the estimated Gaussian parameters for the 13 bands, averaged
over all analysed samples. There are hardly any differences between these values and
the initial guesses derived from algal cultures (Chapter Two). This result demon-
strates the robustness of the analysis in which each band was allocated to a specific
group of pigments on the basis of their known absorption properties (Chapter Two).
Differences between the mean values of the specific heights (Gaussian height divided
by the corresponding pigment concentration) thus obtained and those derived from
the slope of the linear fit in Figure 3.6 are associated with the regression analysis
done for & non-zero intercept. The data in Table 3.2 were used with Equ=iion 3.7
to retrieve the spectral varitions of the in vivo specific absorption coefficient of each
pigment in the entire visible range. The result of this operation is illustrated in
Figure 3.7 where the bands for each pigment have been added together to obtain a
continuous spectrum for chl-a, -b, and -¢, and carotenoids. Bands 1 and 13 were not

used in this reconstruction as their affiliation to any pigment remains uncertain.

Values of a}()) for chl-c are unexpectedly high over the entire spectrum, prob-
ably because of a systematic underestimation of its concentration in the water using
the HPLC technique which could not differentiate chl-c3 often abundant in Gulf of
Maine waters (Chapter One). To correct for this effect, an estimation of chl-c; was
made by comparing the surface areas under both chl-c; and -(¢; + ¢2) peaks on
the chromatograms, assuming identical response factors (weight of pigment inject-
ed in HPLC divided by peak area) for both pigments. For all samples used in the
decomposition, chl-cs concentration averaged approximately half that of chl-(¢; +
¢2). This would suggest that the values in Table 3.2 for chl-¢ should be lowered by

a factor of 1.5, to account for chl-c3.
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Maximum Gaussian absorption versus pigme'nt concentrations.
Chlorophylls-a, -b, -¢, and carotenoids have more than one maxi-
mum of light absorption in the entire visible range. The slope of
each regression line (see text) is a measure of the “in vivo” specific
absorption coeflicient of the pigment responsible, at its maximum

abscrption.

Yenia(415) = 0.0002 + 0.018[chl — ],
Yehia (435) = 0.0017 + 0.044[chl — a],
Yehta(675) = 0.0003 + 0.021{chl — q],
Yeniv(460) = 0.0015 + 0.097([chl — b],
Yertp(655) = 0.0006 + 0.019([chl — b],
Yento(460) = 0.0015 + 0.097[chl — ],
Yehic(643) = 0.0005 + 0.037[chl — ¢],
Yearot.(490) = 0.0026 + 0.021[carot.],
Yoaror.(532) = 0.0007 + 0.018[carot.),

r? = 0.82
r? =0.83
r?2 =0.91
r? = 0.81
r? =0.84
r? =0.77
r? =0.83
r? = 0.84

r? =0.81
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Characteristic

Gaussian band number and associated pigment species

4

5

6

~

T 8 9 10 11 12 13
Chl e Chl a Chl-a Chl-c Chl-b Carol Carot Chl-¢ Chl-a Chl-c Chl-b Chl-a Chla
Input Parameters
Halfwidth {nm) 53 8 213 321 27 2 45 0 45 4 45 9 46 3 350 289 24 4 216 335
Center (nm) 384 213 435 461 464 430 532 583 623 644 655 676 700
Qutput paramelers
Halfwidth (nm) 43 2 227 345 263 360 46 8 48 6 46 8 380 249 254 247 280
Center (nm) 3815 40 8 433 5 458 2 466 6 4187 8 5320 585 6 6706 640 7 652 9 675 6 695 8
Specific absorption
coeflicient 6042 0019 0047 0110 0115 0 035 0019 0044 0005 0044 0029 0021 0 002

[m?(mg Pigment)~!]

TABLE 32 Inpat values and mean charactenstics of the Gaussian hauds 1eflec tusg
absorption by chloroplinils (chl-y and caiotenods (cator ) Speahe
ahsoipuion coefficients of each pigment 1s the 1atio of the Ganssian

hand absorption and the HPLC concentiation of thatr pigment
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3.3.5. Estimation of pigment concentrations Values of a}(A) from Figure 3.7
and app(A) resulting from the non-linear regression analysis are now combined in
Equation 3.6 to determine the pigment concentrations. In theory, the computation
requires a system of 4 equations at 4 different wavelengths to solve Equation 3.6 for
4 pigments. Ideally, one would choose wavelengths corresponding to the maximum
absorption by each pigment and negligible activity from each of the others. Absorp-
tion of chl-a at 675 nm is close to that ideal case, although chl-b may significantly
overlap the chl-a absorption band as a result of photoadaptative processes under
low-light environment (Chapter One). Nevertheless, the following calculation has
been conducted using wavelengths selected between 400 and 530 nm, i.e., in a spec-
tral region marked by a strong overlapping of the absorption bands. This choice
was motivated by potential applications of this model to remote-sensing of ocean
colour. In fact, the efficiency of the model was tested using wavelengths at 412, 443,
490, and 520 nm, corresponding approximately to channels of the satellite ocean

colour sensor SeaWIF'S, expected to be launched in 1994.

The concentrations of the four pigments obtained by solving the system of four
equations are compared in Figure 3.8 with the concentrations measured by HPLC.

Tkhe resulting regression lines are:

[Chl — d)cate. = 0.028 + 0.77 [Chl — aops,, 72 =0.97

[Chl = bleate, = 0.042 + 0.65 [Chl — bops, 72 =0.77

[Chl — c|cate. = 0.003 + 1.09 [Chl — cJoss,, 72 =0.92
[Carotenoid)cqic. = 0.026 + 0.83 [Carotenoid],ps., 7 = 0.96

Note that the model is very efficient in retrieving concentrations of chl-c and
carotenoids as shown by a nearly one-to-one correspondence between both vari-
ables. High coefficient of determination is also observed with chl-a. The slope of

the regression line, however, is significantly different from 1. This result can be
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explained by the fact that the spectral variation of the specific absorption coeffi-
cient of phaeophytin, responsible for band 2 in the decomposition of phytoplankton
absorption spectra, is associated in Figure 3.7 to that of chl-a. Thus, the specific
absorption coefficient of chlorophyll-a at 412 nm is overestimated, resulting in a
slight underestimation of the concentration of chl-a from Equation 3.6. The lowest
correlation between observed and calculated values is computed for chl-b, although

the coefficient of determination is still significant at the 0.05 probability level.

3.4 Discussion

3.4.1. Specific absorption coefficient of pigments In the blue part of the
spectrum, absorption per unit of pigment is dominated by accessory chlorophylls
(Fig. 3.7), with chl-b being more efficient than chl-¢ (after correction for chl-c;)
and -a, respactively. This arrangement can also be observed on absorption spec-
tra of chlorophylls extracted in acetone (Prézelin 1981). Further comparisons with
the latter study become, however, difficult because of the changes that can occur
in the optical properties of individual pigments when freed from their molecular
environment (Larkum and Barrett 1983). More recently, two attempts have been
made to obtain in vivo specific absorption coefficients of individual pigments. A-
mong them, Bidigare et al. (1987) observed higher specific absorption by chl-c in
the blue region. Their results, however, are based on many assumptions which were
necessary to combine results from different laboratory studies on unialgal cultures.
Sathyendranath et al. (1987) used a multiple regression analysis to decompose ihe
absorption spectra of phytoplankton into § different groups of pigments, but did
not obtain satisfactory results due to correlation between the pigments. Apart from
these works, literature data refer only to an “apparent” in vivo specific absorption
coefficient of phytoplankton, usually estimated from the normalization of the ah-

sorption coefficient to chl-a concentration. In the blue maximum at 440 nm, these
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values vary by a factor of 3, ranging from 0.03 to 0.09 m%(mg Chl- a) ™!, with unial-
gal cultures and natural assemblagcs (Mitchell and Kiefer 1988, see also Fig. 1.1).
This range includes the “true” specific absorption coefficient of chl-a, 0.044 m?(mg
Chl-a)™?, obtained in this study (Table 3.2). In the red, a value of 0.021 m?(mg
Chl-a)~! was found at the maximum =hsorption of chl-a, practically not influenced
by tue absorbing properties of other pigments. This value corresponds well with
other data on cultures reported by Maske and Haardt (1987) and on natural sam-
ples from the Sargasso Sea and the upwelling area off Peru (Bricaud and Stramski

1990).

At longer wavelengths, chl-b and -c present slightly higher specific absorption
coefficients than chl-a (Fig. 3.7). This is rather surprising since earlier results on
spectra of light-harvesting complexes show low absorption properties of accessory
chlorophylls compared to that of chl-a in this wavelength region. It is likely that at
these wavelengths of lower absorption the data are affected significantly by other
pigments not accounted for in the present analysis. According to Chapwer Two, an
increase in absorption around 590 nm can be partitioned into contributjons by chl-¢
and -a. This would then reduce the absorption by chl-¢ in the region between 550
and 650 nm. Another important factor to consider is the effect of phycobiliproteins,
specific water-soluble pigments usually indicating the presence of cyanobacteria (e.g.
Synechococcus) in the water column. Although no evidence of a large amount of
these pigments are noticeable from the absorption spectra, their presence cannot be
ruled out. Phycobiliproteins are mainly composed of phycocyanin with absorption
maxima at 620 and 650 nm, and phycoerythrin with maximum around 550 nm
(Wood 1985). Accounting for these pigments in the decomposition would reduce
even more the absorption by chl-¢ at these wavelengths, and also that attributed
to chl-b at 650 nm. Carotenoids have the lowest specific absorption coefficient (Fig.
3.7), but extend their activity from 400 to nearly 600 nm, partially filling the window
left by chlorophylls in the green region of the spectrum.
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Station ID Intercept Siope r? data points

Georges Bank

G —0.0051 1.40 0.98 528

H —0.0035 1.42 0.97 528
Gulf of Maine

1 -0.0015 1.06 0.99 880

F —-0.0004 1.00 0.99 1056

E -0.001 1.03 0.97 1056
Slepe waters

C 0.0003 .96 0.95 880
Sargasso Sea

D 0.0003 1.03 0.99 704

TABLE 3.3. Results from regression analyses between observed absorption spec-
tra of phytoplankton and spectra reconstructed from the knowledge
of the specific absorption coefficients of various pigments and the

concentrations of these pigments.
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3.4.2. Particle size effect To validate the technique of spectral decomposition,
values of a}()) were combined with measured pigment concentrations to reconstruct
spectral variations of absorption by phytoplankton, a,i()), using Equation 3.6.
This operation was executed on 33 samples distributed among seve1 statious in the

western North Atlantic.

Regression analyses relating observed and reconstructed spectra are shown in
Table 3.3 where data have been regrouped for each station. The identification of
the stations refers to the cruise sampling schedule described in Chapter One. In
all cases, a linear fit to the data explained more than 95% of the variance, with an
intercept of the regression lines not different from 0. Differences, however, occurred
among the slope values of the regression lines from different regions. At 5 stations
within stratified waters of the Gulf of Maine and Sargasso Sea, the slopes were not
different from unity, illustrating a one-to-one correspondence between observed and
calculated spectra. At stations G and H on Georges Bank, slopes were greater than
one, denoting an overestimation of the absorption coefficient of plllytoplankton using
the technique of spectral decomposition. The reconstructed spectra are coonpared
with measured spectra in Figure 3.9, which shows a close relationship between
both observed and calculated spectra in the Gulf of maine and Sargasso Sea. Over
Georges Bank, discrepancies between spectra increase at wavelengths of maximum
absorption. This pattern is typically of a particle size effect as described by Duysens
(1958).

I this study, absorption spectra were not corrected for changes in the particle
size distribution within different water masses, to facilitate applications of this bio-
optical model in remote sensing. As a result, Gaussian parameters and specific
absorption coefficients of pigments in Table 3.2 are representative of an oceanic
environment in which organisms with a size range between, say, Prochlorophytes
and Coccolithophoridae dominate in the water column, as in stratified waters of

the Gulf of Maine and in the open ocean (Chapter One). In Georges Bank waters,
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FIGURE 3.9. Comparison of reconstructed absorption spectra of phytoplankton
from Equation 3.6 and observed specira taken from different loca-
tions and depths in the western North Atlantic (Chapter One). The
significant differences between both spectra in the region of Georges
Bank are explained in terms of particle effect.
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larger diatoms are abundant (Cura 1987), and are responsible for a particle size
distribution significantly different from that in surrounding waters (Kepkay et al.
1990). Consequently, a different set of parameters and coefficients are required
to apply the model in areas with an abundant community of large phytoplankton
cells. The coeflicients for Georges Bank are listed in Table 3.4. These are derived
from deccmposition of 9 absorption spectra of phytoplankton collected in Georges
Bank waters. As expected, centres and halfwidths of the Gaussian bands are not
different from those in Table 3.2, but the specific Gaussian heights are lower in
spectral regions of high absorption. Ratios of specific band heights between both
Tables 3.2 and 3.4 average 0.69 for bands 1 to 5, 0.96 for bands 6 to 10, and 0.76 for
bands 11 and 12. These values can be considered as measures of flattening effect

on communities of large cells, compared to those of nanoplankton.

3.4.3. Absorption by detrital particles The absorption of light by detritus is
spectrally featureless (Iturriaga and Siegel 1989), apart from a mc=otonous increase
toward short wavelengths. Morrow et al. (1989), using the filter technique (but no
solvent extraction), presented a typical absorption spectra of material collected at
depth in the water column where particulate matter was essentially made up of phy-
toplankton breakdown products, including phaeopigments. Similar spectral shapes
of absorption by detritus was observed by Iturriaga and Siegel (1989), using a diffe--
ent technique. The method of Kishino et al. (1985) implies, however, the extraction
of all photosynthetic pigments (except phycobiliproteins) as well as phaeopigments
that are contained in the material collected on filters. Thus, the term “detritus”
refers, in this case, to material without phaeopigment, whose maximum absorp-
tion is typically around 410 nm. A minimum absorption observed sometimes at
this wavelength in a4()) spectra, as mentionned earlier, represents then an indica-
tion of the presence of phaeopigment in the water sample. When the amount of
phaeopigment is significantly high compared to chlorophyll-a, a correction factor

becomes necessary to ratrieve spectrum of total detrital particles from the method



Gaussian parameters

Gaussian band number and associated pigment species

1 2 3 4 5 6 7 8 9 10 11 12 13
Chlla Chl-a Chl-a  Chlle Chl-b Carot. Carot. Chl-e Chl.a Chl-¢ Chl-h  Chl-a Chl-a
Halfwidth (nm) 43.7 21.8 32.8 28.2 31.8 46.6 50.3 46.4 40.1 28.5 23.4 25.6 34.0
Center (nm) 382.3 411.8 435.2 462.8 466.2 489.3 535.6 586.1 621.6 640.7 653.0 675.7 700.2
Specific absorption
coefficient 0.029 0.013 0.031 0.081 0.074 0.029 0.018 0.044 0.005 0.039  0.020 0.017 0.002

[m?(mg Pigment)~']

TABLE 3.4. Aean characteristics of the gaussian bands and specific absorption
coefficients of chil-a. -b. -c. and carotenoids for Georges Bauk waters,
where the phytoplankton comnmnity 1s dominated by large Diatoms.
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of Kishino et al. (1985). In addition, absorption spectra due to solvent-extracted
material may contain phycobiliprotein pigments affecting ‘he absorption by detritus
at wavelengths ranging from 550 to 630 nm. Bio-optical models such as the one
presented in this work become then particularly important to avoid these problems
using an exponential parametrization of absorption by detritus which adequately

fit observed data.

3.5 Conclusions

The present analysis demonstrates clearly that the concentrations of various
phytoplankton pigments can be determined from a knowledge of the absorption
spectra of total particles. The spectral shape of light absorption by detritus has
been well defined such that its differentiation from total particle absorption only
requires an averaged and normalized absorption spectrum of phytoplankton, typi-
cally representative of a wide variety of water masses. The non-linear model used to
distinguish contributions due to detritus and phytoplankton can explain more than
96% of the variance in observed data from all provinces and depths encountered in

the western North Atlantic.

The model presented here has another important application, that of retriev-
ing accessory pigments such as chlorophyll-¢, -b, and carotenoids, in addition of
chlorophyll-a. The decomposition of phytoplankton absorption spectra into Gaus-
sian bands has been applied successfully with natural communities of phytoplankton
and HPLC data to obtain specific coefficients of absorption for each pigment, in-
dependently of the structure of the phytoplankton community present in the water
column. The model is robust as shown by the effective reconstruction of absorption
spectra by phytoplankton, using these coefficients. However, disregarding the size
distribution of the cells in the water column limits the utilization of the specific

absorption coefficients for the pigments, although it is possible to correct the values
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between one phytoplankton community to another, by accounting for the flattening

factor.

With the increasing interest in measuring the in vivo light absorption by to-
tal particulate matter in marine waters, this work opens the possibility to retrieve
speciral variations of light absorption by phytoplankton, detritus and the concen-
tration of major phytoplankton piginents from these data. Also, this model can
stand as a tool to interpret data on total photon absorption by seawater which
is estimated from downwelling and upwelling irradiance measurements (Prieur and
Sathyendranath 1981), or from remotely-sensed reflectance of seawater (Gordon and

Morel 1983), if there is additional information on backscattering.



Summary and Conclusions

Although the amount of light scattered out of the oceans represents an impor-
tant variable in the domain of satellite oceanography, its proportion relative to the
light entering the sea is very low, usually less than 5% (Morel and Prieur 1977).
Therefore, the majority of photons eventually vanish in the water column through
the process of absorption by water, dissolved organic substances, and pigmented
particulate matter. In this thesis, I have addressed the importance of phytoplank-
ton in the absorption of light in marine waters, and further emphasized the role of
accessory pigments in controlling variability in the specific absorption coeflicient of

phytoplankton.

In Chapter One, significant fluctuations of some optical properties attributed
to particulate matter were presented for the western North Atlantic. Phytoplankton
and co-varying material appear to be the major factor affecting the beam attenua-
tion coeflicient, through changes in species composition and pigment concentration,
and through photoadaptation. On the other hand, a combination of detailed pig-
ment analyses and measurements of spectral absorption by phytoplankton suggested
a regional distribution in these optical properties, closely related to the structure

of the phytoplankton community.

Besides the flattening effect reported by Yentsch and Phinney (1989) as the
major contributor to changes in the specific absorption coefficient of phytoplankton
at 440 nm, the results obtained in Chapter One indicate the influence of other
pigments co-existing with chl-a in each cell. For instance, the presence of chl-
b in Prochlorophytes, abundant in open-ocean waters, likely enhanced the light
absorption by phytoplankton in the blue range, when compared with absorption in

coastal waters dominated by Prymnesiophytes and Diatoms.

115
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Change: in the shape of spectral absorption by phytoplankton adhered to a
similar regional division. Indeed, fucoxanthin-to-chl-a ratio increased from open-
ocean Sargasso Sea waters to the highly productive area over Georges Bank. This
accounts for the drastic changes in the ratio of light absorption at 550 nm and at
440 nm by phytoplankton. Such a result opens the possibility of differentiating
between taxonomic groups of phytoplankton, using changes in the shape of their

absorption spectra.

In Chapter Two, the parametrization of the in vivo specific absorption coeffi-
cient of phytoplankton was investigated through the development of a simple model,
which accounted for the absorbing properties of individual pigments. A similar idea
was developed by Bidigare et al. (1987) to retrieve primary préduction in marine
waters, using a bio-optical model. In this latter study, however, some of the spe-
cific absorption coefficients of individual pigments were obtained from spectra of
extracted pigments (Mann and Myers 1968), which were supposedly corrected for
different effects due to solvent extraction. Some other values of specific absorption
by individual pigments were taken directly from the absorbing properties of isolated
light-harvesting complexes (Bidigare et al. 1987). According to Larkum and Barrett
(1983), the effects of these operations (extraction and isolation of pigment-protein
complexes) on the “in vivo” optical properties of pigments are difficult to assess and
vary with species. This observation limits then the general applicability of methods
such as the one described by Bidigare et al. (1987). The model presented here has
the advantage of preserving the “in vivo” optical properties of the pigments, whose

absorption bands are approximated by a Gaussian spectral distribution.

In vivo absorption spectra of several phytoplankton species were successful-
ly decomposed into eleven Gaussian bands, after correction for the particle effect.
These bauds reflected adequately the specific absorption of 4 pigments: chl-a, -b,
-¢, and the group of carotenoids. The results showed that chl-b can contribute sig-

nificantly to the absorption by phytoplankton at 440 nm, confirming observations
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in Chapter One. Also, the relationship between Gaussian band absorption and
pigment concentrations were not affected by phytoplankton species, such that a u-
nique set of specific absorption coefficients were computed for the 4 pigments. These
coeflicients allowed retrieval of the in vivo absorption spectrum of a multi-species
sample, from the knowledge of pigment concentrations alone. This represents an
improvement in the computation of the specific absorption coefficient of [ hytoplank-
ton, which is often computed with respect to chl-a, and, hence, does not include
the effect of the other pigments explicitly. In addition, the method proposed in this
chapter offers the possibility to estimate the absorption of light by phytoplankton

without direct measurements of the detrital component.

In Chapter Three, the contributions due to detrital particles and phytoplankton
to the total light absorption was retrieved efficiently by non-linear regression on the
absorption spectra of total particulate matter. The model, described in Chapter
Two, was then used with the resulting absorption spectra of phytoplankton to
demonstrate that the concentrations of various phytonlankion pigments can be
determined from the absorption spectra of total particles alone. More than 76% of
the variance in the pigment concentrations over the western North Atlantic were
explained through this analysis. However, the results showed that ignoring the
size distribution of particles in the water limits the use of the specific absorption
coefficients estimated for each pigments to restricted oceanic areas, unless some kind
of flattening factor can be determined for regions with phytoplankton of different
sizes. Nevertheless, with increasing development of new techniques to measure the
absorption coeflicient of seawater (Zaneveld et al. 1988), the model presented here
will be of direct application in estimating the major photosynthetic pigments present

in the water, from in situ optical measurements.

Following a similar developm:nt, the model presented in this thesis could find

an important application in remot. sensing of ocean colour. The radiance signal



118

from seawater detected by the remote sensor depends on the reflectance of seawa-
ter, which, in turn, can be expressed in terms of some inherent optical properties
(Gordon and Morel 1983). At this point, it is common practice to assume that 1)
only water and phytoplankton can affect the reflectance of seawater, and 2) only
chl-e (or chl-a and phaeophytin-a), and substances that covary with it, can affect
the optical properties of phytoplankton at the wavelengths detected by the sensor.
Wit 1 additional knowledge about the backscattering coefficient of seawater, one
car. use a bio-optical model, such as the one presented in this thesis, to partition
the reflectance signal into optical properties of the main constituents in seawater,
including detrital particles and phytoplankton. In addition, the model can be used
to improve retrieval of chlorophyll-a from ocean colour data, and to estimate oth-
er phytoplankton pigments that are representative of the major taxonomic groups
of phytoplankton. However, further improvements of the method presented here
to include the effects of yellow substances and other auxiliary pigments such as

phycobilins, remain to be investigated.



APPENDIX

Decomposition of absorption spectra:
sensitivity to changes in the initial values

of the Gaussian parameters.
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The decomposition of absorption spectia is aclieved by a non-linear curve fit-
fing procedure in which the sum of a number of Gaussian distributions is made
to matel the spectral distribution of the absorption coefficient of phytoplaukton,
Tuitial estimates of the parameters of the Gaussian bands ave hased on visnal ispee-
tion of the total absorption spectrum. The computation proceeds then by iterations.
haring which the gaussian parameters of cach hand ave modified to minimize the

crror bhetween the caleulated and observed spectri.

The clianges i cach parameter ave limited according to some specific conditions
nuplemented i the mocel {described in Chapter Two). These specifications shiould
allow some Hexibility regarding the choiee of the initial values of the parameters. In
the following analyses, the effect of variations in the initial parameters on the final

Gausstin paracters and the 1esidual fitting error 1 mouitored.

Sensitivity to changes in one paramcter of one band.

Changing hand centers and halfwidths by £ Snm. or heights by 4 L wm™'. for
one band hag Little effect on the final result. 1 e no changes arve observed i the
residual errors after o maximum muber of 20 iterations. awd the variations i the
output parameters for cach band ave less thau £ 10%. i the case of heights aud
Balfwidths, and £ 0.05% for baund centers.  An exception. however. is observed
with band 2, which shows a £ 16% change in height when the initial value of its
haltwidth 1s meveased by § mm (Table A1) Similarly. changing mitial values of
centers and halfwidths by 4 10 v, or heights by 4 2 ™" only slightly inereases
the ehanges e the ontput values. and agaiu the maximun change ocenrs 1wy the
height of Dand 2 (> 30%) as its initial halfwidtl is ncreased by 10 wm (Lable A1)
Such a variation in band 2 height takes place without subsequent increase m the
residual error, and therefore can be significant in the sense that an exrvor of 30% is
higher than the standard crror (£ 17.4%) obtained for the estimate of the specific
absorption coeflicient of Clil-¢ at the wavelength of maxinuun absorption for haud

2. In all the other cases (this analysis was made on 4 bands). & siguificant change



i one parameter always induces an crease in the residual errov, when compared
with the initial 11 The effect of such variations in the mitinl values is redueed

wlien the nmmber of iterations i the main calculation is increased.

Sensitivity to simultaneous and similar changes in all bands. Figure ALl
shows the variations in the output values of cach parameter after shifting the contel
of all bands hy 1 to 10 mn towards higher wavelengths  Higher wavelength hands
remain rather stable and insensitive to chianges in the itial values of hawd eenters,
I the short-wave part of the spectium. differences i seusitivity ocenr hetwoeen
bands, with bands 1. 3. and 6 presenting no significant vaviations o the ontpud
values after changiug all baud centers by ca. 5, whercas hands 2, 4 and § reacl
more rapicdly to a shift in band centers. Noteo however, that significant ehimges
occurring in just a few of the output hand pavimeters fead o an nercase i the
residual ertor. Increasing the nwumber of iterations in the cueve ftting process

reduces the differences in the ontput.

When all the input band centers are changed by more than 8 i (Ihyg, AL,
variations ia the output heights and halfwidihs, as well as the residual ervor. drop
cousiderably. [ parallel, however, a significant change oceurs in thie hand positions
1, 2, and 4 (c.p.. band 2. nitially centered at ca. 412 mm. is shiffed to 438 mn), In
this case, although the variation i the curve fitting crror wheu compared with the
mitial rua is minimum. the nitial configuration of the hawds velative to the position
of peaks and shoulders in the total spectinuy is alteveds with some handds hecoming

confused with the next one.

Fignre A.2 shows the resudts of a similar analysis after elionging the inifial
8 \ 5

values of haifwidths for all hands by L to 10 mw. The outpnt is similar for all
hands, and show a significant departure from the mitial vesults after o change in

halfwidths of 3 or 4 . This is also trae for the residual errvor, In niost eises,



Variations in the mitial Variations in the output values
I

values of Band 2 parameters of all b 1ds parameters

Clenter £5nm

Hal{width +3am

Heuwght
0.3%
(0.0-1.9%)

1.3%
(0.0-15.2%)

Center
0.0%
(0.0-0.2%)

0.03%
(0.0-0.3%)

Halfwidlh
0.40/0
(0.0-2.29%)

N.78%

(0.0-4.5%)

Center £10n

Halfwidth £ 10nm

2.1%
(0.0-10.9%)

2.41%
(0.0-31.1%)

0.07%
(0.0-0.5%)

0.04%
(0.0-0 3%)

1.74%
(0 0-10.2%)

1.45(7‘;
(0 0-11.6%)

Height £ LOom™!

Height £ 2.0m™!

0.75%
(0.0-7.3%)

1.48%
(0.0-15.8%)

0.0%
(0.0-0.2%)

0.05%
(0.0-0.4%)

0.34%
(0.0-1.5%,)

0.73%
(0.0-6.2%)

TABLE A.1. Average and range of Y% variation compared with the original output
5 & g

value, of Gaussian parameters. when the initial values of Baud 2

parameters are changed. All computations were run for a maxinnum

of 20 iterations.



differences in the residual ervor. as well as in the ontput values of the parametors,

can be reduced by creasing the number of iterations.

~



FIGURE A.1 Percentage variations in the output values of Gaussian band param-
eters and residual errors in the curve fitting, when the initial mput
values of all baud centers were varied by 1 to 10 ni. The percentage
variations are all computed with respect to the results obtained with
the initial values deseribed in Chapter Two. All computations were
run for a maximum of 20 iterations.
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FIGURE A.2. Percentage variations in the output values of Gaussian band parame-
ters and residual errors in curve fitting, when the initial input values
of all band halfwidilhs were varied by 1 to 10 nm. All computations
were run for a maximum of 20 iterations.
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