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PREFACE

Biological processes in the oceans play a crucial role in regulating the fluxes of
many important elements such as carbon, nitrogen, sulfur, oxygen, phosphorus, and
silicon. As we come to the end of the 20th century, oceanographers have increasingly
focussed on how these elements are cycled within the ocean, the interdependencies of these
cycles, and the effect of the cycle on the composition of the earth’s atmosphere and
climate. Many techniques and tools have been developed or adapted over the past decade
to help in this effort. These include satellite sensors of upper ocean phytoplankton
distributions, flow cytometry, molecular biological probes, sophisticated moored and
shipboard instrumentation, and vastly increased numerical modeling capabilities.

This volume is the result of the 37th Brookhaven Symposium in Biology, in which
a wide spectrum of oceanographers, chemists, biologists, and modelers discussed the
progress in understanding the role of primary producers in biogeochemical cycles. The
symposium is dedicated to Dr. Richard W. Eppley, an intellectual giant in biological
oceanography, who inspired a generation of scientists to delve into problems of
understanding biogeochemical cycles in the sea.

We gratefully acknowledge support from the U.S. Department of Energy, the
National Aeronautics and Space Administration, the National Science Foundation, the
National Oceanic and Atmospheric Administration, the Electric Power Research Institute,
and the Environmental Protection Agency. Special thanks to Claire Lamberti for her help
in producing this volume.

Symposium Committee

Paul Falkowski, Chairman
Robert Bidigare

Sally Chisholm

Dale Kiefer

Sharon Smith
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TOWARD UNDERSTANDING THE ROLES OF PHYTOPLANKTON
IN BIOGEOCHEMICAL CYCLES: PERSONAL NOTES

Richard W. Eppley

1969 Loring Street
San Diego, CA 92109

INTRODUCTION

This is a collection of remembrances of those who whetted my interest in
biogeochemical cycles in my formative years of the 1960s and 1970s. I used to ask myself
"How can anyone justify earning a living by studying phytoplankton?" Colleagues kept
pointing out that phytoplankton production for fish food was not a suitable justification.
The links between phytoplankton production and fish harvest, at least for local fisheries,
were not obvious. In search of more compelling reasons I began to lean on the role of
phytoplankton in C and N cycling as justification and to learn, especially from geochemists
and micropaleontologists, of the great importance of phytoplankton for all of us for all
time.

The people and events described are more or less in chronological order rather than
by subject matter. This order will lead to some awkwardness for the reader as will the
personal nature of this account. This is not intended to be a scientific report but rather
portions of a personal history. The pathway described starts in the fall of 1963 with my
arrival at the Scripps Institution of Oceanography (Scripps) and ends with the global
estimate of new production that Bruce Peterson and I reported in 1979 (Eppley and
Peterson, 1979).

EARLY DAYS IN THE FOOD CHAIN RESEARCH GROUP

Oceanography grew quickly in the early 1960s, resulting in the importation of many
people from elsewhere into the field; for example, I had studied seaweed physiology with
L. R. Blinks at Stanford’s Hopkins Marine Station. The rapid growth of research funds
stopped in 1968 when Congress passed the Mansfield Amendment, an act that restricted
the funding of academic oceanography by the so-called "mission agencies” of the U. S.
government. Meanwhile, in 1962, Luigi Provasoli invited me to one of the AIBS
workshops on marine biology when the Soviet invitee was unable to attend. The workshop
included the leading phytoplankton researchers of that time: E. Steemann Nielsen, T.
Braarud, G. E. Hutchinson, G. A. Riley, G. E. Fogg, M. R. Droop, R. A. Vollenweider,
J. H. Ryther, and John Strickland. As the junior researcher in the group, I listened a



great deal and said very little in the discussion that was recorded and edited by C. H.
Oppenheimer (1966).

John D, H. Strickland

John Strickland came to Scripps from Nanaimo, British Columbia, in summer 1963
to organize the Food Chain Research Group (FCRG). The FCRG was funded largely by
the Atomic Energy Commission and was modeled after the Ketchum-Ryther-Menzel-
Yentsch-Guillard group at the Woods Hole Oceanographic Institution (WHOI),
Massachusetts. I was delighted that Strickland hired me as a specialist in phytoplankton
physiology, with emphasis on one of his many interests, growth kinetics. My work started
with first measuring nitrate with cadmium reduction columns (after Grasshof), and then
assessing the extracellular release of photoassimilated carbon during photosynthesis.
Strickland organized cruises to the Peru upwelling region, initiated the Scripps "deep tank"
experiments, and stimulated a rebirth of plankton dynamics studies at Scripps. The deep
tank enclosure experiments emphasized budgets for the added nutrients and the fate of
photosynthetic carbon, as Strickland and Tim Parsons had done earlier in the giant plastic
bag experiments at Nanaimo. The work was a marvelous introduction to a career in
phytoplankton-nutrient relationships. Moreover, Strickland, by providing both the
intellectual and executive leadership of the group, was an inspiring role model.

Besides nutrient budgets for the deep tank experiments, Strickland’s interest in
nitrogen also led to papers on nitrification and the subsurface nitrite maxima off Peru, with
colleague A. F. Carlucci and M. Fiadero, a student at Scripps, and on hydroxylamine in
seawater with Lucia Solorzano (Strickland, 1972).

Strickland’s early use of the autoanalyzer for continuous nutrient measurements,
both in depth-profiling and underway mapping modes, introduced me to mesoscale
oceanography. Earlier, while at Nanaimo, he had considered aerial color photography as
a means to assess the spatial distribution of phytoplankton blooms on scales of kilometers.
Strickland would have been delighted with the satellite ocean color images that became
available in the 1980s and with the trace metal ’clean’ techniques that have allowed John
Martin and others to look into the role of iron in phytoplankton ecology.

John H. Ryther

John Ryther led the group at WHOI that provided the model for the FCRG. In the
late 1950s and early 1960s, he was the intellectual leader of phytoplankton physiology in
the United States. Nearly all his papers of that period were seminal for me, especially his
broad-brush syntheses on global ocean photosynthesis and the importance of
photosynthesis-irradiance (P-I) curves. One of his calculations, on the time required for
ocean photosynthesis to produce as much oxygen as was present in the earth’s atmosphere,
was the first in my experience to imply that phytoplankton physiologists might contribute
to understanding global-scale biogeochemistry.

Robert W. Holmes

Bob Holmes and I shared an office and a laboratory in the early years of the
FCRG. An American student of Trygve Braarud, University of Oslo (like Ted Smayda),
Holmes was my only colleague in phytoplankton at Scripps with formal training in
biological oceanography and a knowledge of its historical literature. Eystein Paasche
visited the FCRG for a year and shared an office with us. Holmes, Paasche, and
Strickland introduced me to the papers of Gran and Braarud, G. A. Riley, and Harvey,
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Atkins and Cooper of the Plymouth school. I knew of Steemann Nielsen’s work on ocean
photosynthesis earlier, but only Strickland had a complete file of his reprints. (I did not
learn much about the earlier Kiel School under Hensen, then Brandt, or of Nathanson’s
contributions to the nitrogen cycle until years later. Eric Mill’s recent book (Mills, 1989)
on the history of biological oceanography before 1960 gives a full account.)

Holmes also introduced me to the "austausch coefficient” in the continuity equation.
We discussed vertical mixing and stratification, especially with respect to Talling’s (lakes)
and Steemann Nielsen’s (oceans) P-I curves, which provided a biological time scale for
the duration of stratification through the changes in Talling’s I, parameter (a measure of
light saturation for photosynthesis) and its depth variability with changes with seasonal
stratification. Strickland also did studies of photosynthesis and growth as functions of
irradiance that were part of the discussions. As a result, I measured P-I relationships
(crudely by today’s standards) as well as nitrate on the first FCRG cruise to Peru, where
we saw marked contrasts in the variation of I, with depth in mixed vs. stratified waters,
as Nielsen had reported. The recognition of the contrast in photosynthetic light curves
between mixed and stratified waters was essential for my later understanding of the
seasonal, regional, and episodic differences in the proportions of new and regenerated
production.

Theodore mayd

Ted Smayda’s papers on the measurement of sinking rates of phytoplankton cells
from cultures (summarized in Smayda, 1970) stimulated Holmes and me to try using Carl
Lorenzen’s (1966) in vivo chlorophyll fluorescence method to measure sinking rates.
Holmes established an extensive culture collection of phytoplankton that provided our
experimental material. The collection relied heavily on Robert Guillard (WHOI) and Luigi
Provasoli (Haskins Laboratory, New York) for many species, but there were a few local
isolates in the collection as well. Besides the phytoplankton in the culture collection, we
also measured sinking rates of copepod fecal pellets, provided by Gus Paffenhofer who
was visiting in the group. Learning seems to be easier from first-hand observation than
from books. Thus, it was brought home to me what many others already knew:
individual phytoplankton cells do not sink fast enough to be major carriers of material to
depth. Our aggregates of diatoms sank a bit faster than individual cells, but the fecal
pellets sank fastest. However, about that time, both Tim Parsons and John Steele
independently published reports of coastal spring blooms of diatoms sinking en mass to the
sea floor. It seemed unlikely to me then that this finding was important for the open sea -
How times change (Peinert et al., 1989).

NITROGEN CYCLING, NEW AND REGENERATED PRODUCTION

Richard C. Dugdale

My interest in nitrogen began under Strickland, but it was greatly stimulated by
Dick Dugdale’s hypothesis that nutrient uptake kinetics might play a major role in
regulating phytoplankton production (Dugdale, 1967). I first met Dugdale when he visited
the FCRG in the late 1960s to see John Strickland about using autoanalyzer methods of
nutrient analyses, including underway mapping. F. A. J. Armstrong and Strickland, with
Solorzano, had already published on the use of such systems with interesting results.
Dugdale’s classic papers on the significance of nutrient uptake kinetics for phytoplankton
ecology (Dugdale, 1967), and, with John Goering, on new and regenerated production and



the "*N methodology (Dugdale and Goering, 1967) became major inspirations for the rest
of my career.

The first paper (Dugdale, 1967) was largely theoretical, so with the analytical
methods available in the FCRG and our culture collection, it was possible to see if
Michaelis-Menten enzyme kinetics actually held for nitrate and ammonium uptake of
phytoplankton cultures (they did).

m M h

Meanwhile, in the summer of 1968, Jim McCarthy, an FCRG student, took
Dugdale’s phytoplankton ecology course at Friday Harbor. McCarthy returned to Scripps
and the FCRG full of enthusiasm and insisted upon setting up the technology for >N work
in my laboratory. Theodore Enns, a laboratory neighbor, offered his homemade mass
spectrometer for the work, and McCarthy was off and running. Before he left with his
new Ph.D., he taught the technology to Ed Renger, my partner since 1970. Thanks to
Renger, and later to Glen Harrison, the methodology became an integral part of the work
in our laboratory. McCarthy’s thesis was on urea, one of the recycled forms of N used
by many phytoplankters. He found urea only in surface waters, providing us with a clue
as to where regeneration was likely to be most intense. In 1969, Dugdale invited
McCarthy and me to join him on one of his early cruises to Peru, where McCarthy
measured urea and I assayed nitrate reductase activity. Dick Barber, John Goering, Ted
Packard, Jane Maclsaac, Lou Hobson, and Dolores Blasco, representing several U.S.
oceanographic institutions, were our shipmates. Later Paul Falkowski, then a graduate
student at the University of British Columbia, read the nitrate reductase papers and came
to Scripps to talk about assaying phytoplankton enzymes.

W. Glen Harrison

Glen Harrison initially came to the FCRG because of our shared interest in the use
of nitrate by migrating dinoflagellates and to work in the CEPEX program (originally the
Controlled Ecosystem Pollution Experiment) led by Dave Menzel of Skidaway Institute of
Oceanography. The CEPEX bag (mesocosm enclosure) experiments provided opportunity
to assess new and regenerated production in a confined, but rather large volume, and to
compare sedimentation of particulate nitrogen with added inorganic N (Parsons et al.,
1977), i.e., new production vs. export.

OCEAN PHOTOSYNTHESIS AND THE CARBON CYCLE

Peter M. Williams

Pete Williams came to the FCRG in 1963 to be the group chemist. His continuing
interest in dissolved organic carbon, the carbon cycle, and in isotope geochemistry made
him an important resource from the beginning (for example, when in 1963 Strickland
assigned me the job of evaluating the release of DOC in phytoplankton cultures). One of
the seminal events in my career was reading, at Williams’ suggestion, W. S. Broecker’s
Chemical Oceanography, where in an early chapter, he provided global ocean estimates
of vertical fluxes, including that of biogenic carbon from the surface to the ocean interior
(Broecker, 1974). At about the same time, I read G. A. Riley’s famous flux paper on
oxygen, phosphate, and nitrate in the Atlantic (Riley, 1951) and began to think of the
FCRG’s work in the central North Pacific and the Southern California Bight in a larger
context.
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ENTER SEDIMENT TRAPPING

hn H, Martin and George A, Knaue

Buoyed by the budding recognition that nitrate, its assimilation, nitrate reductase
activity and photosynthetic new production were probably important to the sinking of
organic particles out of the euphotic zone, and that this was a topic of wide interest, I
began to read more widely (not widely enough, of course, but widely relative to the
limited scope of the previous work). A close friend, Carl Lorenzen at the University of
Washington, used sediment traps to study the fate of photosynthetic pigments and found
that much was carried as chlorophyll degradation products in fecal material. S. Honjo at
WHOI published a seminal paper on fecal pellets as agents of transport (Honjo, 1978).
A paper that I read earlier, during the phytoplankton sinking rate experiments, reporting
the rapid transport of particle active radionuclides to the ocean floor, apparently via fecal
pellets (Osterburg et al., 1963) was brought to my attention. However, the first paper
I read on sediment trap fluxes of particulate organic C and N near the base of the euphotic
zone and in the open ocean was by Martin et al. (1979). I was so enthusiastic about it that
I sent a letter to Martin in July 1978 that included the following:

Some free time finally appeared and I got a chance to read
your lovely flux paper. Two of the numbers generated here serve
as an independent check of your flux measurements for N. The
first is that the vertical eddy diffusion of nitrate provides 35-40%
of the nitrogen assimilated by phytoplankton in the local coastal
waters. This agrees with your N flux of 39% at 50m for coastal
upwelling...viz., what comes up must go down.

Your open ocean sampling in the gyre can also be checked
against our data. Your 75m sample might be in the euphotic zone,
and hence contaminated a bit by wandering phytoplankton, so
10-15% of N production might be a good estimate of sinking at the
bottom of the euphotic zone...

Your flux measurements are precisely the information
needed here to draw up budgets of N & P for the euphotic zone in
our work areas...

("Our data" refers to data in Eppley et al., 1979. "The gyre" refers to the central
gyre of the North Pacific. Our work areas were coastal southern California and the North
Pacific gyre). A couple of years later, George Knauer took Renger and me to sea with
him so that we could directly compare the sediment trap C and N fluxes with new
production measured at the same time.

Bru Peterson

In the 1970s the data on nitrate-based new production were extremely limited in
time and space; they still are limited. The ocean remains undersampled with respect to
measurements of photosynthesis and the situation is worse for nitrate uptake
measurements. However, there are more data for the former than the latter, and global
assessments have been made. In the collaboration with Bruce Peterson, we sought to use
the limited nitrate-based new production data, along with the global syntheses of ocean
photosynthesis, to yield an ocean estimate of new production. It came about this way, and
I quote from a letter that I wrote to Peterson on December 5, 1978:



Some months ago I reviewed a proposal for DOE that
included an appendix "Perspectives on the importance of oceanic
particle flux in the global carbon cycle" written by you. This
piece has greatly clarified my thinking as to the significance of the
5N phytoplankton work going on here and in Goering, McCarthy
and Dugdale’s laboratories. I would like to cite it as a manuscript
in preparation. Have you any plans to publish it? If not may I
cite it as personal communication?

You will be pleased, along with Wally Broecker, that the
5N results support your estimates of the flux of sinking particulate
matter and that my estimate of this flux is tentatively 2-3 x 10°
tons C y'. I will send the manuscript when it is done, and that
will hopefully be in January.

The manuscript became our joint paper (Eppley and Peterson, 1979). It included
a graph showing a non-linear relationship between new production and total production
(the sum of new and regenerated production). Using that relationship and the existing
summaries of ocean photosynthetic production, we were able to estimate global new
production. That such a relationship was non-linear has been supported by more recent:
work (cf. Berger et al., 1989). New production in rich coastal regions is often a high
fraction of the total production, while that in oligotrophic oceanic gyres constitutes only
about 5% of the total production (Chiswell et al., 1990). However, a major exception to
the rule has been discovered in the equatorial Pacific, where new (and export) production
are unexpectedly low compared to photosynthetic production (Murray et al., 1990;
Wilkerson and Dugdale, personal communication).

As always, departures from the expected are what drive new observations and
theory. A goal of this symposium is to better understand and estimate the export fluxes
of C and N in relation to photosynthetic production. I hope also, perhaps in the not distant
future, to learn how ocean climate and its temporal change will influence such
relationships in the coming decades.
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THE NATURE AND MEASUREMENT OF THE LIGHT
ENVIRONMENT IN THE OCEAN

John T.O. Kirk

CSIRO Division of Plant Industry
Canberra, Australia

INTRODUCTION

The nature - that is, the characteristics, and the properties - of the light
environment in the ocean is determined by two things: first, by the nature of the light flux
incident on the surface of the ocean from above, and second, by the optical properties of
the oceanic water itself. The underwater light environment is what results from the
operation of the latter on the former. In this paper we shall consider (a) the nature of the
incident solar flux; (b) the inherent optical properties of the ocean, how they are measured
and what components of the aquatic medium they are due to; and (c) how the
characteristics of the underwater light field are measured, and what these measurements
reveal about the light environment in the ocean.

THE SOLAR RADIATION INCIDENT ON THE OCEAN

In the context of primary production, what are the relevant features of the solar
radiation stream incident on the surface of the ocean? They are the way its energy is
distributed across the electromagnetic spectrum, and the ways in which this energy supply
varies with time, on a daily, and a seasonal basis.

Under clear-sky conditions, most of the energy is in the direct solar beam. Fig. 1
shows the spectral distribution of direct solar radiation at a solar altitude of 42°. About
half of the radiation is in the visible/photosynthetic waveband (400-700 nm), and because
this volume is about photosynthetic primary production, we might think that this band is
the only one of concern and that all the energy in the infrared can be disregarded. In fact,
this is not the case. Although it is not used directly by phytoplankton for photosynthesis,
the infrared component of the solar flux, nevertheless, exerts a very important indirect
controlling influence upon it, through its effects on the hydrodynamic behavior of the
water.

The spectral distribution of the directly utilizable fraction of the solar flux - the
photosynthetically available radiation, or PAR - is presented in more detail in Fig. 2.
These spectral distributions were measured by Tyler and Smith in the 1960s, at three
different locations - Crater Lake, Oregon; the Gulf Stream, off the Bahamas; and
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San Diego, all under clear skies. One important difference between these spectral
distributions and the previous one (Fig. 1), is that here it is the quantum irradiance which
is plotted, whereas the other curve is of irradiance expressed in energy units. In the
context of photosynthesis, the quantum irradiance is more appropriate since all absorbed
quanta are equally effective in photosynthesis, whatever their wavelength. Plotting spectral
irradiance in the quantum form has the effect of dragging the curve down at the short-
wavelength end of the spectrum, since short-wavelength photons are more energetic, and
so there are fewer for a given amount of energy.

If we ignore the minor wiggles on the curves, the significant feature is that the
spectral distribution of the solar radiation incident upon the ocean surface, in the
photosynthetic waveband, is rather flat from about 450 nm upwards, but falls away quite
sharply with decreasing wavelength below 450 nm. A useful figure, which can be derived
from these curves is that in bright summer sunlight, photosynthetically available photons
are falling on the ocean surface at a rate of about 10*! m? s,

The incident solar irradiance is a function both of the time of day and the time of
year. On a cloudless day, the irradiance varies in an approximately sinusoidal manner,
from dawn to dusk (Fig. 3). The mathematical simplicity of this behavior is very
convenient when it comes to modelling primary production, or solar heating. Much of the
time the behavior is not so simple, as on the days shown by the other two curves in the
figure, one corresponding to intermittent cloud, the other to overcast conditions.

The integrated area under any of these curves gives the total solar radiant energy
received per square metre during the day; this is known as the daily insolation. Daily
insolation varies during the year in accordance with the change in solar altitude, and
seasonal changes in cloud cover. Fig. 4 shows the variation observed at latitude 35° S,
averaged over 3 years, the insolation in mid-summer being nearly four times the mid-
winter value.

Having arrived at the surface of the ocean, the solar photons then have to pass
through the air-water interface. While some are reflected upwards again at the surface,
losses are only 2 to 3% for solar altitudes between 45° and 90°. Surface reflection
increases at lower solar altitudes, but only becomes really serious from about 20°
downwards, rising from about 13 to 100% as solar angle diminishes from 20 to zero
degrees. Roughening of the water surface by wind substantially decreases the surface
reflection losses that would otherwise occur at low solar altitude.
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Fig. 1.  Direct solar spectral irradiance. Solar altitude 41.8°. Air mass 1.5. (Plotted
from data of M.P. Thekaekara, reported by Mecherikunnel and Duncan, 1982).
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THE INHERENT OPTICAL PROPERTIES OF THE OCEAN

Now the solar photons have got into the ocean, what kind of light field do they
create within the water column? Just under the surface, the light field is much the same
as that just above the surface, except that, because of refraction it is oriented somewhat
more vertically downward. Further down through the water column, the light changes
markedly in intensity, in spectral composition, and in angular distribution. This is because
oceanic water has certain optical properties that operate upon the solar radiation stream to
change it as it travels downwards.

The optical properties of most interest are the scattering coefficient and the spectral
absorption coefficients (spectral, because the absorption coefficient varies markedly across
the spectrum). Following the usage proposed by Preisendorfer 30 years ago (1961), I
refer to these as inherent optical properties. They are so described because a sample of
a given sea water has a certain value of absorption coefficient or scattering coefficient
regardless of whether it is measured in situ in the sea, or back in the laboratory. These
are inherent properties of the medium itself, and depend only on its composition, not on
whether the day is sunny or cloudy, the sun is high or low, nor any other factor of the
environment.

These inherent optical properties are so called to distinguish them from what
Preisendorfer (1961) referred to as the apparent optical properties of the ocean, such as
the vertical attenuation coefficient for downward irradiance, or the irradiance reflectance,
which are, in reality, local properties of the underwater light field existing at a certain
point, at a certain time, but which are, nevertheless, often used, and talked about, as
though they were indeed properties of the oceanic water itself. A more extensive
discussion of inherent and apparent optical properties may be found in Kirk (1983).

5000 —
4000 -~
3000 -

(©)
2000

1000

| L | 1 1 | | |
350 400 450 500 550 600 650 700 750

WAVELENGTH (nm)

Fig. 2.  Spectral distribution of total solar quantum irradiance under clear sky
conditions measured at (a) Crater Lake, Oregon, (b) Gulf Stream, Bahamas,
and (c) San Diego, California. Plotted from data of Tyler and Smith (1970).
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Since it is through the inherent optical properties that the aquatic medium acts upon
the incoming solar radiation, then to understand how the underwater light environment gets
to be the way it is, these optical properties must be quantified. Other important reasons
for knowing the inherent optical properties are to calculate the rate of energy absorption
by a given component - such as the phytoplankton, if we want quantum yields - and also,
to carry out computer modelling of the underwater light field, to determine those aspects
that are hard to measure directly.

The actual values that the absorption and scattering coefficients have in any
particular region of the ocean depends on the composition of the water in that region: on
how much dissolved yellow color, how much phytoplankton and of what specific pigment
composition, how much particulate organic detritus, and how many inorganic particles, are
present. We may expect all these to vary markedly from one part of the sea to another.
Since we cannot assume constancy of composition, methods are needed for measuring the
inherent optical properties, that can be used in any part of the ocean. I shall come in a
moment to current developments in the measurement of some of these properties, but
before doing so I note that there is one constant optical factor, throughout the world’s
oceans, and that is water itself. So what does water - pure water - contribute to the
inherent optical properties of the ocean? At this juncture I consider only its contribution
to light absorption: I shall return to scattering later.

Light Absorption by Water

Figure S depicts the absorption spectrum of pure water, and shows that water
absorbs quite strongly at the red end of the visible spectrum. This is, in fact, just the tail
of a very much stronger absorption at longer wavelengths - water has several intense
absorption bands in the infrared. These shoulders in the red region are believed to be
higher harmonics of the hydrogen-oxygen bond vibrational absorption of the water
molecule, the fundamental of which is well out in the infrared at wavelength 3 microns.
Oceanic water owes its blue color to this absorption in the red. Down in the blue region,
water has very little absorption, but there is an indication of a slow rise into the
ultraviolet.

Dissolved Color, Phytoplankton, and Detritus

Absorption by water itself is, thus, not only a constant, but also a significant
contributor to light absorption by the ocean. There are three other components of
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significance. First, there is dissolved yellow color (‘gelbstoff’, ‘gilvin’) consisting of
soluble humic material derived, in part, from soil humic substances carried by rivers into
the sea, and in part, by decomposition of phytoplankton. The absorption spectrum of
marine yellow color is much the same shape as that of the freshwater material, with
absorption rising exponentially towards the short-wavelength end of the spectrum, but the
concentration is generally much lower: the coastal seawater shown in Fig. 6 (bottom
curve) has much less dissolved color than any of the freshwater bodies, and oceanic water
has even less - perhaps a fifth or a tenth of this level, with an absorption coefficient at
440 nm of only in the region of 0.05 m™. But considering that pure water has an
absorption coefficient of only about 0.015 m™ at 440 nm, then it is apparent that dissolved
yellow color contributes importantly to absorption of blue light in the ocean.

The second absorbing component is the phytoplankton. Figure 7 shows the
absorption spectrum of mixed oceanic phytoplankton, taken from data of Morel and Prieur
(1977). What is plotted is the specific absorption coefficient, which can be regarded as
equivalent to the actual absorption coefficient for a concentration of 1 mg chlorophyll per
cubic meter. That value is high for most oceanic waters. For an unproductive water with,
for example, 0.2 mg chlorophyll a per cubic meter, the absorption coefficient at 440 nm
due to phytoplankton pigments is only about 0.005 m™, which is only about one-third the
absorption due to water itself. Thus, in productive waters with 1 mg or more of
chlorophyll per cubic meter, the phytoplankton is a major contributor to light absorption,
but in the most oligotrophic ocean waters, it is a minor, but not trivial, component.

The third light-absorbing component of the ocean includes all the non-living
particulate matter. Most of the color in this fraction is due to yellow-brown organic
detritus, derived mainly from breakdown of phytoplankton. Its absorption spectrum is
quite similar to that of the dissolved yellow color, but with some shoulders due to the
presence of breakdown products of photosynthetic pigments. Figure 8 shows absorption
spectra, measured by Iturriaga and Siegel (1989), of the detrital and phytoplankton
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fractions from a mesotrophic station in the Sargasso Sea. The actual amount of absorption
due to detritus seems to be about the same as absorption due to the phytoplankton from
which it is derived. Figure 9 shows, for an idealized, rather productive, ocean water, the
individual absorption spectra of dissolved color, phytoplankton, detritus, at plausible
levels, and of water itself, together with the total absorption spectrum of the water due to
all four components together.

Measurement of the Al ion m of Seawater

Supposing that in order to understand or predict the light environment in some part
of the ocean, we wish to measure the absorption coefficients of the water across the
photosynthetic waveband, to determine just such a curve as the uppermost curve in
Fig. 9. How can this be done? Accurate spectra cannot be obtained by putting some of
our ocean water in a spectrophotometer cell, and running a spectrum. Unfortunately, even
with all the components combined, ocean waters absorb very feebly in the blue and green
parts of the spectrum, and in the sort of pathlengths - typically not more than 10 cm - that
can be accommodated in laboratory spectrophotometers, very little absorption occurs, and
accurate spectra are hard to obtain. However, over the pathlengths of many meters that
exist in the ocean, the absorption is very significant.

One good approach would be to have specially designed absorption meters with
long pathlengths. But even if the pathlength were long enough for measurable absorption
to occur, there remains a further technical problem that must be solved, namely, how to
distinguish the attenuation of the signal which is genuinely due to absorption, from that
which is due to photons in the measuring beam simply being scattered away from the
detector? Or, to put it another way, how can we be sure that we are measuring the
absorption coefficient, and not the absorption coefficient plus some unknown part of the
scattering coefficient?

This is a long-standing problem in marine optics, and various solutions have been
tried. I will briefly describe two very recent ones. Zaneveld and his colleagues in Oregon
have resurrected the idea of shining the measuring beam down an internally reflecting tube
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(Zaneveld et al., 1990). The principle is that photons, which are scattered to one side,
will be reflected back again, and so can still be detected at the other end. I am currently
carrying out Monte Carlo modelling of the behavior of photons in such a reflective tube
absorption meter, to assess possible errors, and their probable causes.

Fry and coworkers developed an instrument based on a different principle, an
integrating cavity. The water sample is enclosed within a cavity made of a translucent,
and diffusely reflecting, material (Fry and Kattawar, 1988; Pope et al., 1990). Photons
are introduced into the cavity uniformly from all round, and a completely diffuse light
field is set up within it, the intensity of which can be measured. The anticipated
advantages are, first, that since the light field is already highly diffuse, additional
diffuseness caused by scattering will have little effect; second, because the photons
undergo many multiple reflections from one part of the inner wall to another, the effective
pathlength within the instrument is very long, thus solving the pathlength problem. The
prototype instrument gives promising results.

For photosynthetic primary production we may want to measure, not only the total
absorption coefficients, but the absorption which is specifically due to the phytoplankton.
Such information is needed, for example, to accurately calculate quantum yield. Two
major technical problems must be solved in measuring phytoplankton absorption spectra.
The first, is because the material to be measured is particulate, and therefore scatters and
absorbs light. The second is associated with the very low concentration of phytoplankton.

Good absorption spectra of particles can be obtained using a spectrophotometer
with an integrating sphere or a diffusing plate, with the help of which it is possible to
measure true absorption, and not confound it with attenuation due to scattering; such
methods have been applied to marine and freshwater phytoplankton (Shibata, 1959; Kirk,
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1980; Bricaud et al., 1983; Davies-Colley et al., 1986; Sathyendranath et al., 1987;
Haardt and Maske, 1987). Because of the second technical problem, however, the usually
low concentration of phytoplankton, it will generally be necessary to concentrate the
phytoplankton first, and if the true in situ absorption coefficient is required, this must be
done quantitatively. It is possible to filter a substantial volume of seawater, and then
resuspend the harvested phytoplankton, but the percent recovery is likely to be rather poor
with present methods and materials. Transverse membrane filtration, or perhaps
continuous flow centrifugation, might be worth exploring.

A very popular alternative approach - pioneered by Yentsch, and used extensively
by Kiefer and coworkers - which on the face of it solves both problems at once, is to pass
a large volume of seawater through a filter, and then measure the spectrum of the
particulate material on the filter itself, without resuspending it. The problem with this
method is that, as a consequence of multiple internal reflection within the layer of algae,
there is a very marked amplification of absorption (up to 6-fold) and to calculate the true
absorption coefficients of phytoplankton freely suspended in the ocean, then this
amplification factor must be determined reasonably accurately; this determination is not
easy, especially because it is far from constant, varying from about 2.5 to 6. So this is
a potentially powerful technique but requires considerable care and expertise in
determining the pathlength amplification factor to give accurate results.

A different experimental approach was developed by Iturriaga and Siegel (1989),
who used a monochromator in conjunction with a microscope to measure the absorption
spectra of individual phytoplankton cells. If sufficient cells are measured, and their
numbers in the water are known, then the true in siru absorption coefficients due to the
phytoplankton can be calculated.

In measuring the absorption spectra of oceanic phytoplankton, there is always the
problem of distinguishing the true algal absorption from that due to particulate organic
detritus. Tturriaga and Siegel solved the problem by carrying out separate measurements
on detrital particles and phytoplankton cells. Morrow et al. (1989) and Roesler et al.
(1989), using the filter method, developed statistical techniques, based on the shape of the
spectra, for separating out phytoplankton absorption from that by the detritus and other
components. Quite a different route to the determination of in situ phytoplankton
absorption was taken by Bidigare et al. (1987) and Smith et al. (1989). Making the
plausible assumption that essentially all the undegraded photosynthetic pigments in the
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water column originate in living cells, they carried out a complete pigment analysis of the
total particulate fraction, using HPLC; then, using literature data on the spectral properties
of pigment-protein complexes, they calculated the absorption coefficients due to
phytoplankton.

Light Scattering in the Ocean

Water itself is a very significant contributor to light absorption in the ocean. How
much does it contribute to scattering? The first point to make is that water contributes
very little to the total scattering coefficient of the aquatic medium which, even in the
clearest oceanic waters, is almost entirely accounted for by both living particles (mainly
phytoplankton), and non-living particles in the water. However, this is not the whole

story.

Scattering by particles is very much concentrated in the forward direction, only
about 2% occurring at angles greater than 90°. However, pure water scatters equal
amounts of light backwards and forwards (Morel, 1974), and although water itself makes
a small contribution in the ocean to the total scattering coefficient - which is the sum of
scattering in all directions - it can account for a third or more of the backscattering. The
particular significance of this is that backscattering is responsible for most of the upwelling
light flux that exists in the ocean, some of which emerges up through the surface to be
seen by a human observer looking down, or a remote sensing radiometer on a satellite.

Although scattering by oceanic particles does not vary much with wavelength,
scattering by pure water does. Like Rayleigh scattering in the atmosphere (although liquid
water does not carry out Rayleigh scattering) scattering by pure water increases with the
reciprocal of the fourth power of the wavelength, and so is much more intense at the blue,
than at the red end of the spectrum. Thus, the predominantly blue color of the upwelling
light flux seen is a consequence both of absorption by water at the red end of the
spectrum, and the more intense backscattering at the blue end of the spectrum.

To recapitulate, in the ocean nearly all the total scattering coefficient is accounted
for by suspended particles, but water itself makes an important contribution to
backscattering, and consequently, to the upwelling part of the light field.

How can the scattering coefficient be measured for a particular part of the ocean?
Ideally, some small volume of the water could be illuminated with a parallel light beam,
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Fig. 8.  Absorption spectra of detrital and phytoplankton particles from a mesotrophic
station in the Sargasso Sea (after Iturriaga and Siegel, 1989).
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the light scattered from that volume measured at all angles, and all the scattering added
together to arrive at the total scattering per increment of distance in the water. In reality,
very few such complete sets of measurements have been carried out. More commonly,
the amount of light scattered at just one angle to the incident beam is measured, and it is
assumed that this is proportional to the total scattering over all angles. Measurement at
an angle of 10° to the incident beam is thought to be particularly suitable because at this
angle there is relatively little error due to variation in the shape of the angular distribution
of scattering in different waters (Oishi, 1990). Thus, the direct measurement of the total
scattering coefficient is something that can be carried out reasonably well.

THE UNDERWATER LIGHT FIELD

Much more could be said about the nature and measurement of the inherent optical
properties of the ocean; I have not, for example, touched upon the volume scattering
function, which describes the angular distribution of scattering, or the measurement of the
beam attenuation coefficient, ¢, which is equal to the sum of the absorption and scattering
coefficients (a and b). I want now to move on to the actual light field that is created
within the ocean, by the operation of these inherent optical properties upon the incoming
stream of solar photons.

Measurement of the Underwater Light Field

First, how can this underwater light environment be measured? If we want to
know simply the total radiant energy available for photosynthesis, then an irradiance meter
can be used whose response has, by judicious selection of photodetector and filters, been
confined to the photosynthetic band, 400-700 nm, and made proportional to the flux of
quanta rather than of energy, at any wavelength in this waveband.
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Fig. 9.  Total absorption spectrum of an idealized, productive (1 mg chlorophyll @ m?)
ocean water, together with spectra of the individual absorbing components.



PAR meters of this type can be built with a flat diffusing collector to measure
irradiance, which is the radiant flux per unit area of a surface: and by having them facing
up, or down, they can be used to measure downward (E,) or upward (E) irradiance,
respectively. Instead of a flat collector, they can be made with a spherical collector, so
that the total light coming from all directions is measured. This is the scalar irradiance.
The next step beyond a PAR meter is a spectral irradiance meter, or spectroradiometer,
which will scan through the spectrum, giving a plot of irradiance as a function of
wavelength. Like PAR meters, spectroradiometers can be made with flat collectors so that
they measure normal irradiance, or with spherical collectors so that they measure scalar
irradiance.

This raises the interesting and very important question for someone about to
purchase light-measuring equipment: which is it best to measure - normal irradiance or
scalar irradiance? It is sometimes argued that, since to the floating phytoplankton cell all
photons are equally useful no matter from what direction they come, then scalar irradiance
- which is a measure of the radiant intensity from all directions, is more appropriate than
normal irradiance. This seems reasonable, especially considering that the exact equation
for the rate of absorption of radiant energy by any one component of the medium, such
as the phytoplankton, uses the scalar irradiance (Eo), not the normal irradiance:

dé,(z)
dv

= E,(2)y 6

The rate of absorption of energy per unit volume by any individual component of
the medium is the product of the scalar irradiance and the absorption coefficient for that
component. Therefore, the greatest possible accuracy in calculating, for example, the rate
of absorption of photosynthetic quanta by the phytoplankton population, requires the
spectral scalar irradiance, together with a set of values for the phytoplankton absorption
coefficients; this information is not easy to obtain. In most situations, the detailed extra
information will not be available to make use of the scalar irradiance data. It might be as
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satisfactory, or better, to settle for the normal irradiance data, obtained with a flat
collector.

The reason I suggest it might be better is that if, with the normal irradiance meter,
measurements are made of the upward and the downward irradiance, then the data
obtained on the underwater light field can be used to arrive at good estimates of the
absorption and scattering coefficients - i.e., the inherent optical properties of the water -
without having to measure them directly. Thus, if a choice must be made, I suggest the
normal rather then the scalar irradiance meter is selected (but there is much to be said for
having both).

So far, the properties of the oceanic light environment whose measurement I have
considered, all concern various measures of light intensity - total photosynthetic irradiance,
spectral distribution of irradiance, upwelling, downwelling, and scalar. However, as I
indicated earlier, the angular distribution of the light changes with depth: this is not of
mere academic interest because the angular distribution at any depth markedly influences
the rate of attenuation of the light with depth, as well as being intimately related to the
amount of light which flows upward, to emerge through the surface and thus be available
for remote sensing of the ocean.

How do we measure the angular distribution? The most complete body of
information would be what is called the radiance distribution. Radiance is the radiant flux
per unit solid angle per unit area in a specified direction, and so the radiance distribution
at any point in the water is the set of values of radiance measured at suitable angular
intervals, over the full 180° of vertical .angle and 360° of azimuth angle. This
measurement represents a lot of data, and complete radiance distributions are mainly of
interest to specialists in underwater light. Radiance distributions are most likely to be
measured with special cameras with fisheye lenses, a technique pioneered by Smith et al.
(1970), and further developed by Voss (1989).

There are two aspects of the angular distribution that are less than a complete
radiance distribution, which can more readily be determined, but which are interesting and
useful in their own right. The first is the irradiance reflectance (R), which is the ratio at
any depth, of the upward irradiance to the downward irradiance: this is measured with
the normal irradiance meter, pointing down, then up:

E.(2)
Ey(2)

R(z) = @

The irradiance reflectance, combined with certain other irradiance data, can provide an
independent way of estimating the absorption and scattering coefficients.

The second parameter of the angular distribution which can fairly easily be
determined is the average cosine (#). This is the average value at a given point in the
water, of the cosine of the zenith angle of all the photons in a volume element at that
point. This measure will provide an average value for the whole angular distribution. The
reason why this can fairly easily be determined is that it is equal to the net downward
irradiance divided by the scalar irradiance at that depth in the water, net downward
irradiance simply being (EE,), the downward minus the upward irradiance:

_ E(@-E() 1))

i@ E.2)
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So, if a scalar irradiance meter is used as well as a normal irradiance meter, the average
cosine can be obtained. But that is not all. If, as well as the average cosine, the vertical
attenuation coefficient for net downward irradiance is determined:

d In(E,-
Ky = - @

then the absorption coefficient can be calculated, making use of the fact:

a = Ke(@2)n(@) ®)

that if this attenuation coefficient is multiplied by the average cosine the absorption
coefficient, a, is obtained, a relationship first demonstrated in the 1930s by the Russian
physicist, Gershun. While I am discussing net downward irradiance, I draw to your
attention something very useful that can be calculated from it, and its vertical attenuation
coefficient, namely, the rate of water heating as a function of depth:

d®(z)
4 = [E(2)-E(2)IKg(2) ©

The total rate of energy absorption per unit volume at depth z, is simply the product of
these two quantities.

Before I leave this topic of how to characterize the underwater light field, I mention
that as well as doing it by direct measurement, it can be done by calculation. The data
required for the calculation are the inherent optical properties - the absorption coefficients
over the spectral range of interest, the scattering coefficient, and the volume scattering
function. Computer modelling of the underwater light field using, for example, Monte
Carlo methods, can be carried out quite accurately; if realistic values are supplied for the
inherent optical properties, and appropriate data for the solar flux incident on the surface,
a complete picture of the underwater light environment can be generated. In a given real-
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world situation, direct in situ measurement is preferable. Where the modelling option is
particularly valuable is in answering what if questions. For example, what will happen
if the concentration or pigment makeup of the phytoplankton population changes? What
will happen if there is an increase in dissolved yellow color, or scattering particles
associated with river outflow? In addition, modelling can provide information on
parameters that are hard to measure, such as the complete radiance distribution.

Characteristics of the Underwater Light Field

Having outlined the significant properties of the underwater light environment and
how they can be measured or calculated, I now look at the actual light field that exists in
the ocean, and in particular, how it changes with depth. The light field immediately below
the surface is not very different from that in the air just above the surface. As noted
earlier, it is directed somewhat more vertically downwards because of refraction at the
surface, and perhaps a few percent of the photons are lost by reflection at the air-water
interface, but nearly all the energy is still there, with essentially the same spectral
distribution.

There is a rather important feature of this spectral distribution just under the surface
that must not be ignored, namely, that about half of it is in the infrared. With this in
mind, let us look at what happens to the solar radiation just within the top meter or so of
the ocean. Figure 10 shows calculated curves for the spectral distribution of downward
irradiance in a typical oceanic water, just below the surface, and at 0.5 and 1.0 meters
depth. I present the data only as far out into the infrared as 1.25 microns; this is sufficient
to make the essential point, which is that virtually all the infrared radiation is removed by
absorption, by the water molecules themselves, in about the first half-meter. This means
that at depths beyond a meter or so, attention can legitimately be confined to that
waveband extending from the near UV to what is sometimes called the far-red, just beyond
700 nm.

In terms of ocean functioning, it means that about half of the solar heating, with
all its implications for the hydrodynamic behavior of the water mass, is initially delivered
to, or captured by, the 1-meter layer at the surface. Under very still conditions, this heat
can remain trapped in the surface layer for some hours. One of the temperature profiles
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Fig. 12. Spectral distribution of downward quantum irradiance in the very pure oceanic
water of the Gulf Stream. Plotted from data of Tyler and Smith (1970).
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(27 February) in Fig. 11 shows such a situation for an inland water body, but in most
circumstances, wind and wave-induced turbulence mix the heat in with the water beneath.

Of the radiant energy left, something like one third is in the orange-red band,
600-700 nm, and this too is absorbed quite strongly by water itself; not as strongly as the
infrared, but sufficient to ensure its complete removal by about 10 meters. Fig. 12 shows
spectral distributions at a series of depths in the very pure waters of the Gulf Stream off
the Bahamas, measured by Tyler and Smith (1970). It is apparent that by 15 meters, there
is no radiation at wavelengths greater than 600 nm left.

Thus, about two-thirds of the total solar radiant energy penetrating the ocean
surface is absorbed within the upper 10 meters, and it is mainly this radiant energy
absorption, combined with wind-induced turbulence, which gives rise to the upper, warm,
mixed layer, the existence of which has enormous implications for the functioning of the
whole oceanic ecosystem, especially for phytoplankton primary production.

Most of the light below about 15 meters in very pure oceanic waters, such as these,
is confined to the blue-green waveband, 400-550 nm, with a broad peak occurring in the
blue region at 440-490 nm. Since water absorbs very weakly in this blue spectral region,
the local heating rate at any depth below about 15 meters is low. However, this radiant
energy is nevertheless ultimately all absorbed, and in the context of solar heating of the
ocean, this blue-green waveband is important since it is photons at these wavelengths
which carry thermal energy down to the lower levels of the photic zone.

In coastal waters, levels of dissolved yellow color are higher than in most of the
ocean. Consequently, there is strong absorption in the blue region. For example,
although the water is virtually oceanic in Jervis Bay, southeastern Australia, there is a
noticeable depletion in the blue region (Fig. 13), compared to the Gulf Stream spectral
distributions. In Batemans Bay (SE Australia), which has a substantial river inflow, there
is more yellow color, absorption in the blue is more intense, and the spectral distribution
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Fig. 13. Spectral distribution of downward quantum irradiance in coastal waters
(southeast Australia). Contribution of yellow color from river inflow is
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at a depth of several meters, although it extends into the blue, becomes quite sharply
peaked in the yellow region at about 570 nm, a situation which is common in coastal
waters influenced by river discharge.

In the context of primary production, the significance of these changes in spectral
distribution with depth is that phytoplankton, and benthic algae in coastal waters, must
have pigment systems which can efficiently harvest light from radiation fields that are
spectrally very biassed in different ways, according to the light absorption characteristics
of the particular water mass in which they find themselves. This is presumably why
dinoflagellates, diatoms, and other phytoplankters invest so much in specialized carotenoid-
protein complexes which absorb in the blue-green region, and the same is likely to be true
of the biliproteins of the cyanophytes.

The phytoplankton also use the upwelling light stream for photosynthesis. In the
ocean, the upwelling light at any given depth is even more concentrated into the blue or
blue-green wavebands than is the downwelling light at the same depth: within just a few
meters from the surface, orange-red light is absent from the upwelling stream even when
it is still a significant component of the downwelling stream (Fig. 14).

Let us now examine how the total energy available for photosynthesis varies with
depth. The spectral distributions for the Gulf Stream (Fig. 12), show that there is a
particularly intense removal of energy between 0 and 5 m depth. This is because of the
strong absorption by water in the 600-700 nm, orange to red, waveband. At greater
depths, certainly beyond about 15 m, only the weakly absorbed wavelengths penetrate, and
so the rate of removal of energy per unit depth decreases. This shows up clearly in plots
of downward irradiance of total PAR with depth. For example, the curve for the Tasman
Sea, in Fig. 15, is approximately biphasic, showing a higher rate of attenuation of PAR
in the upper 8 m, but settling down to a lower, and virtually constant, rate of attenuation,
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with depth further down. From about 10 m downwards the spectral distribution does not
seem to change much with depth, all the strongly absorbed wavelengths having already
been removed.

The total amount of upwelling light available for photosynthesis is not large. In
the oceanic waters studied by Tyler and Smith (1970), the upward irradiance for total PAR
at 5 meters depth was typically 2 to 5% of the downward irradiance. Down in the blue
waveband, however, the upwelling light can be about 10% of the downwelling light, as
shown in the data from the Gulf Stream referred to above (Fig. 14).

Mechanism of Attenuation of the Light Stream

The attenuation of the downwelling light stream with depth is primarily due to
absorption of the solar photons, by water and by pigments, as discussed. But it is also
influenced by scattering, in some situations quite strongly. Scattering intensifies
attenuation in two ways. First, by making the light field more diffuse, it increases the
average pathlength that the photons must traverse per unit depth, and, in this way,
increases the probability of their being absorbed. Second, it removes some photons from
the downwelling stream by scattering them upwards. In this way the upwelling light
stream within the ocean is created, and upward, as well as downward irradiance can be
measured.

Some of this upwelling light stream passes up through the water surface, taking

with it, in the form of its characteristic spectral distribution, information about the
composition of the water mass. This information is what is used in remote sensing.
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By how much does scattering intensify vertical attenuation beyond the attenuation
that would take place if the water only absorbed, and did not scatter, the light? The
answer is given by a relatively simple equation, derived empirically by computer
modelling (Kirk, 1981a; 1984):

K, = 1[a* + G(u,)ab]" @)
Ho

K, is the vertical attenuation coefficient for downward irradiance, p, is the cosine of the
refracted solar photons just beneath the surface, a is the absorption coefficient and b is the
scattering coefficient. G(u,) is a coefficient whose value is determined by the shape of the
volume scattering function. You can see that if b is set equal to zero, i.e. there is no
scattering, then Eq 7 reduces to Ky= a/u,. With this equation the vertical attenuation
coefficient can be calculated for downward irradiance for any combination of absorption
and scattering.

The effect of scattering is certainly significant. It is a function of the actual ratio
of the scattering to the absorption coefficient. A b/a value, that is scattering to absorption
ratio, of 5, for example, which would not be unusual, would increase the vertical
attenuation coefficient by about 50% over what it would be if there were only absorption
and no scattering.

From the Field Back to the Inherent Optical Properties

The underwater light field at any depth, especially its angular distribution, is
determined by the inherent optical properties of the medium, and by the properties of the
solar radiation flux incident on the surface. With increasing depth in the sea, the more
the properties of the field become a function just of the inherent optical properties of the

% . \
s 06 " i
Q
(&)
¢ 7
€ 04— M
w
2 1006
w
................ 0.04 LZ)
02 /—- 1 0.
R 5
4002 1w
-d
w
0.0 ' L L 000 &

0.0 1?0 20 30 40 50 60
OPTICAL DEPTH, ¢
Fig. 16. Variation of angular distribution of underwater light field with optical depth
(¢ = Kyz) in water with b/a = 5. The angular parameters are the average
cosines for downwelling (ii,), upwelling (i) and total (&) flux, and irradiance
reflectance (R). Data obtained by Monte Carlo calculation (Kirk, 1981a) for
light incident vertically (——) and at 45° (----).

26



water - the absorption and scattering coefficients, and volume-scattering function - and

less a function of the surface-incident flux (other than just its total intensity)
(Preisendorfer, 1961; Jerlov, 1976). For example, in Fig. 16, various angular parameters
of the underwater light field are plotted as a function of optical depth for two different
light fluxes at the surface: one vertical, the other at 45°. It is apparent that with
increasing depth, each parameter - whether reflectance, or the average cosines for the
downwelling, upwelling, or total, light - settles down to a constant value regardless of the

angle of the incident light: the constant values actually arrived at are determined by, and
are a function of, the values of the inherent optical properties of this particular water.

If the characteristics of the field are mainly determined by the inherent optical
properties of the medium, can observations on the field perhaps provide information about
these optical properties? Yes, they can. I have briefly touched on one example of this
already. Thus, from measurements of the net downward irradiance we can, using
Gershun’s equation, arrive at an estimate of the absorption coefficient.

Further information can be derived from measurements of reflectance - the ratio
of upward to downward irradiance - at an appropriate optical depth. Reflectance is
determined largely by b over a, the ratio of scattering to absorption, and from
measurements of reflectance, and other functions of the irradiance in the underwater
environment, it is possible to arrive at estimates of the scattering, backscattering, and
absorption coefficients of the water (Kirk, 1981b; 1989).

What this means is that measurements of the underwater light environment - which
oceanographers carry out because of their direct relevance to photosynthesis, or visibility -
can also sometimes be used to provide valuable additional information about some of the
fundamental properties of the ocean (Gordon et al., 1975; Kirk, 1981b; 1989;
Preisendorfer and Mobley, 1984; McCormick and Rinaldi, 1989; Zaneveld, 1989). Thus,
the circle is complete. Not only can we proceed from known, or assumed, inherent optical
properties to the consequent nature of the light field, but, we also can, given information
about that light field, make the return journey to deduce the optical properties of the
ocean.
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THE FUNCTIONAL AND OPTICAL ABSORPTION CROSS-
SECTIONS OF PHYTOPLANKTON PHOTOSYNTHESIS

Zvy Dubinsky
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Ramat Gan 52900, Israel

INTRODUCTION

Phytoplankton, like all photosynthetic organisms, have highly complex light-
harvesting systems, consisting of pigment beds arranged on asymmetrical membranes.
These pigment arrays, or "antennae", as well as any other cellular, light-absorbing
structures and compounds have a definite probability "cloud" for absorbing impinging
photons. This wavelength-dependent probability may be quantified as a cross-section, with
dimensions of area per unit of compound. These in vivo cross-sections are invariably
smaller than those of the same substance, for example, chlorophyll a, when extracted by
any suitable solvent, brought into solution, and purified. The optical in-vivo cross-section
of these pigments varies considerably between species, as well as within the same species,
in response to such environmental factors as ambient light and nutrient status.

In addition to these purely "physical” optical, or total, cross-sections, system-
specific, functional cross-sections of photosynthetic entities can be measured, such as PSII
(photosystem II) and PSI (photosystem I). Such cross-sections may be computed from the
light saturation curve for the production of any quantifiable product of the functional entity
being studied, such as oxygen-evolution, or fluorescence. These functional cross-sections
and their ratios are affected by various aspects of the physiological status of the
phytoplankton cells, determined by their history in respect to key environmental
parameters.

Under low-photon fluxes, the ratio of the functional to optical cross-section, being
the ratio of the light energy channeled to a particular process to the total light harvested
by the cell, is related to the maximal quantum yield of this process.

THE EFFECTIVE IN-VIVO OPTICAL CROSS-SECTION OF PHYTOPLANKTON

The importance of the pigmented phytoplankton cells in determining the behavior
of underwater light was examined in both laboratory cultures (Tyler and Smith, 1970;
Kirk, 1975a; b; 1976) and in the field (Kiefer and Austin, 1974; Smith and Baker,
1978a; b). From these studies, it was suggested that both freshwater (Kirk, 1980) and
marine water bodies (Smith and Baker, 1978b) may be classified according to their optical
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characteristics, and the relation of these to phytoplankton abundance. This classification
was done by partitioning the total attenuation of underwater light among the major-light
absorbing fractions: water, gilvin, and particulates, which include both tripton and
phytoplankton (Prieur and Sathyendranath, 1981; Kirk, 1983).

The effect of phytoplankton on the apparent properties of underwater light was
quantified by regressing the attenuation coefficient for diffuse downwelling irradiance, K,
against the concentration of chlorophyll a. This treatment allows one to correlate a major
apparent property of the light field to phytoplankton distribution, as expressed in the
concentration of chlorophyll a. This quantification also allows us to differentiate between
the attenuation of light due to phytoplankton, k.C, and that due to all other non-
phytoplankton, light-absorbing fractions, k,,

K= k,+kC @)

as discussed by Bannister (1974). Here k. is the specific extinction coefficient of
chlorophyll a, and C is chlorophyll a concentration. This equation may be further
elaborated by partitioning the average attenuation coefficient, K,(PAR) for the visible light
domain, PAR (as defined by Morel, 1978), into additional partial attenuation coefficients
due to water alone, Ky, gilvin, Kg, tripton, Kz, and phytoplankton, K. For most cases,
the following convenient approximation is valid:

Ki(PAR) =Ky +Ks+Kp +Kpy 2)

In an homogeneously mixed water column, the partial attenuation coefficient of
phytoplankton, Ky, is approximately proportional to the product of the concentration of
phytoplankton, B, (=C), in mg chlorophyll a m® and k,, the specific vertical attenuation
coefficient per unit phytoplankton, in m*> mg™ chlorophyll a. This attenuation coefficient
has the dimensions of a specific cross-section of chlorophyll a. Dubinsky and Berman
(1979) and Dubinsky (1980) compared some values and symbols used in the early field
determinations of this and related parameters.

Because of their complex relationship, the discussion and definitions of optical
cross-sections of phytoplankton in the early biological literature does not differentiate
between their apparent and inherent aspects. However, k, is actually more closely related
to the inherent optical properties of the water-body in question, than to the apparent ones.
For a rigorous discussion of the theoretical aspects of aquatic optics and their relation to
phytoplankton, specialized publications such as Preisendorfer (1961; 1976), Morel and
Bricaud (1981), Kirk (1983; 1984), and Gordon (1989) should be consulted.

Both k,, the specific vertical attenuation coefficient per unit chlorophyll a, which
is an apparent optical property of the underwater light field, and ca’, as defined by Kiefer
et al. (1979), and by Wilson and Kiefer (1979), which is an inherent property of the
phytoplankton cells in the water, have the dimensions of a cross-section of chlorophyll a,
m? mg?! chl a.

The optical cross-sections of phytoplankton are normalized to chlorophyll @, which
is the most intuitively correct choice because this ubiquitous pigment is found in all
photosynthetic organisms, except bacteria, other than cyanobacteria. However, this choice
creates problems. Chlorophyll a absorbs light, presenting a distinct absorption cross-
section to light, but it is not the only light-absorbing compound in phytoplankton cells.
Other pigments, such as chlorophylls b and c; phycobiliproteins like phycocyanin,
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allophycocyanin, phycoerythrin; and carotenoids such as fucoxanthin, peridinin, and lutein
are an integral part of the light harvesting antennae. Others including carotenoids such as
B-carotene (not all of it) and astaxanthin, and some of the xanthophylls, such as
violaxanthin seem to serve as photo-protective pigments, preventing excess light energy
from reaching the photosynthetic apparatus. Whatever their function may be, these
pigments contribute to the cross-section of the single cell, and to the attenuation of
underwater light due to absorption of light quanta. The conceptual problem this
contribution creates is that by normalizing all light attenuation, or cross-sections of
phytoplankton cells and populations to chlorophyll a, we actually assign the light absorbed
by any phytoplankton pigment to chlorophyll a, thereby virtually increasing effective
cross-sections of this pigment. Falkowski et al., (1985) attempted to avoid this difficulty
when they also normalized the cross-sections to cellular carbon, thereby defining an in-vivo
carbon-specific cross-section, g,, and analyzing how this differed from the commonly used
chlorophyll a-based k..

Additional optical cross-sections relevant to the study of phytoplankton
photosynthesis may be defined. These are the cell cross-section, oy, which is obtained by
multiplying cellular chlorophyll a by k. and the photosynthetic unit (PSU) cross-section,
opsy- These cross-sections were calculated by dividing °a’, or k., by the number of
molecules of chlorophyll a in one mg of this pigment, which resulted in a cross-section
per single molecule of this compound. This value was then multiplied by either the
number of molecules of chlorophyll a in the cell, or by the PSU "size".

Every light-absorbing compound, or pigment within the phytoplankton cell, has
characteristic probabilities of absorbing photons at different wavelengths, which determine
the absorption spectrum of this compound. This is also true for any mixture of such
pigments, or in the case at hand, for live phytoplankton. Accordingly, we can partition
the spectral attenuation coefficients for diffuse downwelling irradiance K, into the same
absorbing components into which K,(PAR) was partitioned, either k., and k., or Ky, Kg,
Kir, and Kpy. Such treatment produces a spectral distribution of K, and k., as was done
in the field for Lake Kinneret by Dubinsky and Berman (1979), and more elaborately in
the laboratory by Dubinsky et al. (1986) and by Berner et al. (1989).

Since k, is a spectral average coefficient, its value depends on the absorption of the
cell at each particular wavelength, and on the amount of quanta corresponding to this
wavelength, in the total radiant flux. A predominantly green cell will have a higher
probability of absorbing photons in the red region of the spectrum, than in the green
region. In other words, for this cell, k50> k560 Atlas and Bannister (1980) computed the
spectral-averaged values of k. for a few phytoplankton species with different pigment
compositions, at different depths in the main types of ocean waters classified by color.
They showed the importance of the spectral distribution of underwater light in determining
phytoplankton cross-sections. Dubinsky et al. (1986) using the same approach in
laboratory studies, determined the spectral-averaged values of k; in several phytoplankton
species under a specific light source (quartz-halogen), according to the following equation:

_ Ik I A

I{, Ay) ©

where k., is the chlorophyll a specific cross section measured at wavelength A, I, is
irradiance at A, and A, is the discrete interval between n wavelengths.
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On the other hand, oa’, and its spectral components, °a’A\, which have to be
measured under monochromatic light, affect the underwater light field, but are not affected
by its spectral distribution.

FACTORS AFFECTING THE OPTICAL CROSS-SECTIONS OF PHYTOPLANKTON

Since anything affecting ©a” will invariably also affect k, in the same direction, in
the following discussion we use the term cross-section, meaning ©a’, and therefore, k. as
well. Unlike when a pure compound is extracted into a solvent, the cross-sections of
intact phytoplankton cells are strongly affected by many biochemical, ultrastructural and
geometrical factors and properties, which, in turn, depend on the taxonomic affiliation of
the species, or the taxonomic distribution of the phytoplankton population and its
physiological status. There are a few main properties of the phytoplankton cells which
affect the values of cross-sections.

Photoadaptation and Chlorophyll a Content of Cells and Phytoplankton Populations

Because of the importance of photoadaptation for phytoplankton, this process
received considerable attention in the study of aquatic primary production, as reviewed by
Falkowski (1980; 1981; 1984) and Richardson et al. (1983). In the numerous studies on
the mechanisms of photoadaptation in phytoplankton, a common trend was reported of
increase in chlorophyll a and in other light-harvesting pigments as growth irradiance
decreasese. Depending on algal species, this change may be moderate, as in the
"Cyclotella" type, or very large, up to tenfold, in the "Chlorella" type, as defined in the
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pioneering studies of photoadaptation by Steeman-Nielsen and Jorgensen (1968), and their
co-workers. Whatever the photoadaptive type may be, the cross-section of phytoplankton
invariably decreases, as cellular pigmentation increases during photoadaptation to low
light (Fig. 1). This change in cross-section reduces the increase in light-harvesting
resulting from increases in cellular pigment level. This counter-intuitive response results
from the inevitable increase in mutual shading between cellular light-harvesting entities as
their density increases. This shading happens on all scales, among individual pigment
molecules and among thylakoids (Berner et al., 1989), among chloroplasts within cells,
and among cells. The latter phenomenon has been reported from the super-dense
populations of the mutualistic, endosymbiotic zooxanthellae that are ubiquitous in reef-
building corals (Dubinsky et al., 1984; 1990). In these cases, the observed reduction in
the effective optical cross-sections may be viewed as increased "overlap” among cross-
sections. This overlap sets optical upper boundaries on cellular chlorophyll levels, and on
integrated concentrations of chlorophyll a in a water column, as well as on the areal
concentration of chlorophyll a, in the specialized case of zooxanthellae. As the product
of the cross-section, as determined under lowest pigment, or cell concentration, and the
areal concentration of the pigment exceeds unity, we always see a decrease in cross-
sections, resulting from their mutual self-shading, or overlap.

Nutrient Status and Pigment Ratios

Nutrient status affects the optical cross-sections of phytoplankton, because it
controls the ability of the cells to synthesize various components of the light-harvesting
apparatus. If for example, a phytoplankton population grows, or survives under nutrient
limitation, its pigment composition will differ from that of a population that is similar, but
replete with nutrients. This difference stems from the fact that while chlorophyll a and
the associated light-harvesting proteins are all nitrogen-containing compounds, the various
carotenoids are not. The resulting increase in the carotenoid/chlorophyll ratio was
described and proposed as a diagnostic indicator of nutrient depletion (Ketchum et al.,
1958; Yentsch and Vaccaro, 1958; Dubinsky and Polna, 1976; Dubinsky and Berman,
1979; Heath et al., 1990). These changes in the ratio of chlorophyll a to other pigments
results in an increase in cross-sections, because these are normalized to the concentration
of chlorophyll a, as discussed above. The increase in light absorption by the higher
content of carotenoid of the cells is "assigned" to the reduced content of chlorophyll a,
resulting in an increase in °a” and k.. In a chemostat study with Isochrysis galbana,
Herzig and Falkowski (1989) describe the systematic increase in ©a”, as u decreases,
under reduced nitrogen levels.

A similar phenomenon was observed during the transition of the chlorophyte
Haematococcus pluvialis from the green to the red form, upon transfer to a nitrogen-free
medium (Zlotnik, personal communication). This increase in cross-section in nutrient-
stressed cells may precipitate photodynamic damage in the photosynthetic apparatus, unless
some of the added carotenoids actually dissipate the harvested light energy rather than
transfer it to reaction centers. This latter is the case with most of the B-carotene
accumulating in globules outside the chloroplasts, in Dunaliella salina, or with astaxanthin
in Haematococcus pluvialis.

Since the major single feature on which phytoplankton taxonomy is based is the
pigment composition of the cells, phytoplankton of predominantly different systematic
composition, or unialgal cultures belonging to various divisions, will show different
specific cross-sections of chlorophyll a, even under similar environmental conditions,
affecting nutrient status and photoadaptation.
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The Ultrastructural Organization of the Cell

The ultrastructural organization of phytoplankton has a marked effect on cross-
sections; however, this aspect has hardly been investigated. From the known effects of
changes in refractive index on the optical properties of particles, we expect diatoms with
siliceous walls to have different optical properties than naked flagellates, even if they did
contain the same amount of cellular chlorophyll a. The same applies to cell materials like
lipids, glycerol, and many other common cell constituents, such as the gas vacuoles of
some cyanobacteria, all of which are likely to influence the absorption of light by cells.
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Fig. 2. The relationship between changes in a*s;s and the density of thylakoid stacks
during the first 24h after a low to high (0) and high to low (®) light intensity
transition in Dunaliella tertiolecta. (After Berner et al., 1989).

Furthermore, the internal architecture of the cell determines whether and how the
light-absorbing pigments are packaged within it. Differences in the ultrastructure of the
photosynthetic apparatus and of the cell, in general, act on the overall optical properties
of the cells via microscale packaging effects, not unlike those described for whole
phytoplankton populations (Duysens, 1956; Kirk, 1975a,b;1976; Morel and Bricaud,
1981). Are there chloroplasts, and if there are, as in most phytoplankton except
cyanobacteria, is there a single large one, or are there numerous small ones? These
aspects are bound to affect cross-sections, although they have hardly been investigated.
Berner et al. (1989), showed that in the chlorophyte Dunaliella tertiolecta during
photoadaptation, the number of thylakoids per stack in the grana changed, which
considerably affected ca” (Fig. 2). In addition, Berner et al. (1989) distinguished the
contribution of the ultrastructural changes described above from those caused by the
changes in pigment ratios, also taking place during photoadaptation.

If the changes in cross-sections found occurring in one species due to photoadaptive
changes in the ultrastructural organization within the thylakoids, are as marked as those
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found by Berner et al. (1989), much larger differences in cross-sections should be
expected, if we were to compare cells of taxa with different organization of the cell and
of the photosynthetic apparatus within it.

The Size and Geom f the Cell

Kirk (1975a;b; 1976; 1983) showed that changes in cell size affect the cross-
sections of phytoplankton populations. For the same chlorophyll a concentration per unit
volume of the cell suspension, the larger the size of the cells, the smaller their absorbance,
and hence, their cross-sections will be smaller. Conversely, as cells become smaller, their
absorbance approaches that of a solution, of the same concentration of chlorophyll a,
although, we always should expect to find the relationship:

D,,<D,, @
where D, is the absorption of a cell suspension, and D, that of a solution.

Kirk (1976; 1983) also described an opposite trend when cells of increasing
deviation from a spherical shape are compared, again assuming the same concentration of
chlorophyll a. Kirk showed that the more elongated the cells are, the ratio of D,,,/D,;
increases. These conclusions underscore the importance of changes in the size of
pytoplankton cells occurring during their life cycle, or during changes in nutrient status
and photoadaptation, in determining their cross-sections, and therefore their light-
harvesting properties. The same is true for the changes in shape sometimes occurring as
part of a life-cycle of a single algal species, but much more frequently associated with the
species succession so typical of phytoplankton communities.

There are a few additional methods for determining optical cross-sections, besides
those derived from measurements in the field and based on the attenuation of the
underwater light field by phytoplankton. In the field, the major problem is the partitioning
of attenuation by the total particulate fraction between phytoplankton and tripton. This
partitioning was estimated by measuring the absorption of all the particulates on a filter,
and repeating the reading after extracting the filters. The measurement on filters requires
correction due to amplification of pathlength by multiple scattering in the layer as
described by Mitchell and Kiefer (1984).

In the laboratory, absorption measurements were made on dilute suspensions by
Ley and Mauzerall (1982), in a normal spectrophotometer, using opal glass
spectrophotometry (e.g., Dubinsky et al., 1986) and with integrating sphere attachments
(Kiefer et al., 1979), and from beam attenuation within a cuvette for measuring oxygen
evolution (Dubinsky et al., 1987). Cleveland et al.(1989) distinguished the absorption of
phytoplankton from that of non-living particulates based on their mathematical treatment
of absorption spectra of single-species cultures grown in the laboratory.

Perry and Porter (1989) applied flow-cytometry to determine the cross-sections of
individual cells in the field and compared their results with those obtained from numerous
laboratory cultures. They based their analysis on the relationship between the fluorescence
of the phytoplankton cells and their cross-sections, and found very good correspondence.

One of the most interesting recent applications of the optical cross-sections of

phytoplankton was the attempt by Smith et al. (1989) to construct a photon budget for the
upper ocean. They used their values for cross-sections of phytoplankton to estimate the
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fate of all light absorbed in the ocean. This approach will no doubt be attempted in the
future in studies of water bodies.

FUNCTIONAL CROSS-SECTIONS OF PHYTOPLANKTON

In addition to the optical cross-sections of phytoplankton, functional cross-sections
have been defined and measured. These are associated with photosynthesis, or with its
partial reactions and related phenomena; in principle, they may be determined for any
photochemical reaction in which the formation of a product or response, R, may be
quantified. These cross-sections are best understood in the context of the photon flux
needed to saturate the reaction. From the saturation curve of any such reaction, in respect
of the photon flux delivered as a variable intensity, brief flash, within the duration of a
single occurrence of the reaction, the so-called, single-turnover flash, a target size may be
calculated, representing the probability of eliciting a photochemical response, according
to the equation (Ley and Mauzerall, 1982):

Y = R/R,, =l 5)

which describes a cumulative single-hit Poisson probability distribution. If Y is the yield
of the reaction, in terms of the ratio of the measured response to its maximal ratio, and
E is the number of photons per unit area delivered during the flash, then ¢ is the functional
cross-section being estimated.

The Cross-section of PSII

In the case of the functional cross-sections for photosynthetic oxygen evolution by
PSII, Ley and Mauzerall (1982) used a laser at 596nm to deliver submicrosecond flashes,
which were varied over five orders of magnitude to obtain a saturation curve. They
measured oxygen evolution with a bare platinum, Pickett-type polarograph.

Using the equation

P =P, (1-7%") 6

P and P,,, are the measured and maximal measured oxygen evolution, and E, the
measured number of photons per cm? delivered during the flash. The cross-section of PSII
for oxygen production, 90, remains the only unknown. Using this method, Ley and
Mauzerall determined o5, in Chlorella vulgaris with great precision (+2%). They found
it to be 70 A2 (7000 nm?) at 596nm, which was the wavelength of the laser they used.
Ley (1984) used the same method to determine the effective cross-sections for oxygen
production in the phytoplanktonic rhodophyte Porphyridium cruentum. Ley measured o,
values at 546 and 596 nm, before and following state II to state I transitions, and found
a 50% increase. From these data he analyzed the changes in energy transfer between
phycobilisomes and the reaction centers of PSII (RCII) occurring in this organism upon
state transition. This approach was used in a few subsequent studies with other
phytoplankton and higher-plant chloroplast suspensions, and is reviewed by Mauzerall and
Greenbaum (1988).
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Recent studies used photoacoustic techniques to measure oxygen evolution from
phytoplankton monolayers, and other plant material. This technique uses a microphone
to convert the pressure wave generated by the oxygen evolved after a light pulse into an
electronic signal. This method requires the separation of the signal due to oxygen
evolution from pressure resulting from dissipation of thermal energy (Canaani et al.,
1988). Work is in progress with photoacoustic techniques to measure 9o, in Chlorella
vulgaris (Cha and Mauzerall, 1990).

Less direct methods were also used to determine o, or the related cross-section
opsp- There is an inverse relationship between chlorophyll fluorescence and the ongoing
rate of photosynthesis. This relation is based on the increasing ratio of closed/total
number of RCII as photosynthetic rate approaches P,_,,, its maximal, light- saturated value.
When a RCII is excited by energy of a photon absorbed in its antenna an electron is
transferred to a primary acceptor, Q,. This "trap" remains "closed" until it is reduced by
a primary donor and the electron moves on from the primary acceptor. Any light reaching
the closed trap between the time of reduction of the reaction center and the reoxidation of
the acceptor will elicit fluorescence. Therefore, fluorescence will increase from a
minimum, F,, when all traps are open, such as in a phytoplankton sample preincubated in
the dark, to a maximal value, F,,,, when all centers are closed as photosynthesis proceeds
at its maximal, light-saturated rate. Falkowski et al. (1986) used a pump-and-probe
technique first proposed by Mauzerall (1972) to obtain a saturation curve of
photosynthesis. In this method the change between fluorescence yield of a weak "probe"
flash preceding (F,) and following (F;) an actinic "pump" flash, is measured. Kolber et
al. (1990) developed this approach, and designed laboratory and sea-going versions of a
double flash (actually triple flash) fluorometer, based on it. With this apparatus, in
addition to the ongoing rate of photosynthesis, the functional cross-section of PSII is
computed from the variable fluorescence curve. The variable fluorescence, A®, is defined
as:

A% = (F-F,)/F, Y
At a saturating actinic flash:
Aént = (anx'Fo)/ F o (8)

By varying the intensity of the "pump" flash, a functional cross-section for PSII, g;s;, may
be calculated from a non-linear regression, again assuming the same cumulative, single-hit
Poisson distribution as with oxygen evolution,

A®/AD,, = 1 -¢ “P1° ©)

Dubinsky et al. (1986) calculated the changes occurring in cross-sections of PSII
during phoptoadaptation of three phytoplankton species. They fitted data relating
photosynthesis under continuous, white irradiance to a single-hit, cumulative Poisson
distribution. They estimated the turnover time 7 from P,,, values and PSU "sizes," and
calculated the number of photons delivered at each irradiance level per unit area, during
the interval 7. The transition from discrete flashes to a continuous light raises difficult
theoretical and experimental problems, since the continuous illumination may cause
additional complicating changes such as photoinhibition and increased respiration rates, all
of which are avoided when using single turnover flashes. Nevertheless, they showed that
while in Isochrysis galbana, adaptation to low light was accompanied by a consistent
increase in opgy, no such change occurred either in Thalassiosira weisflogii or in
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Prorocentrum micans. Because they determined photosynthetic rates under a "white"
beam, their cross-sections are weighed spectral-averaged cross-sections, for the specific
light source with which they worked.

The Functional Cross-section of PSI

The measurement of this cross-section proved rather elusive since, as was pointed
out by Mauzerall and Greenbaum (1989), unlike in the case of PSII, there is no readily
quantifiable product indicative of its activity. These authors (Greenbaum and Mauzerall,
1987) suggested that the amplitude of the oscillation in oxygen uptake following a single
turnover flash may be used to estimate the cross-section of PSI. They attributed the
respiratory transients in O, uptake occurring following the flash to PSI activity, and
constructed a saturation curve for the amplitude of the oscillation as a function of flash
intensity. By fitting the relative yield, in this case the relative amplitude of the respiratory
transient, to the cumulative single-hit Poisson distribution, they estimated the cross-section
of PSI. In another study they fit their data to a sum of two Poissonians, indicating the
presence of a mixture of two different cross-sections (Greenbaum et al., 1987).
Subsequent work and analysis proved that these cross-sections are of both photosystems.
Thus the respiratory transient measures the cross-section of both PSI and PSII (Mauzerall
and Greenbaum, 1989; Greenbaum and Mauzerall, 1991).

A different approach to estimate the cross-section of PSI is based on the
observation that under anaerobic conditions in many green alga an hydrogenase is induced.
Hydrogen production by this enzyme involves only PSI. From the saturation curve of
hydrogen production in Chlamydomonas, Greenbaum (1977) was able to determine the
cross-section of PSI. A similar technique was used by Boichenko and Litvin (1986) to
determine the cross-sections of PSI and PSII. They used pulsed H, and O, production
measured with a platinum polarographic electrode polarized for O, detection or, under
anaerobic conditions, for H, oxidation.

QUANTUM YIELDS OF PHOTOSYNTHESIS

Quantum yields of photosynthesis are of great interest in the study of the
photosynthetic process (Mauzerall and Greenbaum, 1989) and in ecological studies
(Dubinsky, 1980), where their relation to various ecosystem properties and environmental
factors has been explored. Early determinations were based on the ratio between the
energy stored in a given water volume through the photosynthetic process, and the quanta
absorbed by the same volume during the same time (e.g., Dubinsky and Berman, 1976;
1981a,b; Dubinsky et al., 1984). For the specialized case of zooxanthellate corals, an
analogous areal computation was applied to determine quantum yields (Dubinsky et al.,
1984; 1990; Wyman et al., 1987).

In recent oceanographic work, attempts were made to incorporate cross-sections
and quantum yields in algorithms for determining photosynthesis from distributions of
chlorophyll a as determined by satellite imagery, and from the properties of the
underwater light field (Kiefer and Mitchell, 1983; Falkowski; Lewis; Kiefer, this volume).
This need rekindled the interest in the determination of quantum yields, using current
experimental and conceptual approaches.

If the value for the optical cross-section °a’, or k;, which is determined per mg of
chlorophyll a, is divided by the number of chlorophyll a molecules in one mg of
chlorophyll, we obtain the optical cross-section of a single chlorophyll a molecule, o,.
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When this value is multiplied by the Emerson-Amold photosynthetic unit (PSU) size
(Emerson and Arnold, 1932), we obtain an optical absorption cross-section for the PSU,
gpsy. This cross-section relates to the light absorbed by the entire PSU, which, by the
Emerson and Arnold (1932) definition, is the oxygen-producing functional entity. The
light absorbed by any area exposed to a flash equals the product of the area by the number
of photons delivered by the flash per unit area. For a single PSU this is:

Opsy E (10)

By virtue of the definition of the PSU, the maximum oxygen produced by a sample
containing n chlorophyll @ molecules, illuminated by a single turnover flash, is:

n/PSU. (11)

Under non-saturating light this equals:

n -aOE
oG (1-e7%%) (12)

Under low light:

Therefore, at low E, the maximum quantum yield ¢,,,, equals the oxygen produced by a
sample, divided by the light absorbed by all the chlorophyll in it:

Fig. 3. Schematic representation of ¢ as the ratio of ¢, /0psy. The large elliptical area
is the total energy harvested by the Emerson and Arnold (1932) PSU. The 0o,
ellipse is the fraction of that energy resulting in PSII mediated oxygen evolution.
The difference between these areas (opsy - d5,) consists of energy utilized in PSI
activity, fluorescence, thermal decay, and other losses.
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Since the photon number cancels out, ®,,, equals the ratio between the optical and
functional cross-sections (Ley and Mauzerall, 1982; Dubinsky et al., 1986; Mauzerall and
Greenbaum, 1989) (Fig. 3). The advent of the sea-going pump and probe fluorometer
allows us to determine the maximal quantum yield, based on the ratio of cross-sections,
on an unprecedented bathymetric and temporal resolution (Kolber et al., 1990; Falkowski,
this volume).

CONCLUSIONS

The sensitivity of the optical cross-section to cell size, photoadaptation, and nutrient
limitation, determines the importance of this parameter in coupling the oceanic photon
fluxes to the material fluxes. This coupling is accomplished on the single-cell level, or
on the phytoplankton community structure level (Chisholm, this volume) by optimizing the
ratios of light-harvesting to nutrient assimilation rates. These adjustments result in the
spatial and temporal variation in the maximal quantum yield of global oceanic
photosynthesis (Falkowski; Lewis, this volume).
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INTRODUCTION

The ability to derive basin-scale maps of phytoplankton chlorophyll in the upper ocean
from satellite color sensors (see Lewis, this volume) has led increasingly to the
development of models relating biomass to primary production (Eppley et al., 1985;
Falkowski, 1981; Platt, 1986; Platt and Sathyendranath, 1988; Morel, 1991). Chlorophyll,
however, represents a pool size, while primary production is a flux. To derive a flux
from a pool, a time-dependent variable must be incorporated. The simplest models
relating carbon fixation to chlorophyll incorporate irradiance (Bidigare et al., this volume);
the transfer function is a quantum yield. These so-called light-chlorophyl} models (Ryther
and Yentsch, 1957; Cullen, 1990) are virtually impossible to verify in the ocean, hence
their credulity presumably lies in understanding the underlying biological processes and
how those processes are regulated. Here, I examine how some of the key parameters
which are implicitly or explicitly incorporated in rational light-chlorophyll models are
regulated at a fundamental, molecular level.

While light-chlorophyll models may appear to differ in notation and some detail (e.g.
Bannister and Laws, 1980; Kirk, 1983; Kiefer and Mitchell, 1983; Falkowski et al., 1985;
Geider et al., 1986; Sakshaug et al., 1989), they basically are similar, All of these models
calculate the absorption of radiation as the product of the spectral optical absorption cross-
section normalized to chlorophyll, a*, and incident spectral irradiance, I,. The rate of
photosynthesis is simply calculated from the product of the quantum yield, ¢, and the rate
of light absorption. The allocation of carbon to cell biomass can then be predicted from
the photosynthetic quotient and respiratory losses (Falkowski et al., 1985). However, at
light saturation, the rate of light absorption becomes irrelevant to photosynthesis or
growth, and the minimum turnover time, 7, for electrons to be transferred from water to
carbon dioxide becomes rate determining. At present, no model predicts 7 with accuracy,
and thus the phytoplankton models do not predict, from first principles, the maximum
photosynthetic or growth rate of phytoplankton.

Paralleling the progress in modeling the photophysiological responses of
phytoplankton, molecular biologists and biophysicists have made considerable progress
over the past decade in understanding the basic structure of photosynthetic systems. A
major watershed was the elucidation of the amino-acid sequences of the L, M, and H
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subunits, and subsequently, the X-ray structure of the functional apparatus in
Rhodopseudomonas viridis. That structural investigation provided a model for the reaction
center of photosystem II in oxygenic photosynthesis (Michel and Deisenhofer, 1988).
There is no comparable model of PS I, but general features of the reaction center structure
may be presumed. An understanding of the structure of light-harvesting chlorophyll
proteins is largely based on X-ray analysis of the chlorophyll a/b binding protein from peas
(Kuhlbrandt and Wang, 1991); its relationship or relevance to the LHCs in phytoplankton
is unclear. However, basic schematic models for both photosystems have been developed,
and the compartmental location of the genes encoding for these elements for some
cyanobacteria and eucaryotic microalgae is known (Table 1).

Application of physiological models to estimate phytoplankton production and
growth in the sea depends on parameters derived from either laboratory or field
measurements. Both such data have revealed that variations in absorption cross sections,
quantum yields, and turnover times are related to variations in growth irradiance and
nutrient limitation (Falkowski et al., 1985, 1991; Dubinsky et al., 1986; Kolber et al.,
1988, 1990). The ability to describe the climatological variability of these parameters in
the ocean would conceptually lead to much more accurate descriptions of primary
production from knowledge of incident irradiance and the distribution of chlorophyll.

Using abstract mathematical models in conjunction with structural biological
models, it is possible to gain some insight into how, on a molecular level, phytoplankton
perceive the outside world, transduce that information, and respond by altering components
in the photosynthetic apparatus. I will focus on how molecular alterations of the
photosynthetic apparatus which affect absorption cross-sections, quantum yields, and the
maximum rate of electron transport, play an important role in determining the
photosynthetic flux of carbon in the ocean.

ABSORPTION CROSS-SECTIONS

Most studies of variations in absorption cross-sections in cultured phytoplankton
have been related to changes associated with irradiance. The functional absorption cross-
sections of PS I and PS II can change on time scales of a few minutes (state transitions)
to a few hours (photoadaptation) in response to photon flux densities (Ley, 1980;
Falkowski, 1984; Falkowski and LaRoche, 1991; Mauzerall and Greenbaum, 1989). PS
II cross sections can be measured by following the change in the flash intensity saturation
curve for O, evolution (Ley and Mauzerall, 1982; Dubinsky, this volume) or for the
change in variable fluorescence (Falkowski et al., 1986). The two curves are virtually
identical (Falkowski et al., 1988), indicating they have the same functional antenna. PS I
cross-sections can be measured by following the light-intensity-dependent changes in Py
oxidation/reduction kinetics (Zipfel and Owens, 1991; Telfer et al., 1984), the changes in
EPR signal strength (Weaver and Weaver, 1969), the changes in respiratory transients
(Greenbaum et al., 1987; Greenbaum and Mauzerall, 1991), or the changes in hydrogen
evolution (Greenbaum, 1977).

At a molecular level, the absorption cross-section is related to the average "size"
of the antenna serving the reaction center. The antenna system of phytoplankton is
composed of either phycobilisomes (in some cyanobacteria and cryptomonads), or light-
harvesting chlorophyll proteins. One way to increase the cross section is to add more
antenna molecules to each of the reaction center complexes. Algae accomplish this in two
ways. On short time-scales of a few minutes, some fraction of the light-harvesting
chlorophyll proteins may become reversibly phosphorylated (Bennett, 1991). Allen
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Table 1.

Microalgae and Their Products

Some Major Photosynthetic Genes in Cyanobacteria and Eucaryotic

Gene
Complex Designation Gene Product Location Codons
Photosystem II psbA 32 kDa Qgprotein, D1 chloroplast 353
psbB 47 kDa Chla protein chloroplast 508
psbC 44 kDa Chla protein chloroplast 461
psbD 34 kDa protein, D2 chloroplast 353
PsbE 9 kDa cytochrome b-559 chloroplast &3
psbF 4 kDa cytochrome b-559 chloroplast 39
psbG 24 kDa polypeptide chloroplast 248
psbH 10 kDa phosphoprotein chloroplast 73
psbl chloroplast 36
psbJ chloroplast 53
psbK chloroplast 55
psbL 3.2 kDa polypeptide chloroplast 38
OEE1 33 kDa polypeptide nucleus ~ 1000
OEE2 23 kDa polypeptide nucleus ~900
Cytochrome petA cytochrome f chloroplast 320
be-f complex petB cytochrome b-563 chloroplast 215
petC Reiske Fe-S protein nucleus ~900
petD 17 kDa polypeptide chloroplast 160
Photosystem I psaA P700-Chla protein chloroplast 751
psaB P700-Chla protein chloroplast 735
psaC 8 kDa 2(4Fe-4S) protein chloroplast 81
psaD Ferredoxin docking protein  nucleus
psaE nucleus
psaF plastocyanin docking protein  nucleus
psaH-J unknown functions nucleus
ATP Synthase atpA CF, subunit chloroplast 504
atpB CF, subunit chloroplast 498
atpC CF, v subunit nucleus ~ 1000
atpD CF, & subunit nucleus ~750
atpE CF, subunit chloroplast 137
atpF CF, subunit I chloroplast 183
atpH CF, subunit IIT chloroplast 81
atpLl CF, subunit IV chloroplast 247
RuBisCO rbcL large subunit chloroplast 550
bcS small subunit nucleus in 120
chlorophytes
chloroplast in
chromophytes
Light Harvesting  cab major light-harvesting nucleus various

chlorophyll-binding
proteins associated
with PS I and PS II
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et al., (1981) suggested that phosphorylation is mediated by the redox potential of the
intersystem electron carrier, plastoquinone. When PQ is oxidized, phosphatase activity
is greater than kinase activity, and the LHCP becomes dephosphorylated. The
dephosphorylated pigment-protein complex associates with PS II, leading to an increase
in the effective absorption cross-section of that photosystem. Conversely, upon reduction
of PQ, which is caused by a high rate of photon absorption by PS II, a kinase
phosphorylates a fraction of LHC II, and the pigment protein complex detaches from the
photosystem, so decreasing the cross-section of PS II. It was thought that the LHC II
migrated to PS I, leading to a simultaneous increase in the absorption cross-section of that
photosystem. However, biophysical evidence suggests that in cyanobacteria and eucaryotic
algae the changes in PS II cross-sections are not accompanied by simultaneous changes in
PS I cross-sections (Owens, 1986).
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Fig. 1. Changes in opg; as a function of growth irradiance in Skeletonema costatum
grown in nutrient-replete conditions. Cells grown at lower irradiance (®) have
larger cross-sections. The data were obtained with a pump and probe
fluorometer, as described by Kolber et al., 1988.

The role of phosphorylation-related changes in cross-sections, or state transitions
in natural phytoplankton communities has never been understood. They are usually
experimentally promoted by changes in light; however, in the chromophyte, Olisthodiscus
danica, phosphorylation of the chlorophyll a/c fucoxanthin proteins is independent of
illumination and insensitive to the photosynthetic electron-transport inhibitor, DCMU
(Gibbs and Biggins, 1991). The paradigm that red light promotes an increase in the
functional absorption cross-section of PS II, while blue light leads to a decrease in that
cross-section is based on experiments with chlorophytes (Bonaventura and Myers, 1969).
In the ocean, higher intensities of light are associated with a red-enriched region of the
spectrum. Thus, increased irradiance would tend to promote a state I transition on the
basis of the spectral composition, while simultaneously promoting a state II transition on
the basis of photon fluence.
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State transitions may lead to alterations in the ratio of linear to cyclic electron flow,
where state II essentially promotes more cyclic flow around PS I, and hence, more ATP
production relative to NADPH formation. Turpin and Bruce (1990) found that in
Selenastrum minutum, NH} assimilation may also lead to a state transition, apparently by
altering the ratio of demand for ATP/NADPH. Specifically, addition of NH} simulated
a state II transition by forcing an increased demand for ATP. NOj and NO; have similar
ATP/NADPH requirements to CO, assimilation (Turpin, 1991) and do not induce state
transitions. It may be that in phytoplankton, nutrient limitation and pulsed supply may
influence short-term scale changes in the functional absorption cross-sections of PS I and
PSII more than the irradiance regime.

On longer time scales, of hours to days, phytoplankton may synthesize more or less
antenna pigment-protein complexes relative to reaction center proteins. This process,
which may be mediated by changes in the average irradiance to which cells are exposed,
is usually phenomenologically considered a component of photoadaptation. Generally, the
absorption cross-sections of PS II and PS I increase with decreasing irradiance (Fig. 1).
In some species, however, such as Thalassiosira weisflogii (Kolber et al., 1988),
photoadaptation does not result in any change in the absorption cross-section of PSII.
Changes in the absorption cross-section are often due to irradiance-dependent changes in
the accumulation of light-harvesting chlorophyll protein complexes relative to reaction
centers (Falkowski et al., 1981). Sukenik et al. (1988) showed that in the chlorophyte,
Dunaliella tertiolecta, a decrease in growth irradiance leads to an increase in both LHC
IT and LHC I apoproteins. How a change in irradiance level leads to a change in the
synthesis of light-harvesting chlorophyll proteins is unknown.

MOLECULAR BASES OF PHOTOADAPTATION

The synthesis and assembly of functional light-harvesting chlorophyll complexes
requires the coordination of two biosynthetic pathways, namely that for pigments and that
for protein. The pigments are synthesized in the chloroplast. The LHC apoproteins are
encoded in the nucleus, translated in the cytoplasm, and transported across the chloroplast
membrane as larger precursors, where specific proteases cleave the transit peptide. The
mature apoprotein then becomes inserted in the thylakoid membranes in specific
orientations, and subsequently binds pigments.

One possible mechanism for regulating the synthesis and assembly of light-
harvesting chlorophyll protein complexes during photoadaptation is via post-translational
stabilization by pigments of the nascent apoprotein molecules. This hypothesis of post-
translational control is based on the observation that in mutants of (e.g.) Chlamydomonas,
in which chlorophyll b synthesis is genetically blocked, LHC apoproteins are synthesized
but degraded before they are inserted into thylakoid membranes (Michel et al., 1983).
Thus, if chlorophyll synthesis was regulated by light intensity, the apoproteins could be
synthesized at a constant rate. If the pigment production rate was equal to or exceeded
that of the apoprotein, the resulting complex would be stabilized and become incorporated
in the membrane as a functional antenna. However, if, pigment synthesis lagged behind
that of the apoprotein, the uncomplexed protein would be rapidly degraded.

Mortain-Bertrand et al. (1990) tested this hypothesis in Dunaliella tertiolecta by
blocking the synthesis of chlorophyll with the inhibitor gabaculine. The synthesis and
stability of LHC II was followed in pulse-case studies with **SO,. Following a shift from
high to low irradiance, LHC II apoproteins were radiolabeled and remained labeled, even
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after a 96 h case, in both control and gabaculine-treated cells. However, in the latter LHC
II did not increase relative to other membrane proteins, as it did in control cells.
These results suggest that chlorophyll synthesis is required for the accumulation, but not
directly for the stabilization, of LHC II.

LaRoche et al. (1991) examined how light intensity affects the abundance of
messenger RNA encoding for LHC II in Dunaliella. They found that within 1.5 hours
following a shift to either low light, darkness, or low light in the presence of gabaculine,
the LHC II mRNA levels increased markedly. Nine hours following a shift to low light,
the mRNA for LHC II had increased four-fold, while transcripts for photosynthetic
proteins (e.g., D1, Rubisco large subunit) did not change (Fig. 2). In cells transferred to
low light, however, the mRNA levels remained elevated after 36 h, while, in cells kept
in darkness or in the presence of gabaculine, the transcripts declined. Additionally, LHC
II apoproteins only accumulated in cells kept in low light. Thus, chlorophyll synthesis is
not required for an increase in LHC II transcript abundance, but is required for the
accumulation of LHC II apoproteins.

Thus, the evidence suggests that the messenger RNA levels for LHC II apoproteins
are affected by irradiance, while translation of the message appears to require chlorophyll
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Fig. 2. The chlorophyll a/b ratio and relative abundance of mRNA for several of
photosynthetic genes in Dunaliella tertiolecta. Note the large increase in cab
mRNA relative to psaB and psbA (data courtesy of Julie LaRoche).
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biosynthesis. How the messenger RNA levels are promoted by low irradiance is unclear;
however, as submicromolar concentrations of DCMU also promote an increase in
chlorophyll (Beale and Appleman, 1971), the transcluetion mechanism would appear to be
related to linear photosynthetic electron flow.

Both the optical (a*) and functional absorption cross-sections (opsy) change in
response to nutrient limitation (Kolber et al., 1988; Herzig and Falkowski, 1989). Both
nitrogen and iron limitation lead to increases in a* (Greene et al, 1991). The increase in
a* occurs because nutrient limitation often leads to a reduction in intracellular pigment
content, and a concomitant lessening of self-shading within the thylakoid membranes
(Berner et al., 1989). However, nutrient limitation can also lead to an increase in opgy
(Kolber et al., 1988; Greene et al., 1991), a result that is counter-intuitive. In the case of
iron or nitrogen limitation, the nuclear-encoded light-harvesting chlorophyll protein
complexes appear to be preferentially synthesized relative to the chloroplast-encoded
reaction center proteins (Falkowski et al., 1989). While nutrient limitation leads to an
overall reduction in pigment per cell, there is more LHC II present relative to reaction
centers. Thus, under nutrient-replete conditions, increased irradiance tends to lead to a
reduction in oPSII, while nitrogen and iron limitation tend to lead to an increase in opgy.
How do these two processes interact in the ocean?

There are few measurements of PS II absorption cross-sections in the ocean. One
data set from the Gulf of Maine (Kolber et al., 1990) suggested that irradiance was not the
only factor determining the spatial distribution of PSII cross-sections, and that nutrient
availability also played an important role. Off the coast of Hawaii the absorption cross-
sections decrease with depth, reaching a minimum at the nitricline (Fig. 3). Clearly, such
a phenomenon suggests that light is not the only factor controlling PS II cross-sections
in situ.
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Fig. 3. Section showing the spatial distribution of g,s; off the coast of Hawaii. Note
the decrease in gy with depth, which is opposite to that expected if the
variability in opsy was due to photoadaptation. At station 10, a cyclonic eddy

pumped nitrate into the euphotic zone; this phenomenon was associated with
decreased opgy.
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MOLECULAR BASES OF CHANGES IN QUANTUM YIELDS OF
PHOTOSYNTHESIS

The quantum yield is a mathematical parameter in rational models relating
irradiance to photosynthesis or growth. The determination of the maximum or limit
quantum yield in photosynthesis has a long and tumultuous history. It is now generally
accepted that the limit yield of the reaction for oxygen evolution is 0.125 O,/quanta;
however, that yield is seldom obtained except under ideal circumstances (Myers, 1980).
Some physiological models, such as that of Kiefer and Mitchell (1983), assume a constant
limit yield of 0.10, and subsequently model the relationship between the quantum yield and
irradiance by a hyperbolic function. Similarly, so-called y functions, relating surface
incident irradiance and integrated euphotic-zone chlorophyll concentrations to integrated
carbon fixation (Falkowski, 1981; Platt, 1986; Morel, 1991), inherently assume or
explicitly derive a quantum yield. Both of these general types of models are attractive
because of their potential ability to derive primary production from satellite chlorophyll
data sets or from moored instrumentation. However, if the limit yields of photosynthesis
vary significantly in the ocean, then the rates of carbon fixation estimated by these models
could have significant error. For the moment, I will not discuss further whether or not
a hyperbolic function best fits the relationship (Cullen et al., this volume), but instead
focus on the variability in the maximum quantum yield, ¢,,-

The quantum yield is not directly measured; it is a derived parameter. Usually it
is derived from two independent measurements, the rate of light absorption, which is, in
turn, calculated from measurement of incident spectral irradiance and a* (Dubinsky, this
volume), and the initial slope of the photosynthesis irradiance curve, which is derived from
some curve-fitting procedure (e.g., Jassby and Platt, 1976). It is difficult to measure the
absorption of light by algae in the laboratory, let alone in the ocean. In most of the early
determinations of quantum yield, algal cultures were so dense that all the visible light was
absorbed by the cells, thereby negating the problem of having to measure scattering. In
the ocean, the measurement of a* is complicated by the relatively dilute concentration of
phytoplankton, and consequently scattering and the absorption of photosynthetically active
radiation by non-photosynthetic particles poses a formidable technical problem ( see Kirk,
this volume). Hence, a* itself must be derived indirectly (Bidigare et al., this volume).
Almost all have reported limit yields in excess of the theoretical maximum. Interestingly,
however, Cleveland et al. (1989) suggested that variations in the yield were not randomly
distributed, and therefore, presumably not due to measurement error. These workers
correlated the variations in yields to distance from the nitricline, and inferred that nutrient
limitation affected the limit yield. That inference is supported by laboratory data showing
that the maximum quantum yield of oxygen evolution is affected by nitrogen limitation
(Welschmeyer and Lorenzen, 1991; Herzig and Falkowski, 1989; Kolber et al., 1988;
Osborne and Geider, 1986; Greene et al., 1991).

As described by Ley and Mauzerall (1982), Dubinsky et al. (1986), and Dubinsky
(1991), the quantum yield of photosynthetic oxygen evolution is the ratio of the optical
absorption cross-section to the functional absorption cross-section of PS II. The functional
absorption cross-section of PS II can be measured in the ocean with a pump- and-probe
fluorometer, without interference from non-phytoplankton absorption (Kolber et al., 1990).
Absolute calibration of the actinic flash intensity allows for calculation of absolute quantum
yield, if a* can be measured (Greene et al., 1991). Thus, even though this technique
circumvents the problem of measuring P vs I curves and deriving an initial slope, the
accurate measurement of a* remains an obstacle to accurate and rapid assessment of the
variability of ¢,,.
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Maintenance of the maximum quantum yield requires the integration of two
processes, the efficient transfer of excitation energy from the antenna pigments to the
reaction centers, and the existence of functional and open reaction centers. In PS II, if
either the transfer process or reaction center function is impaired, the maximum change
in the quantum yield of fluorescence will decrease. In the former case, excitation energy
absorbed by the pigment bed will not be trapped, and subsequently, a larger fraction will
be re-emitted as fluorescence, raising the so-called F, level. In the latter case, both F, and
F,, will be reduced (Butler and Katajima, 1975; Kiefer and Reynolds, this volume). Thus,
measurement of the maximum change in the quantum yield of fluorescence is a surrogate
index of the maximum quantum yield of photosynthesis. The maximum change imr the
quantum yield of fluorescence can be readily measured in situ (Kolber et al., 1990).

Empirically, the numerical value of the change in the quantum yield of fluorescence
has an upper bound. If calculated by the expression, Ad,, = (F,, -F,)/F,, the maximum
value is ca. 1.6; the value is independent of species and growth irradiance, as long as the
cells are nutrient replete (Falkowski et al., 1986; Kolber et al., 1988). It is unclear why
the maximum values of Aé,, converge on 1.6; however, it presumably reflects the ratio
of fluorescence lifetimes between open and closed PSII reaction centers (Schatz et al.,
1988; Kiefer and Reynolds, this volume).

In the summer in the Gulf of Maine, Kolber et al. (1990) found that A¢,, varied
by a factor of three in the euphotic zone, but, moreover, was correlated with distance from
the nutricline. Thus, their work independently supported that of Cleveland et al. (1989),
and implied that even in "nutrient rich" coastal waters, photosynthetic rates were not
simply limited by the availability of light, but could also be limited by the availability of
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Fig. 4.  Effects of growth irradiance and nutrient limitation on the change in the
maximum quantum yield of fluorescence in phytoplankton. If the relative
growth rate is regulated by irradiance, and nutrients remain saturating, Ag,, is
constant, averaging about 1.6. If the relative growth rate is regulated by
nutrients, but light is saturating, A¢,, is a hyperbolic function of w/pp,,.
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nutrients. Subsequently, Falkowski et al. (1991) found that in the subtropical Pacific, Ad,,,
was elevated by nutrient pumping in an eddy, approaching the maximum value, but outside
of the eddy, was much lower than the maximum value. Why should A, vary?

Ad,, varies with nutrient status. Specifically, Kolber et al. (1988) found that in
three species of phytoplankton grown in nitrogen-limited chemostat cultures, A¢,, was a
hyperbolic function of growth rate (Fig. 4). Moreover, when growth rates for the three
species were normalized to the respective maxima, one curve described the relationship
between Aé,, and the relative specific growth rate, independent of species. Clearly, more
work needs to be done to determine how robust that relationship is; however, it implies
that under nitrogen limiting conditions, A¢,,, can be related to the relative specific growth
rate of phytoplankton (Falkowski et al., 1991). Greene et al. {1991) also found that A¢,,
was affected by iron availability in batch culture, and they used Aé,, as one diagnostic of
iron limitation. We have done preliminary experiments with phosphorous limitation, but
our few results suggest that phosphate limitation may lead to a reduction in A¢,,, although
not nearly to the extent that nitrogen or iron limitation do.

MOLECULAR BASES OF VARIATIONS IN A¢,,

The transfer of excitation energy from the light-harvesting chlorophyll proteins (or
from phycobilisomes for that matter) to reaction centers is mediated by a few highly
conserved chlorophyll-protein complexes, which are encoded in the chloroplast (Table 1).
Two in particular, CP43 and CP47, are thought to be essential for energy transfer.
Western blots of nitrogen-limited cells suggest that there is a reduction in CP43, CP47 as
well as in the reaction center proteins D1 and D2 relative to the light-harvesting
chlorophyll proteins. That observation suggests nutrient limitation may reduce synthesis
of chloroplast-encoded proteins more than nuclear-encoded proteins (Kolber et al., 1988).
Picosecond measurements of fluorescence lifetime measurements (Geider, Greene, and
Mauzerall, unpublished) suggest that excitation energy is not transferred effectively to PS
11 reaction centers in iron-limited cells. This finding is further supported by a decrease
in F, upon addition of iron. Thus, it would appear that the major cause of reduction in
Aé,,, under iron, and possibly, nitrogen limitation is due to the reduction in the efficiency
of transfer of excitation energy to reaction centers. Much more work needs to be done
to clarify the molecular mechanisms by which nutrient limitation alters the quantum yield
of fluorescence.

On an ecological level, however, the results of Cleveland et al. (1989), Kolber
et al. (1990), and Falkowski et al. (1991) have profound implications. For the past
decade, biological oceanographers have vigorously debated and explored whether
phytoplankton growth rates are nutrient-limited. One school of thought, championed by
such workers as Caperon (1968), Thomas (1970), and Dugdale (1967), suggested that
phytoplankton growth could be related to external nutrient concentration by a hyperbolic
function, and because the concentration of fixed inorganic nitrogen was vanishingly low
throughout most of the upper oligotrophic ocean, chlorophyll-specific primary production
(and, by inference, specific growth rate) was nutrient-limited. Another school, led by
Goldman (1980), and Laws et al. (1987), suggested that although the pool size of nitrogen
was low, the regenerative flux of nitrogen through a microbial food web was so rapid as
to sustain phytoplankton at or near their maximum relative specific growth rates. Both
schools have argued from indirect evidence, as maximum specific growth rates have not
been directly and unambiguously measured in situ. The variations in quantum yield found
for photosynthesis (Cleveland et al., 1989) and fluorescence (Kolber et al., 1990;
Falkowski et al., 1991) in both coastal and oligotrophic ocean waters suggest that, in fact,
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average specific growth rates and primary productivity are nutrient-limited. While this
evidence is also indirect, it (a) is directly measured with minimum experimental
manipulation, and (b) cannot be explained by any other environmental or biological
process that we are aware of. Clearly, however, many more measurements of the spatial
and temporal variations in the functional absorption cross-sections of PS II and quantum
yields are needed, and undoubtedly the controversy over whether phytoplankton are at or
near their maximum relative specific growth rates will continue.

Another implication of the variability in quantum yields is the application of simple
irradiance - chlorophyll models to predict carbon fixation. If nitrogen limitation leads to
a decrease in quantum yields, but it is assumed (as is presently the case) that the limit is
constant, then the incorporation of a fixed limit yield into production models will
potentially overestimate production. Most of the light-chlorophyll model validation or
parameterization has been from coastal regions, where nutrient limitation may not be
severe. I examined the relationship between surface irradiance, integrated euphotic zone
chlorophyll, and integrated euphotic zone carbon fixation for historical data sets from
Northwest Africa, Baja, and off the island of Hawaii, and cannot find a fixed value for y.
Much of the variability in v probably arises from the effects of nutrients on the quantum
yield of photosynthesis. One possible means developing more accurate estimates of
primary production from satellite measurements is to produce "climatological" maps of
quantum yields. Incidently, passive, solar-induced measurements of fluorescence cannot
be used to derive the yield variability. In the present models, variability in the yields is
ascribed to variations in photosynthetic rate, assuming a fixed limit yield (Kiefer et al.,
1989). The use of passive fluorescence to estimate variability in the maximum quantum
yields of photosynthesis would be an exercise in circular reasoning within the context of
the present models.

VARIATIONS IN Py«

While there is a theoretical limit yield for photosynthetic oxygen evolution, which
is based on the so-called "Z" scheme, theoretical calculations of maximum photosynthetic
rate (e.g., Falkowski, 1981) are based on empirical parameterizations. It would seem
rather straightforward to measure P®_,,; however, the literature on the interpretation of the
parameter is confusing, as are the causes of its variability (Cullen et al., this volume).

P, can be defined as a ratio of the concentration of photosynthetic units to their
turnover time. The concentration of photosynthetic units can be defined as the number of
reaction centers per cell; usually, but not always, concentration is defined as the number
of PS II reaction centers. If the ratio of PS II to PS I reaction centers is not unity
(Falkowski et al., 1981; Dubinsky et al., 1986), then the calculated turnover times will
differ, and have different meanings. However, for the sake of simplicity, let us define the
concentration, n, of reaction centers based on PS II.

In practice, the turnover time of interest in determining P, is the minimum time
required for an electron to be extracted from water on the donor side of PS II, to pass
through the intersystem electron transport chain to PS I, and subsequently to reduce either
CO, or some other terminal electron acceptor (e.g., NO; or SO*,). This turnover time
is usually calculated from P,,, and oxygen flash yields (e.g., Falkowski et al., 1981;
Herzig and Falkowski, 1989), and not directly measured. It should be noted that the time
constant for the decay of variable fluorescence (Falkowski et al., 1986; Kolber et al.,
1988) differs from the turnover time for whole chain electron transfer. The former
corresponds to electron transfer reactions between the primary and secondary electron
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acceptors in PS II (specifically between Q, and Q,), and not to the overall rate-limiting
reactions in carbon fixation. The time constants associated with the transfer of electrons
between Q, and Q, are an order of magnitude faster than the whole chain electron transfer
reaction. Henceforth, to avoid confusion, I shall refer to the whole chain turnover time
as the "slow" turnover time.

Myers and Graham (1971) first noted that the slow turnover time increased in Chlorella
pyrenoidosa grown in trubidostat cultures as cells acclimated to lower irradiance levels.
Simultaneously, the number of PS II reaction centers increased. Thus, as cells became
shade adapted, the maximum rate at which the average reaction center could process
electrons decreased.

Sukenik et al. (1987) examined the effect of growth irradiance on the slow turnover
time in Dunaliella tertiolecta and found that the turnover time increased almost five-fold
between cells grown in turbidostats at five separate irradiance levels between 80 and 1900
wE m? s1. Over the same irradiance range, there was a five-fold decrease in PS II
reaction centers. They further examined whether the changes in the slow turnover time
were correlated with changes in the stoichiometry of electron transport components
between PS II and PS I. The results of that study revealed that the proportion of PS II
reaction centers to plastoquinone to cytochrome f to PS I reaction centers was independent
of growth irradiance. Thus, all measured components of electron transport increased
concordantly with decreased irradiance. They called the ensemble of these components
an "electron transport chain." However, the cellular level of the carboxylation enzyme,
RuBisCO was independent of growth irradiance. When the rate constant, the reciprocal
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Fig. 5. Relationship between the ratio of Ribulose 1,5-bis-phosphate carboxylase-
oxygenase (Rubisco) to electron-transport chain and the maximal turnover rate
of the photosynthetic apparatus in Dunaliella tertiolecta grown in nutrient-
replete conditions. Note the linear dependence of the maximal rate of
photosynthetic electron transport on the RuBisCO/ETC ratio (after Sukenik
et al., 1987).
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of the slow turnover time, was plotted as a function of the ratio of RuBisCO/electron
transport chain for each irradiance, a linear relationship was found (Fig. 5). These results
strongly suggested that carboxylation, or some process associated with carbon fixation, is
the rate-limiting factor at light saturation, and not electron flow between the two
photosystems. Similar results were subsequently obtained by Fischer et al. (1989).

The slow turnover time does not always vary with growth irradiance. For
example, in Isochrysis galbana grown under nutrient-replete conditions, Falkowski et al.
(1985) found that the turnover time was independent of growth irradiance, averaging ca.
4 ms. They did not examine the relationship between electron-transport components and
Calvin cycle enzymes, so it is unclear if the electron-transport components were
maintained in constant proportion to carbon-fixing components. In nitrogen-limited
Isochrysis, however, Herzig and Falkowski (1989) found that the turnover time increased
from 4.5 to 6.3 ms, as cells became increasingly nitrogen-limited. Interestingly, the
relationship between RuBisCO/RCII was not a linear function of the maximum rate of
whole chain electron transport under these conditions, suggesting that RuBisCO per se is
not rate limiting.

The basic consensus is that Calvin cycle processes limit the maximum
photosynthetic rate; however, the physiological literature is rich with discussion and debate
as to which specific reaction(s) in the cycle is rate limiting. The activation of RuBisCO
by the enzyme RuBisCO activase (Portis et al., 1986) has been implicated, although the
regeneration of ribulose 1,5-bisphosphate also has been suggested (Farquahar et al., 1980).
It is interesting that most of the key enzymes involved in the dark reactions of carbon
fixation are soluble proteins located in the chloroplast stroma, while the electron-transport
components of the light reactions are hydrophobic molecules found in the thylakoid
membranes. The addition of surface area to the thylakoid membrane accompanying
adaptation to low irradiance is not accompanied by an increase in the volume of the
chloroplast (Berner et al., 1989). Thus, potentially one factor limiting P®,,, might be the
surface area to volume ratio of within the chloroplasts, in which the diffusion of reductant
and ATP from the thylakoid membranes to the soluble proteins becomes rate determining.
Whatever the exact causes, however, it is clear that proper parameterization of the slow
turnover time is essential for estimating P®_,, from chlorophyll and irradiance.

The Calculation of 7

At subsaturating irradiance, the initial slope of the photosynthesis-irradiance curve,
«a, can be described by:

@ = opsp ¥ 1 @D

where n is the concentration of PS II reaction centers (usually expressed as
O,/chlorophyll). At saturating irradiance levels:

P, = 0/t ()]

where 7 is the slow turnover time (Herron and Mauzerall, 1972; Falkowski, 1981). Recall
that:

L = /P, 3)
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Thus, the slow turnover time can be calculated from knowledge of the absorption
cross-section of PS II and from I,:

7= 1/ * opsp) @

Both I, and g5 can be measured with the pump-and-probe fluorometer (Falkowski and
Kolber, 1990), and thus 7 is derived (Kolber and Falkowski, unpublished). Calculated
values of 7 in the ocean appear to average about 4 ms, although we have data for few
samples. We expect that over the next decade the biological oceanographic community
will have a much more extensive data set related to the climatology of 7, the relationship
between 7 and oceanographic regimes, and a more complete understanding of the
biochemical and molecular biological factors controlling 7.
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Fig. 6. Changes is non-photochemical quenching (qN) and photochemical quenching
(qQ) in a natural phytoplankton community sampled near the surface at mid-day
in summer. Note the rapid decrease in qN (r;) followed by a slow decrease
(1,). The slow decrease in qN is mirrored by a proportional increase in qQ.
We infer that 7, corresponds to "true" non-photochemical quenching, while 7,
is related to photoinhibitory damage to PS II (data courtesy of Z. Kolber).

PHOTOINHIBITION AND NONPHOTOCHEMICAL QUENCHING

In most vertical profiles of phytoplankton photosynthesis, measured in bottles by
either following radiocarbon incorporation or oxygen evolution, there is a depression in
P®_,, near the surface (e.g., McAllister, 1961; see Neale, 1987 for a review). This effect
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can be simulated in cultures by increased irradiance levels, and has operationally been
called photoinhibiton (Myers and Burr, 1940). Photoinhibition has been correlated with
damage to both PS I (Gerber and Burris, 1981) and PS II (Kyle et al., 1985), although
most of the experimental phenomena implicate PS II. The exact mechanism of
photoinhibitory damage to PS II reaction centers is under some debate (Demmig-Adams,
1990). It has been suggested that photoinhibition is due to the degradation of the reaction-
center protein, D1 (Ohad et al., 1990). Specifically, based on molecular models of the
folded protein, hydropathy plots, and by analogy to the L subunit of Rhodopseudomonas
viridis, D1 contains 5 transmembrane spans. Photoinhibition leads to cleavage between
a residues 238 and 248, between the fourth and fifth transmembrane regions, and in a
region where Q, and DCMU bind. It has been suggested that the exact site of cleavage
is at tyrosine residue. Alternatively, it has been suggested that photoinhibition is due to
damage to the primary donor and acceptors within the reaction centers. Operationally,
both types of mechanisms lead to the same basic phenomenology, namely a loss of
photosynthetic capacity (Osmond, 1981), and a decrease in variable fluorescence (Critchley
and Smillie, 1981; Vincent et al., 1984).

Functionally, the loss of activity within the ensemble of PS II reaction centers results
in a decrease in the maximum quantum yield of photosynthesis and an increase in 7. Both
the induction and recovery from photoinhibition are time-dependent. The induction is non-
linearly dependent on photon dose (Takahashi et al., 1971), which is the product of photon
fluence rate and time. The recovery occurs over several hours and is correlated with the
synthesis of D1 (Kyle et al., 1985), a chloroplast-encoded protein which can be blocked
by chloramphenicol. It should be pointed out that D1 turnover occurs under low as well
as high irradiance levels; supra-optimal irradiance merely increases the rate of degradation
of the protein. While field measurements of changes in the dark-adapted quantum yields
of fluorescence (Fig. 6) suggest that near-surface irradiance levels may cause a loss of
functional PS II reaction centers in natural phytoplankton communities (a contention which
supports the diel variations in DCMU-enhanced fluorescence as shown by Vincent et al.,
1984), there is no evidence that reaction center proteins such as D1 are damaged in natural
phytoplankton communities. One possible means of assessing the effect of irradiance and
mixing on PS II reaction centers would be to follow the pool size and turnover of D1 with
a combination of Western blots and pulse labeling autoradiography in natural
phytoplankton under a range of irradiance levels.

During the day, in vivo fluorescence per chlorophyll is generally lower than at
night. This so-called fluorescence quenching may appear to be due to a loss of PS II
activity resulting from photoinhibition. However, a significant fraction may also be due
to a phenomenon called non-photochemical quenching.

The change in the quantum yield of fluorescence due to non-photochemical
quenching is relatively easy to measure (Kolber et al., 1990). In chlorophytes and other
green algae, the quenching process is correlated with the light-dependent conversion of
violaxanthin to zeaxanthin through the intermediate antheroxanthin. In chromophyte algae
such as diatoms, diadinoxanthin is photochemically converted to diatoxanthin. In both
such types of algae, the back reactions are enzyme mediated and, therefore, temperature
sensitive (Table 2). However, the kinetics of the changes in non-photochemical
quenching due to the xanthophyll cycle or other relatively reversible processes (half time
of a few minutes) can be readily distinguished from repair of PS II reaction centers, which
occurs on much longer time scales (half times of a few hours) (Fig. 6).

Much remains to be understood about the mechanisms and significance of non-
photochemical quenching, especially in natural phytoplankton. If non-photochemical
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Table 2.  First-order rate constants (h™) for changes in the xanthophylls diadinoxanthin
(DD) and diatoxanthin (DT) after a shift from low light to high light (LL/HL)
or from high light to low light (HL/LL); (-) indicates a decrease whereas (+)
indicates an increase. Note that the photo-induced conversion of DD to DT
is temperature insensitive, while the reverse reaction is temperature dependent
(Mortain-Bertrand, unpublished).

LL/HL HL/LL
Diadinoxanthin -15.4 +6.6
Diatoxanthin +17.2 -1.5
18°C DD/DT -42.0 +9.5
AP -20.6 +7.5
Diadinoxanthin -14.4 +0.6
Diatoxanthin +16.9 3.1
6°C DD/DT -40.8 +0.7
AP -16.8 +3.2

quenching were only due to energy dissipation within the antenna, the process should
dissipate more absorbed photons as heat, presumably reducing the overexcitation of PS II
(Kiefer and Reynolds, this volume). If the quenching process is located in the antenna
serving PS II reaction centers, the process should be observed as a decrease in the
effective absorption cross-section for PS II. There does appear to be some reduction in
PS 1I cross-section due to non-photochemical quenching (Genty et al., 1990); however the
reduction is relatively small, on the order of 10%.

It should be pointed out that the rate of nutrient supply can affect both the degree
and recovery from photoinhibition, as well as non-photochemical quenching. Nutrient
limitation promotes an increase in the effective absorption cross-section of PS II. Thus,
nutrient-limited cells will tend to become photoinhibited at lower photon fluence rates than
cells growing in nutrient-rich regimes. Moreover, as previously discussed, limitation by
such elements as iron or nitrogen, tends to lead to a selective loss of reaction center
proteins, and potentially reduces the ability of cells to repair photoinhibitory damage.

CONCLUSIONS

The simultaneous development of molecular biological techniques and biophysical
tools over the past decade has allowed biological oceanographers to investigate the
mechanisms responsible for the photophysiological responses of phytoplankton in a variety
of oceanic regimes. Casting empirical equations relating photosynthesis to irradiance in
the biophysical terms of quantum yields, absorption cross-sections, and turnover times
allows molecular models to be constructed which relate to the mathematical model
abstractions. For example, if, as a first approximation, the functional absorption cross-
section of PS II is related to the ratio of LHC II to reaction center proteins, such as D1,
then it becomes of interest to understand the factors regulating the synthesis and
destruction of these protein elements. If the quantum yield is expressed as a ratio of two
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cross-sections (see Dubinsky, this volume), then the factors controlling the synthesis of
specific proteins and prosthetic groups can be related to variability in quantum yields. The
objective of these investigations is to understand the biological "rules" that phytoplankton
follow in adjusting the photosynthetic apparatus to variations in the external world.

Over a decade ago, I began to investigate phytoplankton productivity by focussing
on physiological acclimation to irradiance. My personal belief was that productivity was
probably much more related to irradiance than any other factor, while the distribution of
biomass was much more related to physics, as it controls the distribution of nutrients.
However, the vertical distribution of the photochemical energy conversion (Aé,,), or of
opsr in the oceans cannot be explained based on irradiance alone. At present, the only
factor which we know can modify these parameters, and which is consistent with the
oceanographic observations, is nutrient supply. It therefore seems that nutrients modify
photosynthetic responses and that light-chlorophyll models must mathematically incorporate
these modifications to accurately predict primary productivity in the sea.
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NUTRIENT LIMITATION OF MARINE PHOTOSYNTHESIS

John J. Cullen*, Xiaolong Yang, and Hugh L. Maclntyre

Bigelow Laboratory for Ocean Sciences
McKown Point
West Boothbay Harbor, ME 04575

INTRODUCTION

Guided by insightful presentations at the previous Brookhaven Symposium
(Bannister and Laws, 1980; Eppley, 1980; Goldman, 1980) we address here three
questions that have challenged oceanographers for decades: 1) Can photosynthetic
performance be used to diagnose the nutritional status of phytoplankton? 2) Should
nutrients be incorporated into models of oceanic photosynthesis as a function of
chlorophyll and light? and 3) How might we assess nutrient limitation of the specific
growth rates or standing crop of phytoplankton in the ocean? We find that ambiguities
thwart attempts to formulate robust generalizations. Accordingly, when it comes to
nutrient limitation of marine photosynthesis, a good paradigm is hard to find.

NUTRIENTS AND PHOTOSYNTHETIC PERFORMANCE

The growth and photosynthesis of plants depends on nutrients. It is reasonable to
expect, then, that some aspects of photosynthetic performance will reflect the nutritional
status of phytoplankton. Here we examine the rate of photosynthesis normalized to
chlorophyll @ (P®), asking if P® tells us anything about the nutritional status or specific
growth rates of phytoplankton.

Regional Differences in Normalized Photosynthesis

Measurements from different regions of the ocean suggest that P® may indeed
reflect the supply of nutrients to the euphotic zone (Barber and Chavez, in press).
Consider a comparison of observations from the central equatorial Pacific and the Gulf of
Mexico (Fig. 1). For these two environments, temperature and light conditions were
similar, yet normalized photosynthesis (g C g Chl" d') was much higher over the Texas
shelf, where nitrate concentrations were low, but where trace elements, such as iron, were
much more abundant than in the equatorial Pacific (cf. Martin et al, 1989). If the

*Address for correspondence: Department of Oceanography, Dalhousie University,
Halifax, Nova Scotia B3H 4J1, Canada
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Fig. 1. Vertical profiles of normalized photosynthesis (g C g Chl™ d!) from the Texas
Shelf (higher values; 4 h simulated in situ incubations, hourly rates multiplied
by 10 + range of duplicates; Cullen et al., unpubl.) and from the equatorial
Pacific (lower values; 24 h simulated in situ incubations + s.d. for 6 days;
data of R. Barber and F. Chavez presented in Cullen et al., in press).

higher P® off Texas corresponded to higher specific growth rates of phytoplankton, one
might infer that the specific growth rates of the equatorial phytoplankton were limited by
nutrient supply, possibly iron. However, specific growth rate, u, (d') is determined by
both P® (expressed as net photosynthesis over 24 h) and the carbon/chlorophyll ratio of
phytoplankton (C:Chl):

D,

so that the relationship between P®and p can be determined only if C:Chl is specified.
Unfortunately, C:Chl, which is quite variable under physiological control, cannot be
measured directly and accurately on natural samples (Eppley, 1972, 1980; but see Redalje
and Laws, 1981), so geographical patterns in P® cannot be related directly to x unless
more information is provided.

Laboratory Models of Nutrient Limitation

Pertinent information on the relationship between PP and u comes from models of
photosynthesis, nutrition, and growth of phytoplankton. These models, which will not be
reviewed here, are based on results from laboratory experiments. The experiments are
usually performed either by allowing a culture to deplete a limiting nutrient (nutrient-
starved batch culture) or by growing phytoplankton in nutrient-limited continuous culture.
The two experimental regimes are fundamentally different, and the differences should be
appreciated.

Batch culture. When a batch culture of microalgae runs out of a limiting nutrient,
growth is unbalanced (Eppley, 1981) because photosynthesis proceeds, but synthesis of
critical cellular constituents is restricted by lack of the limiting nutrient. Biochemical
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composition (Strickland et al., 1969; Sakshaug and Holm-Hansen, 1977; Flynn, 1990) and
physiological capabilities (Horrigan and McCarthy, 1981; Cleveland and Perry, 1987)
change, as does the rate of cell division. Both the assimilation number (P® at optimal
irradiance; Glover, 1980) and photosynthetic efficiency in subsaturating light
(Welschmeyer and Lorenzen, 1981; Cleveland and Perry, 1987) decline in what appears
to be an unavoidable consequence of nutrient starvation.

Continuous culture. In nutrient-limited continuous culture, physiological regulation
culminates in balanced growth of phytoplankton: cellular concentrations of the compounds
that require the limiting nutrient decline and storage products (such as carbohydrate or
lipid) are accumulated until the amounts of all cellular constituents increase exponentially
at the same nutrient-limited rate, averaged over the photocycle (Shuter, 1979; Eppley,
1981). That is, cellular carbon increases until "the growth rate of algal carbon is reduced
to match the growth rate allowed by the nutrient supply"” (Bannister and Laws, 1980). In
response to nitrogen limitation, for example, cellular chlorophyll concentration is regulated
so that changes in C:Chl are principally responsible for the variation in growth rate (e.g.,
Laws and Bannister, 1980). As a result, P® at growth irradiance can be independent of
nutrient-limited growth rate (Bannister and Laws, 1980; Sakshaug et al., 1989; Cullen,

1990).

Thus, the results for nutrient starvation in batch culture are not interchangeable
with the results for continuous cultures. When relating experimental results to the ocean,
it is useful to consider which laboratory model is likely to apply in a given oceanographic
situation (Yentsch et al., 1977).
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Fig. 2. The relationship between photosynthesis and irradiance. (A) A P versus I curve
following the model of Platt et al. (1980), with initial slope o, and maximal
rate Pp,,. Susceptibility to photoinhibition is designated by the parameter 3.
(B) P versus I curves for the diatom Thalassiosira pseudonana (clone 3H)
grown at 200 umol photons m? s? in nutrient-replete media (filled circles are
from semi-continuous cultures, 12 h: 12 h light:dark cycle; u = 0.85 d) and
in nitrate-limited continuous culture at 0.3 d' (open circles; Yang et al., see
Table 1). In this particular comparison, P,,, is similar, but the nitrogen-limited
culture has a higher o and greater susceptibility to photoinhibition. The
generality of this comparison is examined below and found to be lacking.
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Nitrogen Limitation and Photosynthetic Performance: Experimental Results

When phytoplankton are grown at steady state in nutrient-limited continuous
culture, the growth rate equals the dilution rate, which is under precise experimental
control. The influence of nutrient limitation on photosynthesis can then be examined by
measuring C:Chl and calculating P® at growth irradiance by rearranging eq. 1 (e.g., Laws
and Bannister, 1980). Also, photosynthesis versus irradiance (P versus I) can be measured
directly on subsamples. More sophisticated biochemical or biophysical measurements also
can be made (Falkowski, this volume), but the P versus I relationship is examined here
because it is relatively easy to measure, and it contains information on photosynthetic
efficiency, photosynthetic capacity, and the susceptibility of the alga to photoinhibition
(Fig. 2A). Each of these facets of photosynthetic performance might respond
independently to nutrient limitation (Fig. 2B). Environmental influences on P versus I of
natural phytoplankton have been examined (e.g., Platt and Jassby, 1976; Harrison and
Platt, 1980, 1986; Falkowski, 1981; Malone and Neale, 1981), but as the following
discussion will show, the effects of nutrient-limitation on P versus I merit review.

Assimilation number. The assimilation number is P® at light saturation, equivalent
to P, in the P versus I relationship. Assimilation number is perhaps the easiest
photosynthetic parameter to use to compare measurements between the laboratory and the
field, because it is relatively insensitive to differences in light quality, its calculation does
not rely on accurate measurement of irradiance, and it can reasonably be compared to the
maximum P® measured in vertical profiles. The variability of assimilation number has
been studied for years (e.g., Curl and Small, 1965; Eppley, 1972; Yentsch et al., 1974,
Platt and Jassby, 1976; Glover, 1980; Harrison and Platt, 1980; Falkowski, 1981). Here,
we examine one aspect, the relationship between nitrogen-limited growth rate and
assimilation number in continuous culture.

Results spanning nearly 20 years are compiled in Fig. 3. The basic experimental
design is straightforward, although details differ (Table 1). Simply, cultures were grown
at a series of nitrogen-limited growth rates, and photosynthesis was determined
experimentally, either by measuring O, evolution or the uptake of *C-bicarbonate. For
comparison, we converted published results to plots of P,,, (g C g Chl! h'') versus relative
growth rate (u/p,,,; Goldman, 1980). Also, we included our own results from studies of
nitrate-limited growth of the neritic diatom, Thalassiosira pseudonana (clone 3H). Our
cultures were grown on light:dark cycles, and the diel variation of P versus I was
examined.

A pattern can be seen in each experimental series, but patterns differ between
experiments. Several studies show that P,,, is strongly depressed at low growth rates
(Thomas and Dodson, 1972; Glover, 1980; Osborne and Geider, 1986; Kolber et al.,
1988; Chalup and Laws, 1990), whereas others indicate that P,,, is largely independent of
nitrogen-limited growth rate (Eppley and Renger, 1974; Herzig and Falkowski, 1989;
Yang et al., Fig. 3H). Experimental conditions and cultured species differed (Table 1),
but we find no factor or set of factors that is clearly associated with either result. For
example, one might look for a contrast between neritic and oceanic species (Sakshaug et
al., 1987). However, both patterns have been observed in oceanic diatoms (Thomas and
Dodson, 1972; and Eppley and Renger, 1974), and different patterns have been observed
in the same clone of a neritic diatom (Kolber et al., 1988; and Yang et al., unpublished,
Fig. 3H). Perhaps the experimental photocycle is important: assimilation number was
little affected by nitrogen-limitation in two studies that employed light:dark cycles (Eppley
and Renger, 1974; Yang et al., Fig. 3H), but it was strongly a function of growth rate in
most studies using continuous light. However, in the thorough study made by Herzig and
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Relationships between P, and nitrogen-limited growth rate (converted to
relative growth rate by normalizing to the nutrient saturated rate at that
temperature and irradiance, Goldman, 1980): nitrogen-limited continuous
cultures. Oxygen-based measurements of gross photosynthesis were converted
using photosynthetic quotients in the original publications (but 0.8 mol C mol
0, was assumed for Kolber et al., 1988). References and experimental details
are presented in Table 1.
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Falkowski (1989), assimilation number was largely independent of nutrient-limited growth
rate in continuous light. The largest discrepancies between experiments are at low dilution
rates, when it is difficult to establish steady-state conditions.

We feel that no set of results can be considered "right" or "wrong"; rather, they
differ for reasons that have not been identified or explicitly studied. It is curious and
unsettling to discover that the laboratory experiments central to our understanding of
nitrogen limitation and photosynthetic physiology can have such disparate results, for no
obvious reason. A systematic examination of this problem is warranted.

Because PP can remain high even when growth rates are severely limited by
nitrogen supply, we conclude that assimilation number is an unreliable diagnostic of
nitrogen limitation (Laws and Bannister, 1980; Herzig and Falkowski, 1989). That is,
geographical uniformity of assimilation number cannot be assumed to reflect uniform
nutritional status. However, when temperature and light are held constant in laboratory
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Fig. 4. Effects of nutrition on the initial slope of the P versus I curve, o. Results
from continuous cultures described in Table 1: (A) Herzig and Falkowski
(1989); (B) Chalup and Laws (1990); and (C) Yang et al. (unpubl.). The error
bars represent diel variation of a: they are averages of the standard deviations
of replicate series of 5 measurements during the light period. (D) An example
from a batch culture (Welschmeyer and Lorenzen, 1981), showing the decline
of o upon depletion of nitrate.
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studies of cultures, low assimilation numbers implicate nutritional deficiency. Thus,
regional differences of assimilation number at similar temperatures and irradiance (Fig. 1)
are consistent with nutritional differences, but rigorous demonstration of causality would
require more information.

Initial slope, «. The initial slope of the P versus I curve, [@: commonly used
units, g C (g Chl)! h"! (umol photons m?s™)1)], is the product of the specific absorption
coefficient for chlorophyll a, a, (m* mg Chl"), and the quantum yield for photosynthesis
& [mol C (mol photons)!] (Falkowski, 1980; Dubinsky, this volume). It is a measure
of photosynthetic efficiency, but it is not equivalent to quantum yield. The initial slope
is more difficult to measure accurately than is maximum photosynthesis, and its magnitude
is sensitive to the spectral quality of the light source and the absorption characteristics of
the phytoplankton. Nonetheless, variability in o has been studied systematically in the
field and in the laboratory.

Measurements on continuous cultures indicate that « is not very sensitive to
nitrogen limitation (Fig. 4A, B, C). This result contrasts with observations on batch
cultures subjected to nitrogen starvation (Welschmeyer and Lorenzen, 1981; Fig. 4D),
illustrating the fundamental difference between nitrogen limitation in continuous cultures
and nitrogen starvation in batch cultures. The relative constancy of o over a broad range
of nitrogen-limited growth rates does not mean that photosynthetic efficiency stays high
during nutrient limitation. In fact, it has been observed that the quantum yield for
photosynthesis is depressed at low nitrogen-limited growth rates; however, this effect on
a is more-or-less compensated by a concomitant increase in the specific absorption
coefficient as a consequence of reduced chlorophyll per cell (Herzig and Falkowski, 1989;
Chalup and Laws, 1990; Dubinsky, this volume). Thus, « is a poor diagnostic of nitrogen
limitation, but published results indicate that quantum yield (hence, photosynthetic energy
conversion efficiency; see Kolber et al., 1988) is low when nitrogen limits growth rate,
whether in balanced or unbalanced growth. The efficiencies of photosynthetic energy
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Fig. 5. Thalassiosira pseudonana (3H): variation of DCMU-enhanced fluorescence,
(Fpemu-F)/Fpemu, With nitrate-limited relative growth rate at 200 pmol photons
m? s (Yang et al., Table 1). Symbols represent the 5 different sampling
periods during the light period with filled symbols indicating lights on and
lights off.
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conversion of natural phytoplankton, measured with a pump-and-probe fluorometer, were
strongly related to the supplies of dissolved inorganic nitrogen in the Gulf of Maine
(Kolber et al., 1990), leading to the suggestions that rates of photosynthesis were nitrogen-
limited and that non-invasive measurements could be used to assess relative growth rates
of phytoplankton in situ.

An apparently anomalous set of observations complicates our understanding of the
relationship between nitrogen limitation and photosynthetic energy conversion. Dark-
adapted fluorescence enhancement with 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)
is a crude measure of the photochemical conversion efficiency of photosystem II (Vincent
et al., 1984). Relative enhancement, expressed as (Fpeyy - F)/Fpemy, Teliably reflects the
degradation of photosynthetic quantum yield during nitrogen starvation (Welschmeyer and
Lorenzen, 1981; Cleveland and Perry, 1987). In contrast, the magnitude of this parameter
was unaffected by nitrogen limitation in continuous cultures of Thalassiosira pseudonana
(Fig. 5). It would be very interesting to make the simple measurements of DCMU-
enhanced fluorescence concurrent with pump-and-probe fluorometry to find out if culture
conditions, species, or the type of measurement are responsible for the discrepant results.

Interpreting Spatial Patterns of Normalized Photosynthesis

The data reviewed here show that the photosynthetic characteristics of
phytoplankton, normalized to chlorophyll, can be insensitive to large variations in nutrient-
limited specific growth rates of phytoplankton. Yet, in nature, assimilation number can
vary substantially in patterns that seem strongly related to nutrient supply (e.g., Curl and
Small, 1965; Barber and Chavez, 1991; Fig. 1). How should these patterns be
interpreted?

We recommend a cautious approach. It is instructive to compare patterns in
assimilation number to inferred patterns in nutrient supply. For example, if there is a
strong correlation between inferred nutrient supply and assimilation number, nutrient
limitation of primary productivity is suggested, even though nutrient-limited specific
growth rates cannot be specified. However, normalized photosynthesis can be insensitive
to nutrition, and, as we show in the following section, little or no pattern might be
observed over a strong gradient of nutrient supply, so that measurements of photosynthesis
do little to resolve questions about the specific growth rates of phytoplankton.

Our review has a practical message: there is no experimental justification for
converting measured values of P® directly into estimated growth rates by assuming a
constant C:Chl over an environmental gradient. Simply, P® is not a reliable proxy for
relative growth rate.

PHOTOSYNTHESIS - LIGHT MODELS

Having established that in some circumstances P® can be nearly independent of
nutrient-limited growth rate, we ask if nutrients need be incorporated into models of
photosynthesis as a function of chlorophyll and light. The application considered here is
remote sensing to estimate primary productivity. Bio-optical models and growth models
will not be discussed. The approach is empirical; we will examine P versus I relationships
in natural phytoplankton of the northwest Atlantic Ocean to see if inferred differences in
nutrient supply influence P®. If the effects of nutrient supply on P® are small, the utility
of geographical representations of P versus I (Platt et al., 1988) is enhanced.
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Photosynthesis versus Irradiance near the Gulf Stream

We measured P versus I on samples from the vicinity of the Gulf Stream, including
"green water" (surface chlorophyll = 0.3 mg m?) and "blue water" (surface chlorophyll
<0.3 mg m®). The arbitrary distinction reflects differences in nutrient supply to the
euphotic zone associated with vertical mixing and sloping isopycnals across the Gulf
Stream (Yentsch, 1974). If nutrient supply strongly influenced P versus I (as it does
photosynthetic energy conversion efficiency; Kolber et al., 1990), then P versus I on
samples of "green water" would differ from that in samples of "blue water".

Temperature can have a strong influence on seasonal (Harrison and Platt, 1980) and
latitudinal (Harrison and Platt, 1986) comparisons of P versus I. However, during this
cruise, most of the samples came from water in a narrow temperature range (22°C-26°C),
so temperature was not an important factor.

A composite presentation (Fig. 6A) may look like a jumble, but much of the
variability in P versus I is easily explained by invoking light regime as the principal
influence. The curves with low maximum rates and pronounced susceptibility to
photoinhibition are from deep samples; shallow samples have higher P,,, and less
susceptibility to photoinhibition (cf. Harrison and Platt, 1986). The pattern at a station
with near-surface stratification (Fig. 6B) is consistent with photoacclimation, essentially
the same as previously described (e.g., Falkowski, 1980; Richardson et al., 1983; Harding
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Fig. 6. Photosynthesis versus irradiance in and near the Gulf Stream. Curve-fits of
24-point P versus I curves (Lewis and Smith, 1983) to the model of Platt et al.
(1980). A) A composite of all results from "blue water" during the Biosynop
cruise, 12-21 October 1988. B) Station 68, where weak stratification
permitted photoacclimation of the phytoplankton assemblage. C) Station 71,
with an apparently active mixed layer to 75 m.
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et al., 1987), whereas P versus I in an actively mixing surface layer (Fig. 6C) is uniform
because the rate of vertical mixing exceeds the rate of photoacclimation (Steemann Nielsen
and Hansen, 1959; Falkowski, 1983; Lewis et al., 1984; Cullen and Lewis, 1988).

For cultures of phytoplankton, if P? is little influenced by nutrition, then a plot of
P® against growth irradiance will conform to a saturating function of irradiance (Bannister
and Laws, 1980; see Fig. 2 in Cullen, 1990). For samples from the field, we do not
know growth irradiance, but we can compare nutrient regimes by plotting P® as a function
of in situ irradiance. That is, for each curve, PPis calculated at the irradiance
corresponding to the depth of sampling, estimated from measured extinction coefficients
assuming surface irradiance of 2000 umol m? s?. The result is gratifying if not
remarkable (Fig. 7): P®is clearly a function of irradiance, with very little scatter around
a saturation curve. In fact, the data are consistent with the model of Ryther and Yentsch
(1957) as reformulated by Cullen (1990). Rates for "green water" are higher than those
for "blue water", but the differences are not great, and the sample size for the more
eutrophic stations is small.

Apparently, in this region, nutrition had little influence on P versus I. This finding
does not mean that growth rates were the same along the gradient of nutrient supply.
Perhaps the more important observation is that a single P versus I relationship could
describe the data with good precision. Such good agreement between measurements and
chlorophyll-light models are not always obtained, however (Campbell and O’Reilly, 1988;
Balch et al., 1989). Besides the possible physiological and ecological explanations for
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Fig. 7. Calculated P® at in situ irradiance for samples from the Biosynop cruise in and
near the Gulf Stream (see text). Closed symbols are from stations with surface
chlorophyll > 0.3 mg m?, open symbols from stations with surface
chlorophyll < 0.3 mg m®. The line is the chlorophyll-light model of Ryther
and Yentsch (1957) as reformulated by Cullen (1990). Estimates from "green
water" tend to be higher than the others, but the effect is small compared to
the variability that might be expected from inspection of the individual P
versus I curves (Fig. 6). This result suggests that the phytoplankton were
adapted to their irradiance regimes and that nutrition had a small influence on
P® at growth irradiance (cf. Cullen 1990).
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variable photosynthesis-light relationships for natural phytoplankton (Cullen, 1990), results
from conventional in situ or simulated in situ incubations might be more variable than
estimates from short-term P versus I estimates for methodological reasons, such as longer
incubation times and fluctuating solar irradiance during conventional incubations.

EXPERIMENTAL ASSESSMENT OF NUTRIENT LIMITATION

Nutrients can control primary productivity in several ways. For example, nutrient
availability can regulate rate processes, such as photosynthesis (Blackman, 1905), or the
final yield of a plant crop (Liebig limitation). The two types of limitation are conceptually
distinct (Browne, 1942), but they are not mutually exclusive in ecological systems.
Perhaps that is why the fundamental distinction between the Liebig limitation of yield and
Blackman’s rate-limiting factor has been blurred in ecological studies (Odum, 1971).
Consequently, the term "limitation of phytoplankton growth" has assumed many meanings,
including limitation of the specific growth rates of phytoplankton or limitation of standing
crop (Cullen, in press). To be effective, hypotheses should specify which type of
limitation is acting. Our discussion, so far, has focussed on rate processes, and how
certain short-term rate measurements on natural phytoplankton might be influenced by
nutrient supply. Now, we discuss how nutrients might control marine photosynthesis by
limiting the standing crop of phytoplankton.

The "Iron Hypothesis" and Liebig Limitation of Standing Crop

Recently, it was suggested that iron limits the growth of phytoplankton in large
parts of the ocean (Martin, 1990). Enrichment experiments have been used to assess the
Liebig-limitation of phytoplankton standing crop by iron (Martin, in press). The results
of these experiments, along with supporting measurements of dissolved iron
concentrations, a variety of provocative paleoceanographic observations, and the
suggestion that fertilization of the Southern Ocean with iron might mitigate the increase
of atmospheric CO, (Martin, 1990), have generated intense interest and discussion
(Chisholm and Morel, in press). The broad issues of the "iron hypothesis” (Martin, 1990,
in press; Cullen, in press) are well beyond the scope of this presentation, but the
interpretation of enrichment experiments is included as one more example of the ambiguity
that can be encountered when trying to assess nutrient limitation in the ocean. Other
aspects of nutrient-enrichment experiments are reviewed by Hecky and Kilham (1988).

The design of Martin’s enrichment experiments is simple: samples of natural
plankton are incubated in bottles and changes in chlorophyll, nitrate and other parameters
are measured over several days. Samples enriched with small amounts of iron are
compared to unenriched controls, and differences between experimental treatments and
controls are attributed to iron. A particularly noteworthy achievement is in executing the
experiments free from contamination. The results are consistent: in iron-poor waters,
more phytoplankton accumulate in the iron-enriched bottles than in the unenriched
controls. Ambient nitrate is depleted in the enriched samples, whereas some residual
nitrate persists in the controls. Although the results are reported as growth rates (a
contentious approach: cf. Banse, 1990; Martin et al., 1990), Martin interprets the
experiments in the context of the Liebig limitation (Martin, 1990), with the fundamental
observation being that there is not enough iron in the water to support the accumulation
of phytoplankton and assimilation of residual nitrate.

More complete nutrient-enrichment experiments, with factorial design, were
performed several times in the past (e.g., Ryther and Guillard, 1959; Menzel et al., 1963;
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Thomas, 1969). It is now recognized that these experiments were compromised by
contamination (Huntsman and Sunda, 1980), but their design bears examination. The
standard of proof for such an experiment is stringent: to demonstrate Liebig-limitation,
growth (relative to an unenriched control) must be stimulated by addition of the purported
limiting nutrient and that nutrient alone, and growth should be unaffected when the
limiting nutrient is omitted from a complete nutrient addition. The technical obstacles to
performing such experiments without contamination are formidable, and the nature of
oceanic trace-element nutrition (Morel et al., in press; Bruland et al., in press) is such that
such a rigorous demonstration is unlikely.

There is another standard for evaluating the results of iron-enrichment experiments.
Simply, the results should be consistent with the hypothesis that the availability of iron
limits the standing crop of phytoplankton. Strictly interpreted, this means that there must
be no increase of standing crop in the unenriched control. After all, if iron limited
standing crop in situ, no increase in biomass would be observed during incubation of an
ideal uncontaminated sample. Suppose that another factor, such as grazing or the balance
between light-limited growth and grazing (cf. Banse, 1991), regulated the concentration
of phytoplankton at some concentration below that which could be supported by iron. If
grazing were diminished in bottles or if light-limited growth rates were increased during
on-deck incubations, growth would be observed in controls until the nutrient in shortest
supply was depleted. In fact, this is what regularly occurs: controls grow some, until iron
is depleted, but iron-enriched samples grow much more (growth was indicated by
disappearance of nitrate; Martin, in press). At face value, this result is a falsification of
the null hypothesis that available iron limits the standing crop of phytoplankton in siru.
Experimental artifacts, iron contamination, and second-order effects must be considered
in a more rigorous interpretation.

Some control samples seemed not to grow (measurements of Chl: equatorial Pacific
results of Martin, in press). It should be noted that the large initial decreases in
chlorophyll were very likely the result of light-shock during on-deck incubations at supra-
optimal irradiance: uncontaminated samples protected by neutral-density screens (Price
et al., in press) showed increases of chlorophyll.

Interpretation of published results. Iron-enrichment experiments described to date
show that in large regions of the ocean, iron is in short supply and that, isolated from
allochthonous sources, iron would run out before nitrate was depleted. The experiments
do not demonstrate that iron limits standing crop in siru, however. Also, these results do
not exclude the possibility that iron limits the specific growth rates of larger phytoplankton
(especially diatoms) and that an enhanced supply of iron would stimulate primary
productivity and the utilization of nitrate (Cullen, in press). Simply, the bottle experiments
are inconclusive.

Assessing Nitrogen Limitation of Standing Crop with a Factorial Experiment

Nitrogen is much easier to work with than iron, and Liebig-limitation can be
examined with a factorial experiment. Results from a class exercise illustrate nitrogen
limitation in Texas coastal waters. A sample from the Aransas Pass, Port Aransas, Texas
was obtained near midday on an incoming tide. Sampling isolated the phytoplankton from
the benthos, where much of the grazing pressure is thought to occur. A series of
enrichments was prepared, and changes in chlorophyll a, particulate protein, particulate
carbohydrate, nitrate, nitrite, ammonium, and phosphate were recorded during a 24-h
incubation in 8-1 polycarbonate bottles, water-cooled, and covered with neutral-density
screen to simulate mid-depth irradiance. Changes of chlorophyll were consistent with the
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other measurements (Fig. 8). There was no increase of chlorophyll in the control, which
was not surprising because nitrogen is required for net chlorophyll synthesis and dissolved
inorganic nitrogen was very low to begin with. In response to a complete nutrient addition
(major and minor nutrients, nitrogen added as ammonium, 16 yM), chlorophyll increased
more than threefold over 24 h. Ammonium alone (16 pM) stimulated a substantial
increase of chlorophyll, but phosphate was depleted within 12 h, and the +N treatment
did not stimulate the same increase of biomass as the complete nutrient addition. The
nutrient-omission treatment, complete minus N, was indistinguishable from the control,
indicating clearly that N limited the standing crop of phytoplankton. It is not simple to
relate these results of small-scale experiments to the functioning of the ecological system
(Hecky and Kilham, 1988). It would be harder yet if the results were not so clear.

The limitation of standing crop by nitrogen was not necessarily accompanied by
severe limitation of specific growth rates. In fact, the rapid increase in the enriched
sample, with little lag period, suggests that specific growth rates were quite high. Thus,
physiological diagnostics of nitrogen limitation might not reveal the control that nitrogen
supply exerts on standing crop, hence primary productivity (Flynn, 1990). Clearly, a
variety of approaches should be used when studying nutrient limitation of marine primary

productivity.
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Fig. 8. A factorial nutrient-enrichment experiment, performed as a class exercise using

water from the Aransas Pass, Texas (see text for details). Error bars are the
range of duplicates. The solid bar indicates darkness.

FROM LABORATORY TO NATURE: PHYSIOLOGICAL VERSUS GENETIC
VARIABILITY

We have discussed here studies performed in the laboratory and in nature. When
the results of laboratory experiments on individual clones of phytoplankton are used to
predict the effects of environmental variability on the photosynthesis, growth, or chemical
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composition of phytoplankton in the sea, an implicit assumption is made: that for complex
natural assemblages of phytoplankton responding to environmental variability, combined
physiological responses (acclimation) and genotypic responses (including species succession
and intraspecific changes in genotype frequency) will resemble the physiological responses
of a phytoplankton clone in culture. So far, this assumption has served us fairly well.
General trends have been described (e.g., Eppley and Renger, 1974; Goldman, 1980;
Laws and Bannister, 1980; Kiefer and Mitchell, 1983; Geider, 1987) and different
adaptational patterns have been identified (e.g., Richardson et al., 1983; Brand et al.,
1983; Sakshaug et al., 1987). For some studies of marine processes, genetic responses
need not be considered. In studies of diel variability or short-term physiological responses
to vertical mixing, changes of species composition should be unimportant, so one need
worry only about how well the physiological responses of cultured phytoplankton represent
those in the natural setting. But, if geographical or longer-term temporal patterns are to
be predicted or explained, we must recognize that in reaction to environmental change,
species succession can dominate the responses of phytoplankton, and even if species
persist, physiologically distinct genotypes might exchange dominance (Gallagher, 1982;
Wood, 1988). For adaptation to temperature, a genetic component of phytoplankton
response has been clearly recognized (Eppley, 1972). With respect to nutrient-limitation
of photosynthesis, it seems warranted to examine in detail the possible genetic
contributions to relationships between photosynthetic performance and nutrient-limited
growth rate.

In a nutrient-limited system in which natural selection has had time to operate, the
better competitors survive, and those that are most nutrient-limited become rare. Those
rare species would probably exhibit the most pronounced physiological characteristics of
nutrient limitation, and they would be likely to respond disproportionately to nutrient
enrichment (cf. Martin, in press). Conversely, the dominant species would be least likely
to show severe nutrient limitation. It would seem profitable, then, to use single cell
methods, such as fluorescence microscopy or flow cytometry, to look for biochemical or
physiological diagnostics of nutrient limitation of specific growth rates in the sea.

CONCLUSIONS

1. Models of nutrient limitation are based on laboratory experiments. There is a
fundamental distinction between nutrient starvation (batch culture, unbalanced growth) and
nutrient limitation (continuous culture, balanced growth over a photocycle), so the results
of experiments should be interpreted and models should be generated with clear
recognition of the stress imposed, and how it relates to oceanographic processes.

2. Itis tempting to interpret geographical variability of P® as a manifestation of
nutrient limitation. However, in continuous culture, P® can remain high despite nutrient
limitation because phytoplankton adapt by regulating cellular chlorophyll concentration.
Thus, although low values of P® may, indeed, reflect nutrient stress, P®is not a robust
diagnostic of nutrient limitation and cannot be related directly to growth rate unless C:Chl
is known.

3. Nutrient-limited algal cultures are used routinely to search for new diagnostics
of nutritional status. With respect to assimilation number, the responses of phytoplankton
cultures to nutrient limitation vary widely, and the source of this variation cannot be
resolved. Because we do not know how the sources of variability would influence other
potentially useful diagnostic parameters, it is essential to find the reason for the wide range
of results.
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4. Within some oceanic regions, P® at ambient irradiance appears to be only
weakly influenced by nutrient supply. Thus, models based on a regional P® versus I
relationship should have some utility.

5. The results of bioassays for iron-limitation, when interpreted strictly, reject the
hypothesis of iron-limitation of standing crop and are inconclusive with respect to iron
limitation of the specific growth rates of phytoplankton.

6. The responses of phytoplankton to environmental variability are often
generalized on the basis of physiological responses to experimental conditions, i.e., how
individual clones respond in the laboratory. In nature, though, genetic responses are
undoubtedly important (natural selection). It may be instructive to question the
conventional physiological approach. In the search for diagnostics of nutrient limitation
in the sea, work should focus on the physiological characteristics and growth responses of
rare species, which would flourish if purported nutrient limitation were alleviated.
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GEOLOGIC AND CLIMATIC TIME SCALES OF NUTRIENT
VARIABILITY
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INTRODUCTION

Most ocean scientists are convinced that oceanic primary production plays some
role in the global fluxes of biologically active elements such as carbon, nitrogen, oxygen,
and phosphorus (Berger and Herguera, this volume). That conviction leads to an
interesting question, "What processes regulate primary producers on the large time- and
space-scales characteristic of the geologic and climatic scales?"

This question is not new. At the Brookhaven Symposium on Primary Productivity
in the Sea a decade ago, Yentsch (1980) began his contribution with these words, "In other
discussions I have expressed the opinion that the introduction of the experimental
approach, an approach that uses the techniques derived largely from biochemistry and
microbiology, has not greatly changed our thinking on how numbers of phytoplankton are
regulated in time and space.” Yentsch (1980) went on to express the need for coalescence
of physical oceanography with biology to understand how phytoplankton growth in the sea
is regulated. In a comment on the paper, Morris (p. 31, Yentsch, 1980) emphasized
Medawar’s (1967) sentiment that science deals with the art of the solvable and that it
makes no sense to engage in scientific activity on problems that have no obvious means
of approach and, therefore, are not solvable. In the context of Morris’s comment, it
appears that there has been some progress in the decade since that exchange. How
phytoplankton are regulated in time and space in the ocean is now a problem with an
obvious means of approach, if not a solution. The approach is to examine large-scale and
low-frequency ocean patterns and determine what changes in the processes regulating
productivity are coherent with productivity over the appropriate time and space scales.

To justify this approach, I use an exercise in logic that is based on three
uncontroversial observations. One observation is that first principles argue that the
regulation of primary production is, to first approximation, a function of light,
temperature, and nutrients. The second observation, supported by a rich lode of
paleoproductivity work, is that ocean productivity has varied over recent geologic time
(Berger et al., 1989, and the references therein)., The third and final observation is that
presentations of the global pattern of primary productivity, from the first effort by
Sverdrup (1955) to a recent effort by Berger (1989), all show a coherent spatial pattern
of variability in the contemporary ocean. Together, these three observations lead one to
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ask what is the primary driver of this pattern of variability over large space scales and
geologic time scales: light, temperature, or nutrients?

We are easily convinced that variations in primary production over the recent
geologic record were not driven by variations in photosynthetically active radiation (PAR)
from the sun. There have been insolation variations driven by the orbital Milankovitch
cycle (Hays et al., 1976; Imbrie and Imbrie, 1980). However, the changes in insolation
were relatively small, certainly less than 10 percent, and they occurred mostly in high
latitudes; and the sign of the insolation changes (less during glacial periods) was opposite
to the sign of the productivity changes (more during the glacial periods), at least in the
low-latitude ocean (Arrhenius, 1952; Mix, 1989). In parallel reasoning, although the
eastern sides of low-latitude contemporary ocean basins have much higher primary
productivity than waters of the western portions of the basins (Barber, 1988), the input of
light is not significantly asymmetric from west to east across the ocean basins. In fact,
over most of the world’s ocean there is no coherence between the spatial pattern of annual
primary productivity and annual light supply. The lack of coherence of productivity and
light supply in large-scale and low-frequency variations does not contradict our recognition
that primary productivity clearly is regulated by light supply daily and seasonally. The
explanation is simply that at different time-and space-scales, different processes structure
the biological response to environmental conditions (Powell, 1989).

In summary, evidence from both the sediment record and the contemporary ocean
indicates that changes in the supply of light for photosynthesis are not the cause of the
geologic variability or global spatial pattern of productivity. One interpretation of this
information is that over most, but not all, of the ocean there is presently, and there has
been over the recent geologic past, an excess of the annual supply of light for
photosynthesis relative to the annual supply of nutrients.

If temperature were the primary regulator of primary production through a
physiological or biochemical interaction, the well-defined Arrhenius relationship between
temperature and photosynthesis (Li, 1980) would lead us to expect an increase in
temperature to cause an increase in primary production. Evidence from the sediment
record and the contemporary ocean does not indicate such an association on geologic scales
and, in fact, there is abundant evidence for the opposite association. Orbital cycles, which
resulted in cooling ocean temperatures (CLIMAP, 1976), were associated with productivity
increases (Berger et al., 1989; Mix, 1989). In a parallel manner, in the contemporary
low-latitude and middle-latitude ocean basins, cooler eastern boundary regions have
consistently higher primary productivity than warmer western boundary regions (Berger,
1989). The reason for this east versus west productivity asymmetry lies in the east versus
west asymmetry of nutricline topography (Barber, 1988); here, I emphasize that geologic
and oceanographic evidence is that temperature does not directly regulate oceanic primary
production through physiological or biochemical means.

Logical elimination leaves nutrients, then, as the prime factor to account for the
Variations in primary productivity observed in the sediment record and for the large-scale
pattern of spatial heterogeneity of the contemporary ocean. If nutrients are the regulating
factor, how can we gain some appreciation of the processes that control the supply of
nutrients to the sunlit surface layer of the ocean over the large time-and space-domains
characteristic of the geologic and climatic scales? One approach is to examine the
processes responsible for existing large-scale patterns in nutrient abundance and the other
is to examine the processes responsible for low frequency (interannual) variability in
nutrient availability in the contemporary ocean. Such an analysis of spatial and interannual
variability provides a glimpse of the processes at work on the geologic and climatic scales.
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To provide that glimpse, using examples from recent oceanographic and limnological
studies at a variety of sites, is the goal of this paper.

SOURCES OF NUTRIENT VARIABILITY

The domains of geologic and climatic scales of variability considered here are
shown by shading in the Stommel (1963) diagram of the spectral distribution of sea level
variability (Fig. 1). The spatial domain involves gradients over 1000 km and in the time
domain, periods over one year.

How can the supply of nutrients to the euphotic layer vary over these space and
time domains? One potential source of variability involves changes in the nutrient content
of the deepwater nutrient reservoir. Paleoceanographers have shown convincingly that the
nutrient content of deep water varies on the glacial-interglacial time scale (Boyle, 1990),
but contemporary oceanographers have rarely seen evidence of processes that would drive
such changes. Dugdale et al. (1977) observed complete denitrification (Fig. 2) in a layer
of water from 150 m to 250 m off the coast of Peru in 1976. However, the size of the
region affected was less than 1000 km in any dimension and the duration was less than a
month. Denitrification, particularly in eastern boundary regions, has the potential for
significantly reducing the concentration of inorganic nitrogen and shifting the N to P ratio
of subsurface waters towards a higher atom ratio excess of P relative to N (Codispoti,
1989), but we have meager evidence that this is now occurring (Codispoti and Christensen,
1985). Apparently, basinwide changes in deepwater nutrient content, such as those
discussed by Boyle (1990), occur over such a long time that little insight into the
phenomenon is provided by process studies in the modern ocean.
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Fig. 1. Schematic diagram of the spectral distribution of sea level with shading to show
the climatic and geologic domain. From Stommel (1963).
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Another potential source of variability involves changes in the eolian transport of
material from the continents to the sea. Martin (1990) hypothesized that higher primary
productivity in the glacial ocean was due to enhanced eolian supply of the limiting
micronutrient, iron. In the contemporary ocean there is considerable spatial heterogeneity
in the flux of eolian iron to surface waters (Duce and Tindale, 1991), and Martin and his
coauthors believe this spatially variable iron flux is responsible for modulating productivity
in the relatively high ambient nutrient concentrations of the North Pacific, equatorial
Pacific and Southern Ocean (Martin and Gordon, 1988; Martin et al., 1989; Martin et al.,
1990). Independent evidence that spatial variability in the eolian flux limits the rate of
chlorophyll-specific primary productivity has been obtained from the equatorial Pacific
Ocean (Barber and Chavez, 1991). Martin (this volume) discusses further the role of
eolian processes.

The focus of this paper is another source of nutrient variability: processes that
significantly alter the vertical flux of nutrients into the euphotic zone. This focus resulted
from observing large, spatially coherent nutrient changes in the eastern Pacific during the
1982-83 El Nifio (Halpern et al., 1983; Barber and Chavez, 1983) and in the western
Pacific during the 1986-87 El Nifio (Barnett et al., 1988).

THE ENSO PHENOMENON

During the 1980s the low latitude Atlantic and Pacific underwent a series of climate
variations accompanied by coherent basinwide changes in surface nutrients (Barber and
Chavez, 1983; Barber and Kogelschatz, 1990; Chavez et al., 1990). Two lines of new
understanding emerged from analysis of this natural variability. One deals with processes
responsible for the climatological mean pattern of nutrient abundance on the basin space
scale, or, what makes the eastern tropical Atlantic and Pacific so rich in nutrients and the
western tropical regions of the two oceans so poor? The other line deals with mechanisms
responsible for the climatic scale (interannual) variability in nutrients at a given region or
location.
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Fig. 2.  Profiles of temperature and nutrients from a station seaward of the continental
shelf at 15°S along the coast of Peru in April 1976. The denitrified water also
contained detectable concentrations of hydrogen sulfide. From Dugdale et al.
(1977).
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The episodes of climate variation driven by the El Nifio Southern Oscillation
(ENSO) in the 1980s have contributed to an understanding of the processes responsible for
the basinwide nutrient pattern by showing how the mean pattern of nutrient abundance can
be modified. (See Philander, 1990, for a physical description of the ENSO cycle.) Before
the episodes of variability in the 1980s, basinwide interannual nutrient variability with
excursions as large as the climatological mean concentration were not recognized. From
observations during the 1982-83 (Halpern et al., 1983) and 1986-87 (Barnett et al., 1988)
ENSO events, the existence and magnitude of interannual nutrient variability have been
documented for the eastern and western Pacific, and the processes responsible for this low-
frequency variability as well as the climatological mean condition have begun to be
understood (Barber and Chavez, 1983).

Attention was focused on remotely forced variability in nutricline depth when it
became obvious that during El Nifio, local upwelling favorable winds did not cease and,
in fact, they sometimes increased (Enfield, 1981). Current meter observations and models
of both coastal and equatorial upwelling have found that water entrained by wind-driven
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Fig. 3. Nitrate and temperature profiles on an equatorial transect from 80°W to 170°E.
April 1982, November 1983, April 1984 and November 1984 show normal
thermocline and nutricline structure from the coast of South America to the
dateline. The November 1982 and April 1983 sections show the 1982-83 El
Nifio thermocline and nutricline anomalies. From Barber and Chavez (1986).
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upwelling comes from relatively shallow depths, usually 25 to 100 m (see Fig. 5 in Barber
and Smith, 1981, for evidence of coastal upwelling and Fig. 4 in Halpern and Freitag,
1987, for equatorial data). If the thermocline and nutricline are deeper than the
entrainment depth, then local processes upwell, or mix, nutrient-depleted water to the
surface. How this scale interaction can work is illustrated by Fig. 3, which shows
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Fig. 4.  Cross-shelf profiles of temperature, nitrate, and chlorophyll off the coast of
Peru on a transect from 85°W to the coast. November 1981 shows normal
austral spring conditions with no nitrate concentrations below 5 uM. In the
lower three profiles, the 4 M nitrate isopleth is bold to show the top of the
nutricline. November 1982 is during onset of the 1982-83 anomaly, March
1983 is the mature phase, and May 1983 is the peak of the mature phase.
From Barber et al. (1985).
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variability driven by El Nifio in basinwide nutricline and thermocline topography, and
Fig. 4 which shows coastal temperature, nitrate, and chlorophyll conditions before and
during the 1982-83 El Nifio.

In Fig. 3, the April 1982 and April 1984 profiles show the normal thermocline and
nutricline during austral fall with the 20°C isotherm and 12 uM nitrate isopleth shoaling
from 100 m at 130°W to about 25 m at the coast of South America. During austral spring
(November 1983 and November 1984), the thermocline and nutricline were shallower but
essentially similar to the fall condition in that at the 25 to 100 m depth, where coastal
upwelling entrains water, the temperature was less than 20°C and the nitrate concentration
was higher than 12 uM.

The downward displacement of the thermocline (and nutricline) appeared to be 50
to 100 m in Fig. 3; using long records from moored instruments McPhaden and Hayes
(1990) determined that during the 1982-83 event the seasonally averaged depth anomaly
of the 20°C isotherm was 97 m. During the August to December 1982 period, when sea
surface temperature was increasing, nutrients were decreasing and the thermocline and
nutricline were sinking, Halpern (1987) measured zonal winds at 95°W and 110°W that
were westward (upwelling favorable) with speeds similar to those of the previous year.
The anomalous increase in the heat storage of the upper ocean was not locally wind
forced, but remotely forced by an advective phenomenon that was caused by wind changes
in the western Pacific (Halpern, 1987).

Observations on coastal winds established that in previous El Nifio events (Enfield,
1981) and in the 1982-83 event (Smith, 1983; Huyer et al, 1987; Huyer et al., 1991)
upwelling favorable winds continued blowing equatorward along the coast of central Peru
during most of the event. In the 1982-83 event some locally forced upwelling was
occurring from the beginning of the anomaly in September 1982 until April 1983, but
anomalous warming and decreases in nutrients continued in the presence of upwelling as
a result of anomalies in the thermocline and nutricline (Barber and Chavez, 1983), the
Peru Undercurrent (Huyer et al., 1991), and the coastal pressure field (Huyer et al.,
1987). The nutricline was progressively depressed so that in November 1982 (Fig. 4)
water entrained into the upwelling circulation at 25 to 100 m depth was 10 to 20 uM lower
in nitrate than in November 1981. Upward tilt of isopleths of nitrate and the continued
onshore/offshore gradient in nitrate concentration in March 1983 show that upwelling
continued, but the nutrient concentrations continued to decrease. The May 1983 section
in Fig. 4 shows the strongest anomaly of the 1982-83 El Nifio, with the surface
temperatures about 12°C above the climatological monthly mean temperature of 17°C and
the 4 uM isopleth of nitrate depressed below 50 m close to the coast of Peru. In the May
1983 section, the isotherms and isopleths of nitrate slope downward towards the coast
indicating that flow was onshore and poleward in the coastal region and upwelling stopped
due to the cross-shelf pressure gradient (Huyer et al., 1987).

A similar interaction of local and large-scale processes resulted in nutrient
decreases on the equator (Barber and Chavez, 1986) despite continued favorable winds and
upwelling along most of the equatorial Pacific during the 1982-83 event (Halpern, 1987).
The area normally occupied by the equatorial cold tongue reaches from the coast of South
America at about 80°W westward to the dateline at 180° (Wyrtki, 1981); the
climatological mean nutrient condition of this cold tongue had surface nitrate
concentrations of between 4 and 8 uM (Fig. 3) and moderate levels of primary
productivity (Chavez and Barber, 1987). The ocean region occupied by the cold tongue
reached over about a quarter of the circumference of the earth, roughly 90 degrees of
longitude, or about 10,000 km in zonal extent; satellite observations of temperature (see
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Fig. 9.5 in Barber, 1988) indicate that the entire equatorial cold tongue was occupied by
anomalously warm water during the mature phase of the anomaly in May and June 1983.
Hydrographic observations taken during the 1982-83 event indicate that for about 210
days, from December 1982 through June 1983, the surface layer concentration of nitrate
was very low, often below the detection limit of 0.2 uM. Hydrographic observations of
nutrient concentrations were made of only the eastern third of the equatorial Pacific
(Fig. 3), but the well-developed temperature-nitrate relationship evident in Fig. 3 allows
the satellite temperature data to be used to estimate that an enormous expanse of the region
had very low nutrient concentration during the 1982-83 anomaly (Hayes et al., 1987).
Estimates of equatorial productivity (Chavez and Barber, 1987) and the 1982-83
productivity anomaly summarized in Table 2 of Barber and Kogelschatz (1990) indicate
that the rate of total primary production during the mature phase of El Nifio was 21 to 26
percent of the normal conditions, while the rate of new production was five to six percent
of the normal rate. Figure 3 shows that the nutrient-depleted layer was only about 30 m
in depth during April 1983, but this was sufficient to cause a 20-fold reduction in new
primary production. The magnitude of the biological anomaly emphasizes the relationship
between nutricline topography and productivity.

To this point, I have discussed climatic-scale nutrient variability involving
responses to El Nifio along the eastern boundary and equatorial cold tongue where
advective increases in heat storage forced the thermocline and nutricline down and reduced
the flux of nutrients to the surface layer by locally forced processes. Philander (1990)
emphasizes that cool anomalies forced by stronger than average trade winds are also an
integral part of the ENSO cycle. The cool anomaly, commonly referred to as La Nifia in

Novermber 1988 Mean (1980-88)

|oow" . . .
o : - : ’ : i
m\/\ ﬂ \/\’N : . .
3

\ Temperature (°C)
Lﬁ’Hu 13

200

wo{ - - - . ZON /_‘/06 g .

[ Chlorophyll “a" (mg/m?) | .
200

145°W 140 135 130 125 120 N5 110 145 140 135 130 125 120 W5 1O°W
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mean profiles of the same properties derived from multiple occupations of the
transect and show the cooler temperature and higher nitrate concentrations
during November 1988. From Chavez et al. (1990).
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Table 1. Enhancement of primary production in the warm pool of the western Pacific at
165°E over the region from 10°N to 6°S during the El Nifio of 1986-87
(Barnett et al., 1988). The warm pool heat storage anomaly is a calculation
provided by Klaus Wyrtki in the form of an upper ocean volume anomaly. The
upper ocean volume relative to its mean value is calculated for the western
Pacific from 170°E to 130°E over the region from 15°N to 15°S. See Wyrtki
(1985) for a description of the general concept and calculation, but note that the
anomaly given here is only for the warm pool (170°E to 130°E). Nutricline
depth is depth of the 4 uM nitrate concentration (see Fig. 6).

Zonal Heat
Sample Wind Storage Nutricline Primary
Size Anomaly Anomaly Depth Production
Condition (n) (s.d) (10*md) (m) (mgC/m?/d)
Normal 20 -0.8 +0.5 140 221+18
(Feb 86)
El Nifio 23 +0.0 -1.8 90 326126
(Oct 87)

opposition to the warm anomaly called El Nifio, clearly should increase nutrient
concentration in surface waters of the cold tongue of the equatorial Pacific. During
La Nifia of 1988 (Kerr, 1988) when trade winds over the western Pacific intensified
(McPhaden and Hayes, 1990), the isotherms and isopleths of the central and eastern
Pacific were raised as shown in Fig. 5 from Chavez et al. (1990). In November 1988, the
12 uM isopleth of nitrate was elevated from 25 to 100 m and even intercepted the surface
around 140°W, where continuously recording meteorological moorings showed that the
westward zonal winds were not anomalously strong (McPhaden and Hayes, 1990).

WARM POOL AND GYRE VARIABILITY

When normal trade winds persist for several years, they accumulate surface water
in the western equatorial Pacific and the upper layer heat storage, or upper ocean volume,
is increased in a hydrographic region called the warm pool (Wyrtki, 1975). Conceptually,
the warm pool is simply the ocean site where heat advected out of the equatorial cold
tongue is stored. To quantitatively evaluate changes in heat storage of the low latitude
ocean, Wyrtki (1985) developed an upper-layer volume index to track water displacement
in the Pacific and better understand the genesis of El Nifio cycles. The index calculates
the volume of water above the 14°C isotherm between 15°N and 15°S across the Pacific
basin.

What triggers the release or relaxation of potential energy stored as excess upper
ocean water or excess heat content in the warm pool? Current understanding involves the
generation by warm surface waters of anomalous atmospheric convection, which weakens
trade winds in the western Pacific (McPhaden and Picaut, 1990). As the trades weaken,
surface currents accelerate eastward and large-scale equatorial Kelvin and Rossby waves
radiate and spread the warm sea surface anomaly eastward across the basin. As this
displacement of water takes place, the thermocline (and nutricline) rises in the western
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Pacific (and descends in the eastern cool tongue) to compensate for the upper ocean water
drained from the western Pacific.

To investigate warm pool thermal dynamics, the United States and the People’s
Republic of China began a bilateral air-sea interaction program in 1986, with a mooring
program, and two cruises a year to the region. The principal biological hypothesis tested
was that El Nifio events cause significant increases in primary productivity in the warm
pool by elevating the nutricline (Barber and Kogelschatz, 1990). In late 1986, and most
of 1987, a moderate strength event occurred (Barnett et al., 1988). The thermocline
responded as the Wyrtki model predicted (McPhaden et al., 1990), the nutricline was
elevated as predicted (Fig. 6), and there was a 30 to 40 percent increase in primary
production in the region along 165°E from 10°N to 6°S (Table 1).

Natural variability of the 1986-87 El Nifio demonstrated that a decrease in upper
ocean heat storage can drive a large-scale increase in primary productivity. This natural
variability made it clear that the east versus west asymmetry in mean annual productivity
across ocean basins in both the Atlantic and Pacific is, to a first approximation, maintained
by the ocean/atmosphere processes that drive asymmetry in heat storage.

Another issue concerns latitudinal extent of the east versus west asymmetry in
upper ocean volume set up by large-scale winds and, in turn, setting up a mean basin wide
tilt in the thermocline and nutricline. Figure 7 from Reid (1965), a composite of zonal
sections from 35°N to 27°N between Japan and California, shows the concentration of
phosphate in the mid-latitude North Pacific. The strong cross basin tilt of phosphate
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Fig. 6. Mean vertical profiles of nitrate from stations at 165°E from 10°N to 6°S
during a normal period (February 86) and an ENSO event (October 87). See
McPhaden et al. (1990) for evidence that during February 1986 conditions
along 165°E were close to the long-term climatological mean. October 1987
was close to the minimum in upper ocean volume anomaly during the 1986-87
event (n = 23 for the ENSO period; n = 20 for the normal period).
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concentration isopleths emphasizes that east versus west asymmetry in nutrient availability
exists in the permanently stratified mid-latitude regions as well as in low latitudes.

Turning to the central gyre of the North Pacific, I cite the time series by workers
at Scripps Institution of Oceanography (Hayward, 1987) to show that permanently
stratified regions removed from the equator show a surprisingly large amount of
interannual variability in thermocline and nutricline depth. Figure 8 shows the interannual
variability of nitrate depth profiles from the North Pacific central gyre in the region of
28°N and 155°W (Hayward, 1987). Hayward (1987) reports that there is no consistent
relationship between nutrient distribution and productivity pattern, but these observations
from 1973 to 1983 show a 40 m range in the depth of the top of the nutricline during this
10-year record. For vertical nutrient transport processes that are forced from the surface,
interannual variability in nutricline depth will significantly alter the flux of nutrients to the
euphotic layer.

SEASONALLY MIXED REGIONS

Heat storage also plays a primary role in determining the mean pattern and
interannual variability of the nutrient supply in seasonally mixed waters, because the
magnitude of the annual nutrient pulse is determined by the depth of the annual winter
mixing (Lewis et al., 1988). Deeper winter mixing entrains higher nutrient water into the
surface layer that will be isolated by the seasonal thermocline. Lewis et al. (1988) show
that the difference between the depth of the summer and winter mixed layer increases
sharply between 30°N and 40°N in the Atlantic and Pacific (see results from the Pacific
in Fig. 9). The position of the steep gradient in the depth of winter mixing coincides with
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Fig. 7. A transPacific composite profile of phosphate in uM from Japan to North
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a steep gradient in phytoplankton chlorophyll abundance. The climatological mean
position and the magnitude of the chlorophyll front can be accounted for by one controlling
process, depth of winter mixing. Lewis et al. (1988) used these observations to explain
the mean spatial pattern in annual mean nitrate flux and phytoplankton biomass, but this
process could be a major source of interannual variability, particularly when low latitude
thermal perturbations export heat to high latitudes (Wyrtki, 1985).

Although there are few time series showing interannual variability in nutrient
abundance in high latitudes, Fig. 10 from Miller et al. (1991) shows differences in
concentrations of mixed layer nitrate that were observed during spring and summer cruises
in 1984, 1987, and 1988 at Ocean Station Poppa at 55°N and 140°W. Strong year to year
variations in the nitrate supply are related to the constrained vertical mixing that is the key
to ecosystem function in this ocean region (Miller et al., 1991).
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Fig. 8.  Interannual variability in the vertical nitrate distribution at the CLIMAX site in
the North Pacific. Cruises 8301 TC, SOUTHTOW XII, and TASADAY were
made in winter; the rest in summer. From Hayward (1987).

SUMMARY

Observations of interannual nutrient and thermal variability of the 1980s have led
to the generic suggestion that nutrient transport to the euphotic layer is regulated by two
independent processes that are forced at different time scales: locally driven vertical
transport processes and large-scale processes that set up basinwide properties (Barber,
1988). The latter appear to be primarily responsible for the climatic scale nutrient
variability.
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A decade ago in the first symposium in this series, Yentsch (1980) emphasized
examples of geostrophic and baroclinic large-scale processes from a mid-latitude western
boundary region (Figs. 3, 4, and 5 in Yentsch, 1980). Experience in low latitudes leads
me to use examples that emphasize wind-driven advective large-scale processes, but both
examples describe processes that regulate thermocline and nutricline topography over large
time and space scales.

Local upwelling, or mixing, is a necessary but not sufficient condition for nutrient
transport to the surface layer. The second necessary condition deals with the nutrient
content of the subsurface water that is available to be advected, or mixed, into the euphotic
layer. The connection between variability in the upper ocean thermal processes and
nutrient variability over large space and time scales depends on the relationship between
upper ocean heat content, thermocline depth, and nutricline depth. When the upper ocean
heat content increases, that is, when the volume of warm water in the surface layer
increases, sea level rises while the thermocline and nutricline are depressed (Wyrtki,
1985). This depression pushes the subsurface nutrient reservoir deeper (Barber, 1988);
so local processes that drive vertical nutrient transport, such as wind driven upwelling,
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tidal mixing, island wake mixing or breaking internal waves, transport fewer nutrients to
the sunlit zone when an increase in heat storage in the surface layer depresses the
thermocline and nutricline.

Two important generalizations that follow are (1) this property, the mean upper
ocean heat content, or mean upper ocean volume anomaly in Wyrtki’s (1985) terminology
(synonymous with the depth of the thermocline and nutricline), is the primary physical
property responsible for the basinwide east-west asymmetry in nutrient abundance; and (2)
changes in upper ocean heat storage or upper ocean volume in a particular ocean region
provide a mechanism that can drive large-scale nutrient variability regardless of whether
or not local forcing is changed.

In a parallel manner, although the argument has not been developed in detail here,
I propose that (1) depth of winter mixing, a property determined in part by upper ocean
heat content, is the primary determinant of the mean north versus south asymmetry in the
annual nutrient flux to the mixed layer and (2) interannual changes in upper ocean heat
storage provide a mechanism that will necessarily change the annual flux of nutrients
available for the spring bloom.

The importance of these generalizations is that they operate for the most part at the
climatic time and space scale and that they are easily observed at that scale by coastal
stations, in situ arrays, and satellites. Logical progression suggested by Stommel’s (1963)
spectral distribution (Fig. 1) is that the climatic scale smoothly grades into the geologic
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Fig. 10. Interannual variability in nitrate concentration at Ocean Station Poppa at 55°N
and 140°W. From Miller et al. (1991).
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scale of variability. The climatic scale gives insight into the processes that operate at the
geologic scale. If this is true, then the heat storage scenario provides an approach, in the
sense of Medawar (1967), to the problem of what regulates ocean primary production over
the geologic time scale.

That Stommel (1963) chose sea level as the property for discussion in his classic
paper, "Varieties of oceanographic experience," is fortunate for my purposes. Sea level
has been measured over the climatic time scale (Marmer, 1925) and very large space
scales (Wyrtki, 1984), and in the near future it will be measured continuously on a global
basis by the TOPEX-Poseidon satellite. The spectral distribution of sea level variability
is well known, but is this knowledge exploitable by a biogeochemist? Wyrtki (1985)
points out that in the low latitude ocean there is a close relationship between sea level and
the depth of the thermocline (or nutricline) as given by the depth of a selected isotherm
(or nutrient isopleth). The correlation between sea level and the depth of the 20°C
isotherm was 0.90 in the eastern Pacific at the Galapagos Islands, 0.80 in the central
equatorial Pacific at Christmas Island, and 0.90 in the western Pacific at Truk (Wyrtki,
1985). Huyer (1980) found along the Peru coast a well-defined relationship between sea
level variations and subsurface temperature and density structure over the shelf and slope,
and Chavez et al. (1989) showed that along the Peru coast sea level and the nitrate
concentration at 60 m were better correlated than 60 m temperature and 60 m nitrate, or
60 m density and 60 m nitrate. Observations of sea level variability, then, provide ocean
biogeochemists with an approach to the problem of nutrient variability at climatic and
geologic scales.
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NUTRIENT LIMITATION OF NEW PRODUCTION IN THE SEA
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INTRODUCTION

Light and nutrients are the two well-known basic requirements for primary
production in the sea and are usually supplied in opposing vertical gradients. When
radiant energy of correct wavelengths is available, the vertical advection of nutrients from
below the euphotic zone sets the maximum rate of absorption of these new nutrients and
the ensuing primary production is considered to be new production (Dugdale and Goering,
1967) in contrast to the regenerated production based upon recirculating nutrients. When
Sverdrup (1955) presented a map of world ocean primary production based upon his
understanding of the vertical advective regimes of nutrients in various regions, he was
actually providing the first global map of new production. Dinitrogen fixation also fuels
new production, but this source of new nutrient (along with atmospheric and terrestrial
inputs of nitrate and ammonium) is relatively minor compared to the advection of nitrate
(e.g., Carpenter, 1983). The fractionation of nitrogen species from new into regenerated
forms, through grazing and bacterial activity, and the existence of a practical tracer for
nitrogen, the stable isotope PN (e.g., Dugdale and Wilkerson, 1986), has made it possible
to investigate the new and regenerated pathways in the marine ecosystem. The flow of
nitrogen through the euphotic zone ecosystem has proved more complex than originally
suggested (Dugdale and Goering, 1967) and is more realistically described by several
possible schemes, including that of Michaels and Silver (1988), where the size fractions
of the phytoplankton and bacteria are included explicitly along with other elements of the
microbial loop. Their analysis showed that the microautotrophs provided the major source
of new nitrogen for sinking particle formation, with the picoplankton participating
primarily within the microbial grazing loop. However, both nanoplankton and
picoplankton are capable of new production. For example, unicellular cyanobacteria
(Glibert and Ray, 1990) and bacteria (Brown et al., 1975) may use nitrate and were
shown to fix dinitrogen (e.g., Mitsui et al., 1986; Martinez et al., 1983).

The trophic status of a marine ecosystem is generally determined by the rate of
ingestion of new nitrogen, which maintains and pumps up both the primary and higher
production levels. Consequently, regions of the ocean where vertical advection of primary
nutrients and ample irradiance occur are highly productive, i.e., eutrophic, and areas with
poor nutrient supplies are poorly productive, i.e., oligotrophic. Regions also exist with
high surface nutrients, but low productivity, whose functioning is poorly understood.
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Several new production models have been developed relating new production to other
oceanic variables. Dugdale et al. (1989) describe a model for predicting new production
from remotely sensed sea-surface temperature in upwelling areas. Eppley et al. (1979) and
Eppley and Peterson (1979) related total production (expressed as carbon) to the proportion
of new to new plus regenerated nitrogen uptake, which they referred to as f, equivalent
to the percent new production of Dugdale and Goering (1967). High carbon uptake was
a function of high values of fin data from several coastal and oceanic areas. Platt and
Harrison (1985) proposed a hyperbolic model for the computation of f from nitrate
concentrations at low levels of ammonium and showed that it worked well for the
oligotrophic Sargasso Sea near Bermuda. However, that model failed in the equatorial
Pacific upwelling system (Dugdale et al., in press; Wilkerson and Dugdale, in press),
predicting high saturating values of f at relatively too low concentrations of nitrate.
Elevated values of f are not always correlated with high total production, e.g., in the
Antarctic seas where little biomass accumulation occurs and productivity remains low in
most regions throughout the year. Obviously, there are factors that influence the uptake
of nitrate beyond the mere presence of nitrate, and we shall examine the effects of nutrient
concentration and related factors in limiting new production in both rich and poorly
productive areas.

EUTROPHIC AND OLIGOTROPHIC AREAS

Concentrations of maximum surface nitrate and mean surface values of nitrate
uptake for a series of eutrophic, oligotrophic, and high-nutrient, low productivity regions
are shown in Table 1. Eutrophic areas, as represented by coastal upwelling regions,
exhibit high concentrations of nitrate, high values of biomass (as particulate nitrogen)
specific nitrate uptake rate (VNO;), high new production rates (i.e. nitrate uptake, pNO;)
and high f values. Oligotrophic regions have concentrations of surface nitrate that are
usually below detection, using conventional AutoAnalyzer procedures that measure nitrate
in the micromolar range. However, the use of a chemoluminescent technique (Cox, 1980;
Garside, 1982) shows nitrate may be available at the nanomolar level (e.g., Glover et al.,
1988). These nitrate-poor areas have low VNO, values, low new production rates, and
low fvalues. There are some high-nutrient, low productivity areas with new production
characteristics that place them functionally with oligotrophic low nutrient regimes,
although there is abundant surface nitrate. These areas often have values of f that are
intermediate between the truly oligotrophic and eutrophic regimes. The range in values
of nitrate uptake shown in Table 1 is about two orders of magnitude, and although the
oligotrophic values of VNO; are undoubtedly diluted more by non-phytoplankton nitrogen
than those for the eutrophic regions (Dortch and Packard, 1989), there is a clear
distinction between measured values of VNO; in the two regimes.

Another way to compare the eutrophic and oligotrophic regimes is to plot f versus
VNO; (Figure 1). Increased values of VNO; lead to increased values of f, following a
saturation type of curve with the initial slope containing the data points from the
oligotrophic and high-nutrient, low production systems. The implication is that in the most
productive, eutrophic regions of the ocean, the phytoplankton import a large proportion
of new nitrogen as compared to the consumption of recycled nitrogen.

There is an upward gradient in concentration of chlorophyll between oligotrophic
and eutrophic conditions, associated with a gradient in cell size of the phytoplankton.
Chisholm (this volume) has shown that each increase of chlorophyll from oligotrophic
concentrations of about 0.05 ug I"' is accompanied by an increase in cell size. Malone
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Table 1. Representative Values of Surface Maximum Nitrate and Mean Nitrogen Uptake

Region Reference NO; VNO, pNO; f
M d! nmol I d* %

EUTROPHIC
15°S, Peru Maclsaac et al., 1985

Wilkerson et al., 1987 26.68 0.840 4200.0 82
Cap Blanc, Codispoti et al., 1982
NW Africa Dugdale, 1985 12.00 0.230 400.0 70°
Pt. Conception,  OPUS 83 Prod. data
CA Wilkerson et al., 1987 32,52 0.28 555.4 57
Baja Calif. Codispoti et al., 1982

Wilkerson et al., 1987 13.28 0.280 1000.0 78"
OLIGOTROPHIC
Fieberling Kopczak et al., 1990*
Guyot Wilkerson et al., 1990  0.03 0.011 4.2 9
Mediterranean Maclsaac &
Sea Dugdale, 1972 0.05 0.035 7.0 21
Sargasso Sea Glibert et al., 1988 b.d. 0.022 2.0 4
Gulf Stream Glibert et al., 1988 b.d. 0.006 0.6 3

HIGH-NUTRIENT, LOW PRODUCTIVITY

Antarctic Glibert et al., 1982

Olson, 1980 31.00 0.031 32.1 37
Equatorial Pacific,
1°N-1°S,150°W WEC 88 Pro data 7.00 0.027 19.2 36
Station P, Wheeler &
Northeast Kokkinakis, 1990
Pacific Miller et al., 1988 17.00 0.056 84.2 48

Daily values were obtained from hourly data by multipling NO, uptake by 12 and NH, by
18.

[ calculated from mean surface values of pNO; and pNH, except * calculated from values
of depth integrated pN.
+

nanomolar measurement using chemoluminescent technique.

b.d. below detection using AutoAnalyzer
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(1980) suggested that new production is carried out primarily by larger cell-sized
organisms (e.g., chain-forming diatoms) that predominate in eutrophic regimes, while open
ocean productivity is carried out by regenerated production by nanoplankton and
picoplankton. Probyn (1985) measured nitrate uptake in all size fractions of phytoplankton
in the Benguela upwelling system. The distribution of new production between the various
size fractions depends upon both the nitrate uptake activity and biomass of each fraction.
We calculated the proportion of new production in the shelf region for each of Probyn’s
size fractions from the maximum nitrate uptake (Table 2). The largest proportion of
nitrate uptake is by the microplankton (64.3%). The nanoplankton plus the picoplankton
account for 35.7%, which includes the very small contribution of the picoplankton (3.6%).
As noted by Bigelow (1926), "all fish is diatoms", and the highest new production leading
to highest yields are likely to occur with bloom-forming diatoms. The relatively low
amount of nitrate uptake by picoplankton is the result of low values of biomass specific
nitrate uptake, VNO, (Figure 2), and of the characteristic low biomass of this fraction.
Figure 2 shows that the low values of VNO; reported by Probyn (1990) for the
picoplankton are not the result of high PON/Chl-a values, because nitrate uptake
normalized to chlorophyll-a plotted versus those normalized to PON fall close to the 1:1
slope. The same is true for the other size fractions. These measurements were made in
aged upwelled waters.
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Fig. 1. Mean surface f values plotted against VNO, from data in Table 1. Oligotrophic:
1 = Gulf Stream; 2 = Sargasso Sea; 3 = Mediterranean Sea; High-nutrient, low
productivity: 4 = Equatorial Pacific; 5 = Antarctic Ocean; 6 = Station P,
northeast Pacific; Eutrophic: 7 = Cap Blanc, northwest Africa; 8 = Point
Conception, CA; 9 = Baja, California; 10 = 15°S, Peru.

NEW PRODUCTION IN HIGH-NUTRIENT AREAS

New production (oNO;, units: umol I'' h") can be expressed as the product of
specific nitrate uptake rates (VNO,, units: h) and particulate nitrogen (PON, units: pug-
at 1I'):

oNO, = VNO, * PON
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Table 2. Contribution of Different Size Fractions to Total Nitrate Uptake in the Shelf
Area of the Southern Benguela Upwelling System (from Probyn, 1985)

Size fraction Maximum NO; uptake % of total NO,
pmol I h? uptake
<lum 0.015 3.6
<10um 0.150 35.7
>10um<212um 64.3
<212um 0.420 100.0
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Fig. 2. Nitrate uptake normalized to chlorophyll-a plotted against nitrate uptake
normalized to particulate nitrogen for micro- (M), nano- (N), and picoplankton
(P) from the Benguela upwelling system. Taken from data in Probyn (1990).

This relationship shows that high new production rates can result from either high VNO,
or from the accumulation of active PON biomass, or both. The positive re-inforcement
of these parameters can be seen in Figure 3, where pNO, is plotted against VNO, for the
upwelling center at 15°S, Peru. If there was no accumulation of PON, the data would lie
along the straight line with the slope equal to the concentration of PON. However,
although there is a general tendency for the points to follow a straight line with slope equal
to a constant PON concentration up to VNO; of about 0.025 h', the data begin to spread
out above this, suggesting that some minimum value of VNO, must be reached to
overcome the losses by sinking and predation. Then biomass as PON can accumulate and
data fall more along the upward curves of biomass accumulation predicted for different
drifter-following experiments from the model of Dugdale et al., (1990).



15° S, Peru

1.0
-3
0.8
c
v r 0
X 06
192
£
9
@
2 04 O
§ 0
g .
Q

o
N
O
iyl
T
oD

0.050 0.075 0.100
VNOg, h-"

Fig. 3. New production rate (oNO,, umol 1' h') versus specific nitrate uptake
(VNO,, h') for the upwelling center at 15°S, Peru. Squares are “N
measurements collected during Joint 2, 1977. The straight line is when PON
remains constant and equal to the initial PON. The curved lines are theoretical
relationships calculated from initial conditions, assuming all nitrate taken up is
converted and retained as PON. Taken from Dugdale et al. (1990).

The nitrogen productivity cycle in high nutrient upwelling areas can be interpreted
according to a conveyer belt hypothesis in which newly upwelled phytoplankton, with a
history of light deprivation, adapt to advantageous surface conditions as they drift away
from the upwelling center (Maclsaac et al., 1985; Wilkerson and Dugdale, 1987). There
is a shift-up in phytoplankton metabolism, and first, VNO; increases with time, followed
by carbon fixation. The acceleration of VNO, is a function of both the initial
concentration of surface nitrate at the beginning of the upwelling cycle and the time
elapsed since upwelling (Dugdale et al., 1990; Zimmerman et al., 1987). Reduced
incoming irradiance may lower the rate of acceleration. The interpretation that VNO,
acceleration is a physiological response may be challenged on the basis that the increasing
VNO,; is either an artefact due to decreasing detrital particulate nitrogen or due to changes
in phytoplankton species composition (such that low nitrate uptake species are outcompeted
by high nitrate uptake species), or both. Species shifts were not apparent during shipboard
enclosure experiments carried out with water from the upwelling center at Point
Conception, California (Dugdale and Wilkerson, unpublished). Typically, the population
was dominated in numbers by picoplankton and in volume by diatoms. For example, in
one enclosure, Thalassiosira rotula dominated the total cell volume from the beginning of
the experiment through the period when acceleration of VNO, was measured. To examine
whether VNO; changes were caused by changes in detrital PON, the ratio of VNO, to
VNH, (both using saturated concentrations of N innoculum) was examined as an
alternative to VNO, alone. This parameter, which is not affected by the detrital or non-
phytoplankton particulate nitrogen, was found to increase from 0.3 to 1.8 when
acceleration was measured.
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Fig. 4. Net nitrate uptake of maize roots given 250 pM nitrate either continuously
(triangles) or in a one-hour pulse (circles). Details in MacKown and McClure
(1988).

The observation in the enclosure experiments made at Point Conception, California
of VNO,,,,, values higher than VNH,,, i.€. the ratio of saturated VNO,/saturated VNH,
being greater than one, is supported by the results of Dortch et al. (1991). Thalassiosira
pseudonana grown under nitrate limitation at u/p,, = 0.51 developed a higher short-term
rate of uptake of nitrate than for ammonium in cultures grown under ammonium limitation
at about the same value of u/u..,.. These results also are consistent with those of
Demanche et al. (1979), which demonstrated the ability of Skeletonema costatum to take
up nitrate and form internal storage pools at very high initial rates.

Several key features of the shift-up scenario described here for reaching high new
production in high-nutrient regimes are supported by laboratory studies. Higher plant
systems have been shown to develop an accelerated rate of nitrate uptake following initial
exposure to nitrate concentrations in the 10 uM range (Jackson et al., 1986). MacKown
and McClure (1988) measured 4 to 6-fold increases in net nitrate uptake of maize roots
within 12 hours of exposure to 10 M nitrate, and a 3-fold increase, when the inducing
concentration was increased to 250 uM. Inhibition of accelerated nitrate uptake by
cyclohexamide (an inhibitor of protein synthesis at the translation level) occurred, in
agreement with previous observations by Jackson et al. (1986) that for development of
accelerated nitrate uptake protein synthesis was required. Figure 4, taken from MacKown
and McClure (1988), shows nitrate uptake to increase and then decrease when pulsed
nitrate was provided at a concentration of 250 uM, the uptake being modulated by internal
nitrate levels. When nitrate was provided continuously (the induced curve), the increase
of nitrate uptake continued, i.e., acceleration of nitrate uptake was sustained. This
parallels our results from ship-board enclosures filled with upwelled water from Point
Conception, California, in which acceleration of VNO; was driven by ambient nitrate in
the upwelled water; when nutrients were added, this acceleration was maintained
(Figure 5).
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Fig. 5. Time course of nitrate uptake in shipboard enclosures after filling at the
upwelling center at Point Conception, CA. Squares = Barrel 58B2; circles =
Barrel 58B3. Arrow indicates addition of 20 uM nitrate to 58B2. Taken from
Wilkerson and Dugdale (1987).

Shift-up and shift-down of nitrate metabolism by upwelled phytoplankton
populations also showed a similar time response as maize roots when exposed to suitable
conditions that initiated shift-up.  Our upwelling studies showed peak VNO,
(i.e., maximum shift-up) to be reached 5 to 7 days since upwelling (Figure 6). Bowsher
et al. (1991) showed nitrate reductase (NR) and nitrite reductase (NiR) activity in maize
shoots and roots to reach a maximum 5-6 days after transferring the seedlings from plates
to a hydroponic system with a 16 hour light/8 hour dark photoperiod, and providing
10 mM KNO;, 24 hours before harvesting (Figure 7). Assimilation of nitrate taken up
requires the action of both NR and NiR, and the synthesis of these enzymes requires light
and nitrate in higher plants (Beevers and Hageman, 1980; Gupta and Beevers, 1984).
Induction of the system occurs at the transcription level, and in the study by Bowsher et
al. (1991), synthesis of NR mRNA and NR activity correlated well under a light-dark
regime after 6 days, but in darkness declined to zero within 8 hours. These observations
fit well with those of Smith (pers. comm) for Skeletonema costatum in a laboratory study
specifically designed to mimic conditions in upwelling production cycles. S. costatum cells
responded to light and nitrate shifts by an increase in nitrate reductase transcript followed
by nitrogen reductase protein. The change in cellular constituents was in an ordered
fashion much as Schaechter (1968) had proposed for Escherichia coli in an early
description of the shift-up phenomenon in bacteria. The acceleration rates for VNO; in
this laboratory study were similar to those reported for natural upwelling populations
(Table 3).

The uptake and assimilation of nitrate by micro-algae (especially diatoms) in steady
state culture is described by Michaelis-Menten kinetics with a K, of about 1 uM
(e.g., Dugdale, 1976; Eppley et al., 1969) and concentrations of nitrate somewhat above
the K, value of 1 uM, e.g., 5 uM, should be sufficient to saturate the uptake and
assimilation systems of phytoplankton. However, as more data become available from



Table 3. Acceleration of VNO, in Upwelling and Simulated Upwelling Situations

Location/ Acceleration Comments Reference
Organism Rate
h? x 10*
15°S, Peru 5.5 Drogue 1-2, 100%LPD Dugdale et al., 1990
1977 3.2 Drogue 1-2, 50%LPD Dugdale et al., 1990
15.8 Drogue III-2, 50%LPD  Dugdale et al., 1990
12.4 Drogue III-3, 100%LPD Dugdale et al., 1990
Point Conception, CA 3.8 Drifter S77, 100%LPD  Dugdale et al., 1990
1983 1.2 Drifter S239, 100%LPD Dugdale et al., 1990
12.0 Barrel 74B1 Wilkerson & Dugdale, 1987
Skeletonema costatum 7.4 Laboratory culture Smith, G.J (pers. comm.)
012 | I Drogue I-2

Drogue H1-3
Drogue I-1
C-1,1%
C-1, 50%
C-3, 50%
OPUS S77
OPUS S239
& OPUS 5238
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Fig. 6. Time course of nitrate uptake in a series of hold-over and drifter-following
experiments carried out at 15°S, Peru and Point Conception, CA. For details
see Dugdale et al. (1990).

various upwelling areas, it has become apparent that for high VNO, and pNO, values,
nitrate concentrations of greater than 5 yM may be necessary (e.g., Dugdale, 1985).
Further, when the maximum surface VNO, observed during a cruise to a particular
upwelling area was plotted against the maximum surface nitrate concentration, a straight
line with a positive slope was found (Figure 8) with an intercept on the nitrate axis above
5 pM.

This relationship is consistent with induction kinetics described in the
experiments of Robertson and Button (1987), which show concentration and time-
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Time course of nitrate reductase activity in maize shoots (closed circles) and
roots (open circles) after induction with 16 hour light/8 hour dark photoperiod
and 10 mM KNO;. For details see Bowsher et al. (1991).
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dependent induction of toluene uptake and metabolism by bacteria. The pattern for
toluene induction by strongly repressed Pseudomonas is similar (Figure 9) to that for
nitrate uptake (Figure 8) by phytoplankton in different upwelling systems. In both data
sets, a ’foot’ region appears in which the inducing concentration of substrate (either
toluene as in Figure 9 or nitrate as in Figure 8) is too low to induce increased enzymatic
activity, enzyme synthesis or nitrate uptake, and assimilation. In higher plants, which
commonly show two nitrate transport systems, one with a high maximal uptake rate and
low affinity for nitrate, and the other with a low maximal uptake rate and high affinity for
nitrate, the initial nitrate concentration determines the pattern of induction of nitrate
uptake, possibly due to the different responses of the various uptake systems (Larsson and
Ingemarsson, 1989). Serra et al. (1978) showed a transition from hyperbolic, carrier-
mediated kinetics to linear kinetics in Skeletonema costatum at 6 uM, virtually the
threshold value that was found in upwelling areas (Figure 8). Other examples of nutrient
concentration thresholds already known, include a minimum silicate concentration for
initiation of silicate uptake in diatoms (Paasche, 1973), and an intercept on the nitrate axis
for the regression of assimilation number versus nitrate concentration in the upwelling
regions of northwest Africa and Peru (Huntsman and Barber, 1977).

LOW NEW PRODUCTION IN HIGH-NUTRIENT REGIONS

Certain areas exhibit surface nutrients well above detectable levels and high relative
to oligotrophic regimes, but do not attain high new production rates (Table 1). Three
such areas are the equatorial Pacific, the Southern Ocean, and the northeast Pacific near
weather station Papa. These areas fail to achieve high new production as a result of low
values of VNO, i.e., these regions fail to shift-up nitrate uptake to expected levels, and
have low particulate nitrogen biomass. The model of Zimmerman et al. (1987) suggests
that the mixed layer depth is too great for shift-up to occur in these regions (Dugdale and
Wilkerson, in press). Martin and Fitzwater (1988) and Martin et al. (1990) suggest that
lack of Fe from atmospheric fallout is a common cause for such low new production.
However, there are few field observations of Fe concentrations, and there is a lack of
agreement on the interpretation of experimental results (Banse, 1990; Dugdale and
Wilkerson, 1990). Experimental additions of Fe, chelators, and nitrate to equatorial
waters showed the most response to added nitrate and no effect of Fe additions on VNO,
(Yang and Dugdale, 1990). Other explanations for new production anomalies in these
areas exist, mostly based on sparse data but worthy of consideration. An explanation
favored by Chavez (1989) for the eastern equatorial Pacific is a lack of seed diatom
populations. Grazing control has been proposed for Station P by Frost (1987) and Miller
et al. (1988), and for the eastern equatorial Pacific (Cullen et al., in press). Chronic low
temperature and weak stratification (Dugdale and Wilkerson, 1989; in press) are unique
features of the Southern Ocean that will influence phytoplankton physiology. The Qo
values for nitrate uptake and other parameters are very high, and the slope of VNO, versus
temperature in sea-ice algae has been shown to be very steep in the range of -1 to +3°C
by Priscu et al. (1989), suggesting strong temperature control on new production in the
Southern Ocean.

An important factor affecting new production in all of these areas may be the
concentration of silicate. If we accept that the high new production condition is equivalent
to diatom productivity, the potential role of silicate can not be ignored. In the equatorial
Pacific, Pena et al. (1990) show a low concentration of silicate and a low silicate to nitrate
ratio at 135°W that supports this. There are few investigators working in the field of
silicate effects on primary productivity, perhaps due to the lack of an easy method for
measuring rates of transfer through the ecosystem. Nevertheless, silicate is a key factor,
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Fig. 9. Induction (increase in partial specific affinity) of toluene uptake by toluene-
deprived Pseudomonas sp. strain T2 following exposure to toluene. For details
see Robertson and Button (1987).

and has some interesting and complex features. For example, Paasche (1973) showed that
silicate uptake by 5 planktonic diatoms required a threshold concentration that had to be
subtracted from ambient values before computing kinetic parameters from Michaelis-
Menten kinetics. In that study, dissolution of silicate simultaneously with uptake was
considered a likely cause of the phenomenon, suggesting the possibility of a threshold
concentration linked to temperature Kinetics of silicate uptake in 5 Antarctic diatoms at
0°C were radically different from nitrate uptake kinetics in experiments of Sommer (1986).
The values for K, for nitrate ranged from 0.3 to 4.2 uM, within normal expectations,
while the K, for Si ranged from 5.7 uM to the extraordinarily high value of 88.7 uM.
Values for VSi have been calculated for Sommer’s data using a minimum value of silicate
of 5 uM for the Drake Passage (Dugdale and Wilkerson, 1989; Sommer and Stabel, 1986)
in an unmodified Michaelis-Menten expression. An estimate of the corresponding VNO,
was obtained assuming balanced growth (i.e. VSi = VN = VC = ...), and a value of
f = 0.8, taken as characteristic of a fully functioning eutrophic system. The computed
minimum silicate-limited values of VNO, were 0.024 d* for Corethon criophylum and
Nitzchia kerguelensis, the two diatoms with highest values of K, for silicate of 60.1 and
88.7 uM respectively. The mean value of VNO; for the Scotia Sea was 0.031 d!
(Table 1). The similarity in mean VNO; and silicate-limited estimate of VNO; are not
inconsistent with silicate limitation in some regions of the Southern Ocean.

CONCLUSIONS
Two regimes of new production have been identified; one shows high VNQO;-high
new production and is characteristic of coastal upwelling regions. The other has low

VNO; values, low new production, and is characteristic of oligotrophic and some low
production, high-nutrient regions.
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Achievement of high new production depends upon several factors enabling
development of high nitrate uptake rates and build-up of biomass. Nitrate and light are
required for induction of nitrate uptake and for transcription and synthesis of assimilatory
enzymes. The rate of induction is dependent upon the concentration of nitrate and a
threshold concentration, or critical concentration of nitrate of about 6 uM appears in the
field data from coastal upwelling areas to represent the minimum concentration for the
initiation of the nitrate uptake and assimilation system. Next, there must be sufficient time
in the high nitrate (and typically high light) situation for integration of induction to high
VNO; values and high f conditions. As nitrate uptake proceeds, and if uptake is
sufficiently rapid to overcome grazing and sinking losses, biomass will accumulate. This
situation is greatly enhanced if there is a seed stock of bloom-forming diatom species that
can become the major new producers and accumulate biomass readily. The product of
high VNO, rates and high accumulation of biomass results in high new production. The
sequence of events described above occurs cyclically in upwelling areas as upwelling
favorable winds develop, and newly upwelled water drifts away from the upwelling center.
In another mode, highest new production occurs as a result of sustained high nitrate
concentrations, resulting in continuously shifted-up populations of bloom-forming diatoms.
Both modes were observed by Dortch and Postel (1989) along the Washington coast,
where hydrographic conditions favor retention of high concentrations of phytoplankton.

In areas where there is either too little nitrate for induction processes to occur at
high rates, or because the seed populations are all nanoplankton or picoplankton, VNO,
will not be able to increase rapidly enough to overcome the grazing pressure, and biomass
will not build-up, in part, because of the small cell-size of the population. High rates of
new production can not be attained as a result of both low VNO, and low biomass, and
these systems remain locked in a grazing controlled loop. Low VNO, and new production
in the presence of high nutrients may be the result of several limitations, including nutrient
concentrations below threshold levels, inadequate levels of micro-nutrients, lack of seed
stock of bloom-forming diatoms, low temperature, unfavorable physical conditions, and
grazing.

The nitrate-based framework presented here does not explain every aspect of
regional new production, but should be helpful in planning and executing the experiments
and observations necessary to achieve an understanding of the key control mechanisms
operating in the various regions of the ocean. When these key mechanisms are embedded
in general circulation models, improved global new production estimates can be made, and
a better understanding of the role of the marine phytoplankton in global atmospheric
processes can be achieved.
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IRON AS A LIMITING FACTOR IN OCEANIC PRODUCTIVITY

John H. Martin

Moss Landing Marine Laboratories
Moss Landing, CA 95039

INTRODUCTION

Iron has been hypothesized to be a factor limiting phytoplankton standing crop in
the ocean for decades. For example, in 1931, Gran suggested that, "If the productivity
of the coastal waters is dependent on any factor of a chemical nature acting as a minimum
factor, it must be an element which in its circulation does not follow the nitrates and
phosphates accumulating in solution in the deep sea and reaching the surface again by
vertical circulation of any kind. If such minimum stuffs exist, they must irreversibly go
out of circulation in the sea, so that they can only be renewed from the land." Based on
growth in culture solution, Gran (1931, p.41) concluded that lack or low concentration of
iron probably limited plant growth at times and in areas of the sea where it was not
replenished by land drainage. Previous data, and those obtained by Braarud & Klem
(1931) off the Norwegian coast at his instigation, showed the iron content of sea water to
be very small, ranging from 3 to 21 mg. Fe per m* (Harvey, 1938, p.205)

Three years later, in 1934, Hart suggested, "Among the . . . chemical constituents
of sea water . . . possibly limiting phytoplankton production, iron may be mentioned . . .
it may help to explain the observed richness of the neritic plankton . . . the land being
regarded as a source of iron."

The above quotes remind us that iron availability is not a new addition to the list
of basic factors regulating the plant life in the sea. Its importance has long been
recognized, but "Our knowledge of the iron content is rather limited, as the quantities
present are so minute that it is difficult to get the reagents sufficiently free from
iron."(Gran, 1931). Only in the last few years have we learned that the iron content of
sea water is very minute (Fig. 1). However, instead of the 3-21 mg m™ noted by Harvey,
the offshore-inshore range is more on the order of 0.001 to 0.5 mg m?® (Martin and
Gordon, 1988).

In view of the high loads of iron-rich sediments near shore, a confirmation of large
values in coastal water for dissolved (e.g., 0.5 mg m™ or about 10 nmol Fe kg?) and
particulate iron was expected. What was really surprising was how low the offshore
quantities were. For example, the Fe concentration for offshore surface water in Drake
Passage is about 0.16 nmol kg (Martin et al., 1990). Depending on the phytoplankton’s
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C:Fe ratio (10,000 to 100,000C:1Fe; Morel and Hudson, 1985; Anderson and Morel,
1982), this would be enough Fe to produce a maximum of 16 umol of phytoplankton C.
Along with the Fe, there was 24.8 umol NO, kg i.e., assuming the Redfield ratio of
6.6C: 1N, enough N to support the production of 160 umol of C. Thus, based on Fe
abundance only 10% of the NO, would be used by the phytoplankton (Open ocean C:Fe
ratios may be as high as 500,000:1; see below).

These observations and those in the Gulf of Alaska (Martin et al., 1989) lead to the
disturbing conclusion that open ocean water is basically infertile. Major nutrient-rich
waters mixing up into the photic zone have scarcely any Fe, and, to support maximal
growth via the use of major nutrients, supplemental Fe must be made available from other
sources.

This argument leads to a second disturbing conclusion. Since we are talking about
open ocean upwelling regions far removed from Fe-rich continental margins, the only way
phytoplankton can obtain this essential element is via long-range, wind-blown transport and
fallout of Fe-rich atmospheric dust originally derived from terrestrial arid regions (Duce,
1986). Scientists trying to understand phytoplankton production are used to thinking about
major nutrient amounts and rates of supply, available light levels, and cell removal via
zooplankton grazing (e.g., Harvey, 1938). If our current understanding is correct,
oceanographers must also concern themselves with the amounts of dust falling out on these
surface waters.
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Fig. 1. Vertical distribution of dissolved iron at Gulf of Alaska station, "P" together
with oxygen and nitrate data (from Martin et al., 1989).
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The recent knowledge gained about ocean Fe distributions and sources provides
very strong indirect evidence supporting the hypothesis that iron is a limiting nutrient.
Excess nutrients do not occur in Fe-rich coastal waters. For example, normal nutrient
depletion occurs as the Alaskan continental margin is approached (Martin et al., 1989).
As pointed out by Hart (1934) and El-Sayed (1988) among others, maximum populations
of Antarctic phytoplankton is in Fe-rich neritic waters or along receding ice edges that also
represent important Fe sources (Martin et al., 1990). Atmospheric dust loads in the
Antarctic and equatorial Pacific are the lowest in the world (Prospero, 1981; Uematsu,
1987). It is noteworthy that excess nutrients do not occur in the equatorial Atlantic where
large amounts of Saharan dust fall out on the sea surface (Prospero, 1981).

Direct evidence that open ocean phytoplankton benefit from atmospheric dust was
recently obtained in a study in the equatorial Pacific. Open ocean aerosol was resuspended
in clean seawater; growth rates in bottles with aliquots of the filtered leachate were 2-4
times higher than those in the controls without Fe (Martin et al., 1991). In general, these
results were similar to those obtained in the Gulf of Alaska and Antarctic (Fig. 2).
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Fig. 2. Comparisons of phytoplankton doubling rates with and without added iron.

Theoretical maxima also are shown (from Martin et al., 1991).
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Present-day atmospheric dust loads in the Antarctic are the lowest in the world
(Prospero, 1981). However, this was not always so. The many active dune fields
(Sarnthein, 1978) during the last glacial maximum (18,000 years ago) indicate that tropical
arid areas were 5 times larger, wind speeds 1.3 to 1.6 times higher, and atmospheric dust
loads 10-20 times greater than now (Petit et al., 1981). Furthermore, ice core data
(De Angelis et al., 1987) show that large amounts of this dust were reaching the Antarctic;
i.e., about 50 times as much windborne Fe was reaching the Antarctic during the last ice
age than it is today.

When these data are compared with glacial-interglacial CO, data (Barnola et al.,
1987), a striking inverse relationship is observed (Fig. 3). This leads to the hypothesis
(Martin, 1990) that southern ocean phytoplankton received essential iron during the
glacials from increased atmospheric dust input; the phytoplankton bloomed, the "biological
pump" turned on, and CO, was withdrawn from the atmosphere. In contrast, present-day
southern ocean phytoplankton are not receiving essential iron, the biological pump is
turned off, and relatively little CO, is being removed from the atmosphere. Although this
is an attractive hypothesis, there is little direct evidence supporting it. In fact, southern
ocean glacial sediment opal levels are lower than those for the interglacial (see below).

Thoughts follow about how much Fe would be required to turn on the biological
pump. Back-of-the-envelope calculations suggest that the number is surprisingly small,
on the order of a few hundred thousand tons, which suggests that large-scale (100s of km)
Fe-enrichment experiments could be performed. How large these experiments might
become is a subject of much debate (Sarmiento, 1991; Lloyd, 1991).

Although much remains to be learned about Fe, especially in major nutrient-rich
seas, the powerful effects of Fe have been documented in several independent field studies:
e.g., in reporting work performed in the Gulf of Alaska, Coale (1991) states that
"...Dramatic increases in phytoplankton productivity, chlorophyll-a and cell densities
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Fig. 3. Iron and carbon dioxide versus age in Vostok ice core. Figure from Martin
et al., (1989), based on original data of De Angelis et al., (1987) and Barnola
et al., (1987).
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occurred after the addition of 0.89 nM Fe..." de Baar et al., (1990) "...always observed
Fe to stimulate chlorophyll-a synthesis and nutrient assimilation..." in the Scotia and
Weddell Seas. In the central equatorial Pacific, "Addition of 1 nM Fe to seawater samples
increased the final concentration of chlorophyll-a and particulate organic carbon and
nitrogen..." (Price et al., 1991), while in the Drake Passage, "Fe addition...increased
chlorophyll-a concentrations by a factor of 4 to 7 times..." (Helbling et al., 1991).

The above discussion summarizes the current situation in iron research in relation
to other field studies, and I will not repeat detailed descriptions here. Instead, I will
discuss my work in relation to some recent related research results; i.e., the very low
C:Fe ratios of Sunda et al., (1991) and the lack of support for the glacial-interglacial CO,
change iron hypothesis (Mortlock et al., 1991). I will also present some preliminary
thoughts about a prototype large-scale enrichment experiment.

New C:Fe ratios

The most important factor in the iron-limitation hypothesis, that Fe levels in
offshore sea water are so low that this essential element has to be provided via the fallout
of Fe-rich dust, has recently been questioned. In laboratory experiments, Sunda et al.,
(1991) found an open ocean phytoplankton species to have extremely low Fe requirements.
It was capable of rapid growth with Fe amounts resulting in C:Fe ratios of 500,000:1.

In the past, we and others have attempted to assign C:Fe ratios to better define the
phytoplankton’s needs for iron. For example, we used a range of 10,000:1 (Fe-replete,
Morel and Hudson, 1985) to 100,000:1 (Fe-deplete, Anderson and Morel, 1982). We also
used our estimate of 33,000 C:1 Fe, based on our field observations (Martin et al., 1989).
Sunda and co-workers argue that previous C:Fe ratios were too low because the coastal
species Thalassiosira weissflogii was used in the laboratory experiments; also, our field
estimates were inaccurate because of a variety of errors. On the other hand, when using
sophisticated techniques (100s of nmols of Fe, Cu, Zn, Mn, and Co are buffered with
0.1 mM EDTA to yield free ion Fe concentrations of 0.05 to 10 nM), the oceanic diatom
T. oceanica achieved specific growth rates of ~ 1.0 (d!). These results indicate that this
oceanic diatom can obtain near-maximum growth rates with much lower than the minimum
amounts of Fe thought necessary to meet the metabolic needs of plant cells (Raven, 1988),
i.e. less than 10% of the calculated amounts needed for growth, based on Fe enzymatic
requirements in photosynthesis, respiration, and NO, reduction.

Sunda et al., (1991) believe that our assumption and that of Duce (1986), namely,
that amounts of Fe in upwelling open ocean water were 10-100 times too low and that Fe
had to be supplied via the atmosphere, should be reassessed. Accordingly, we re-
examined our equatorial Pacific data (Martin et al., 1991) in light of their findings and in
light of our own recent data on Fe distribution for the equatorial Pacific.

Under experimental conditions that we tried to keep as natural as possible (only
ambient nutrients, phytoplankton species, and no chelaters), equatorial Pacific (0°; 140°W)
phytoplankton obtained doubling growth rates of only 0.2 to 0.5 (d") with the Fe available
(Fig. 2). However, when we simulated a dust event by adding atmospheric-dust-sea-water
leachate, these rates increased to 70-100% of those reported by Sunda et al., (1991).

We now have environmental Fe concentration data to better interpret our
experimental findings for the equator (Fig. 4). When Fe amounts are compared with NO,
profiles at the equatorial station, there is a subsurface "Redieldian" N:Fe ratio relationship
commented on by Sunda et al.; i.e., converting to C by multiplying the NO, concentration
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by a 6.6 C:N ratio and dividing by dissolved Fe, gives ratios of 400,000-600,000 at
125-250 m depth. However, when approaching the euphotic zone (~ 80 m), the amounts
of Fe become very low (<0.02-0.05 nmol Fe kg), while the NO, concentrations remain
relatively high (Fig. 4). This results in ratios on the order of 800,000-2,700,000 C:Fe at
the equator. The situation is worse at 3°S; near-surface ratios usually fall within the range
of 1,200,000 to 5,200,000 C:Fe. These findings suggest that the dissolved Fe is removed
preferentially, with the result that potential C:Fe ratios increase far beyond those reported
by Sunda et al.

In our Fe enrichment experiments we always looked for the apparent C:Fe ratio but
met with little success. Our results, instead, suggest a threshold effect. Below a certain
level, growth is severely limited because diffusive rates to the cell surface are so low that
the plants are unable to concentrate the Fe needed for maximal growth rates. This
condition is reversed when the threshold level for diffusion to the cell surface is exceeded.
Additional Fe has little effect. Our results suggest that in North Atlantic and Ross Sea
experiments, the threshold is around 0.5 nmols while at the equator the threshold is around
0.3 nmols. These are rough estimates, because they are based on total Fe levels (alumino-
silicate Fe, Fe oxides, extracellular Fe as well as biologically concentrated Fe); how much
is in the cell is unknown.

These very low values remind me of Hudson and Morel’s (1990) observations
which I paraphrase here: open ocean Fe levels are so low that physical limits on diffusive
transport are reached, only marginal Fe transport into the cell is achieved, and organisms
cannot grow at maximal rates. A very sharp cut-off exists between organisms that can
grow maximally at oceanic Fe levels (like the ones studied by Sunda et al., with C:Fe
ratios of 500,000: 1) and those that must wait for periodic elevated Fe levels in order to
grow (i.e., the ones that grow when we add Fe to bottles or the ones that grow after a dust
event). I believe that this situation is reversed when a dust event occurs, Fe levels are
raised, the phytoplankton can obtain sufficient Fe, and productivity rates increase.
(e.g., see DiTullio and Laws, 1991; Young et al., 1991)

We have reassessed our previous conclusions in light of the findings of Sunda et
al., (1991). We maintain that amounts of Fe upwelling to the surface in the open ocean
are too low for maximal growth even if the phytoplankton C:Fe ratio is on the order of
500,000:1. We conclude that maximal phytoplankton growth cannot occur in the open
ocean without supplemental Fe provided by the fall out of wind-blown atmospheric dust.
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Fig. 4. Comparison of density, nitrate, and dissolved iron on the equator and at
3°S;140°W .
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Equatorial Pacific Productivity

In the equatorial Pacific, it is almost always observed that primary productivity
rates are highest in the immediate vicinity of the equator, in spite of the fact that nutrient
levels are about the same a few degrees to the north and south. Chavez et al., (1991)
suggested that the enhanced rates might be due to greater Fe availability. Barber and
Chavez (1991) also argue convincingly that eastern equatorial Pacific phytoplankton benefit
from enhanced Fe input. As mentioned above, we measured dissolved and particulate Fe
levels on a section along 140°W (9°N to 3°S) in June/July of 1990. In reviewing the
results, we compared the equator station with one at 3°S. The latter was selected because
of the high NO; values and because of the very low input rates of atmospheric dust south
of the equator (Uematsu et al., 1983).

Although density and major nutrient levels (e.g., NO,) were similar at the two
stations, dissolved Fe amounts were substantially higher on the equator (Fig. 4). Fe began
to increase with depth at the bottom of the photic zone and peaked at 200 m. In contrast,
no increase in Fe was observed at 3°S  shallower than 150 m. Furthermore,
concentrations increased very slowly with depth in comparison to the equator. As noted
above, a fairly good correlation between Fe:NO; was found at the equator (similar to that
in the Gulf of Alaska), while no relationship was noted at 3°S.

In addition to dissolved phases, suspended particulates were also analyzed for
various trace elements. A pronounced maximum was observed for particulate aluminum
at about 150m depth (Fig. 5) at the core of the equatorial counter current (ECC). The
high particulate Al and Fe levels in the core suggest that small amounts of fine alumino-
silicate particles may be transported away from the western Pacific margin out into the
central equatorial Pacific via the rapidly flowing ECC. This source may also contribute
to the larger dissolved Fe concentrations found here. In addition to the greater amounts
of Fe, vigorous upwelling and shear mixing must also result in elevated Fe fluxes to the
surface.

I believe that the enhanced Fe supply enables phytoplankton at the equator to
produce more chlorophyll than those at 3°S (Fig. 6). With the extra chlorophyll, more C
is fixed in the water column although amounts of C fixed/unit chlorophyll are about the
same (Fig. 6). Thus, with the extra Fe and chlorophyll, integrated productivities at the
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Fig. S. Particulate Al and Fe at the equator and 3°S; 140°W.
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equator are twice as high as those 3°S (1280 vs 640 mg C m? day!). Nevertheless, these
chlorophylls are very low in view of the levels of the major nutrients. As before, I
contend that even right on the equator there is insufficient Fe in upwelling water, and that
normally, open ocean phytoplankton have to obtain their Fe from the fallout of dust.

The Glacial-interglacial CO, Change Iron Hypothesis

The discovery that glacial atmospheric CO, concentrations were lower than those
in the interglacials has led to many hypotheses. Three similar ones (Sarmiento and
Toggweiler, 1984; Knox and McElroy, 1984; Siegenthaller and Wenk, 1984) all suggest
that if the abundant nutrients in the southern ocean were used up, the consequent bloom
could have resulted in the glacial drawdown in CO,. In keeping with the iron deficiency
hypothesis, I looked for evidence that Fe might have been more available during the ice
ages. The answer was provided by the Vostok ice-core data of De Angelis et al. (1987).
Because winds were stronger, and tropical arid areas larger, global atmospheric dust loads
were 10-20 times higher during glacial periods. It is evident that much of this material
was swept into the Antarctic because dust concentrations in the ice cores were 50 times
higher than they were (and are) during past and present interglacials (Fig. 3). This finding
suggests that Fe-rich dust blew into the Antarctic, the phytoplankton bloomed, the
biological pump turned on, and CO, was withdrawn from the atmosphere (Martin, 1990).

One of the drawbacks of this hypothesis is that there is no direct evidence that ice-
age productivity in the southern ocean was higher. Recently, Mortlock et al., (1991)
analyzed cores from the South Atlantic near the present Polar Frontal Zone (~ 50°S).
They concluded that productivity was not higher, but, on the contrary, was lower during
glacial periods than it is today. One of their main lines of evidence involves the
abundance of opal; south of the present polar frontal zone, opal in modern sediments is
on the order of 70-75%, while during the last glacial, the opal content was around
40-55%.
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Fig. 6. Chlorophyll and primary production at the equator and 3°S; 140°W.
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In conversations with one of the authors (P.N. Froelich) of the paper, I pointed out
that there is wide variability in diatom C:Si ratios (Fig. 7). One extreme is the North
Atlantic, where there is very little silica in the water column. Chaetoceros atlanticus
produced 95 umol C with only 3 umol Si; this gives a ratio of 28C:1Si. On the other
hand, the mother load of opal and Si occurs in the Ross Sea (e.g., Dunbar et al., 1989),
where phytoplankton C:Si ratios of 1-6.7 were reported (Nelson and Smith, 1986).
Nevertheless, the addition of Fe appears to affect this ratio. By and large, Si is
concentrated at about the same rates with and without Fe while the accumulation of
organic C doubles or triples with Fe (Martin et al., 1991): this leads to C:Si ratios of 2.5
without Fe and 5.0 with Fe. Thus, if we assume that twice as much C was transported
along with the Si found in the cores of Mortlock et al. (1991), it would mean that more
C was being removed during the Fe-rich glacial periods in spite of larger percentages of
opal accumulating in the sediments on the sea floor during the interglacials.

We also pointed out that one of the major southern ocean species, Phaeocystis
pouchetii, has no opal. Perhaps this species bloomed during the ice ages and no hard-part
record was left behind. Support for this idea is provided by the sulphur (originally
dimethyl sulphide, DMS) data in the Vostok core (Legrand et al., 1991). In Fig. 8, I
overlay their data with the Vostok core dust values of De Angelis et al., (1987). The fit
is striking. Legrand et al. discuss the possibility that the sulphur might have the same
terrestrial origin as the dust, but, after examining the evidence, they state that "..our data
suggest enhanced productivity from the DMS-producing portion of the oceanic biota
between 18 and 70 kyr BP (before present).” However, they go on to say that, "Whether
this increase represents a real increase in productivity or simply an ecological shift
favoring DMS producers is not known."
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Fig. 7. Silica versus carbon from the North Atlantic (triangles), the Ross Sea
(circles), and the equatorial Pacific (squares).
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Phaeocystis is known to be one of the major DMS producers (Barnard et al., 1984;
Crocker et al., 1991; McTaggard, 1991). It also can rapidly transport large amounts of
organic matter away from the surface via the formation of marine snow and subsequent
rapid sinking (Wassmann et al., 1990). All in all, the glacial interglacial CO, change Fe
hypothesis has neither been proved or disproved; i.e., quoting Berger (1991), "...Mortlock
et al., stage an impressive attack on the problem of Antarctic productivity changes; it
should severely damage conventional belief in Antarctic modulation of atmospheric carbon
dioxide. Yet, the basic question is not resolved. The Antarctic has not been eliminated
from contention as co-regulator of CO, and Martin’s iron hypothesis has not been
discredited. "

Large-Scale Iron Enrichment Experiments

Although much has been learned, and there is still more to learn from Fe bottle
experiments, the basic criticism remains that large grazers are excluded. Hence, it is time
to start thinking about large-scale enrichment experiments that can reflect the use of both
natural and artificial Fe sources. For example, the marked plumes of color streaming off
the Galapagos (Feldman, 1986) suggest that these islands may represent a discrete Fe
source. If this is confirmed, much could be learned via upstream/downstream Galapagos
studies (Minas et al., 1990) without having to introduce iron artificially.

Nevertheless, the time has come to begin serious planning of a relatively large-scale
Fe enrichment experiment. Several questions must be addressed. Where will the
experiment be conducted? What form of Fe will be used? How will it be added? How
much will it cost?

In thinking about where to do the experiment, several factors must be considered;
logistical convenience, weather, international politics, availability of background
information and other limiting factors such as light, temperature, and major nutrients.
This list more or less eliminates the Antarctic; logistics are difficult, the seas are rough,
work would have to be done with approval of the signatories of the Antarctic Treaty (at
least south of 56°S). Ambient light levels and low temperatures can result in slow growth,

1.8 100
216 175 .
¢ 8
=] o
&4 NREE:
@ 2
O12 {25 |

o] AN | ],

A B Cc |ID E Fi| G H
T 1 T
13 33 56 66 107118 141
Age (kyr)
Fig. 8. Iron and sulphur data from the Vostok ice core. Iron data are based on Al

data of De Angelis et al., (1987). Sulphur data are ratios between various
glacial stages and the present glacial stage "A" (from Legrand et al., 1991).

132



which would necessitate following a fertilized patch for a long period. Furthermore, there
is relatively little background information to enable a decision to be made on exactly where
the experiment should be done.

In contrast, the Gulf of Alaska has many advantages; convenient logistics, fairly
good weather in late summer, no territorial problems, intermediate light and temperature
levels, and abundant background information from work by the SUPER group and others
at Ocean Station P. On the other hand, all of these factors also are true for the Equatorial
Pacific. If the work was done south of the Galapagos (~ 5°S; 90°W), steaming time from
Ecuador would be about two days, and if the weather is good, rapid growth should result
from high light levels and temperatures, the experiment would be in international waters,
and there is abundant background information on the physical oceanography of this area.
As noted above, there is the additional opportunity of the natural Fe enrichment that
appears to be occurring at the Galapagos Island. For these reasons, the equatorial Pacific
merits serious consideration for the first enrichment experiment.

The area south of the Galapagos and much of the South Equatorial Current (~ 5°S)
appears to have nearly linear flow. This is indicated by drifting buoys drogued to 15m
set out by Don Hansen who informs me (pers. commun.) that the 90° - 100° W SEC
region appears to be ideal since the drifters go due west or southwest throughout the year.
This finding suggests that there is surface laminar flow and that buoys placed on the four
corners of an enriched patch might facilitate tracking. On the other hand, there is a shear
problem because the wind direction is opposite that of the pressure field (Wanninkhof,
pers. commun.) and a surface patch would "smear out" about 10 km each day.

Currents are very swift here; e.g., Hansen (pers. commun.) reports that average
SEC current speeds in March, 1991 were 65 cm sec?, so that the patch of water in a
week-long experiment would move about 400 km to the west. Nevertheless, the drifting
buoys suggest that the patch would maintain its integrity and the Fe should stay with it;
this would have to be verified.

To learn more, we will propose seeding a patch of water with Fe and a purposeful
tracer such as sulphur hexaflouride (e.g., Wanninkhof et al., 1991). Drifters would be
placed at the four corners of a patch 20 km long and 5 km wide (long axis perpendicular
to the equator). A ship steaming at 12 knots could cover the long axis about once each
hour and 24 passes would be made each day.

How much Fe would be needed to seed this patch? The NO,; concentration here
is about 6-7 umol liter’. Assuming a N:Fe ratio of 5,000N:1Fe, then, 7000 nmol NO,/
5000 = 1.4 nmol. To add a safety factor, we double this amount and by converting from
nmol to ng we estimate a requirement of ~ 150 ng/liter or 150 mg m" 3. The area of the
patch (5,000 X 20,000m) is 1 X 10°* m? ; thus, for each meter of downward mixing, 15 kg
of Fe will be required; e.g., if the Fe mixes down to 20 m, the total volume will be
20 m X 1 X 10°m? = 2 X 10° m®. This volume times the Fe concentration is 3 X 10" ug
or 300 kg of Fe. This is a very small amount of Fe and demonstrates the feasibility of Fe
fertilization.

How would this Fe be applied? Airplanes are very difficult to deal with in remote
ocean regions, and, in general, they are cost-prohibitive. It would be best if the Fe could
be applied from a ship. If the Fe was injected into the wash from a ship’s propellor
(assume the wash is 3 m deep and 10 m wide) as the ship is steaming at 12 knots (about
20,000 m/hr), Fe could be injected into 600,000 m® of water each hr, or 1.4 X 107 m?
each day. This would cover about 5% of the upper 3 m of the 5 X 20 km patch. To put
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in the 300 kg of Fe in a day (assuming a 20 m patch depth) would require an Fe
concentration of about 20 mg Fe m3, which leads to problems about Fe solubility.

The solubility of Fe is thought to be about 1.1 mg m® (Byrne and Kester, 1975).
As the Fe is introduced, it will be rapidly oxidized from the soluble +2 to insoluble +3
state, forming Fe(OH);. This hydroxy complex may remain in the water column and go
back into solution as the fertilized waters mix with the Fe-poor background waters. If,
on the other hand, the hydroxy-complexed Fe sinks out of the surface water, only about
10% of the introduced Fe would be available to the phytoplankton. If this occurs, the Fe
will have to be introduced at a much slower rate, or a chelated Fe source will have to be
used. Adding Fe to the patch at the solubility maximum, 1.1 mg m?, would require 19
days; this is unacceptable. The patch would have moved over 1000 km by the time
fertilization was completed. An alternative Fe source that would stay in solution would
have to be used.

An inorganic Fe source might be FeCl; or FeNQO;. FeCl,; costs about $150/drum.
The volume of five 55 gallon drums is ~ 1000 liters. Depending on dilution, the five
drums would contain the required 300 kg of Fe. Thus, the Fe for this experiment might
cost as little as $750. This estimate is probably overly optimistic, but even if I am off by
an order of magnitude, the price of the Fe for such an experiment is very reasonable.

Thus, I envision a preliminary experiment where Fe and a purposeful tracer would
be spread over a 100 km? patch in one day. The ship would steam back and forth over
the patch between the drogue buoys located at each corner of the rectangle. The mixing
of the Fe and tracer away from surface and within the patch would be observed, as well
as the apparent loss from the patch. The hexaflouride tracer would be monitored via a
flow-through gas chromatograph. Fe would be measured in real time via the
chemoluminescent technique of Elrod et al., (1991). Chlorophyll production and NO,
uptake also would be monitored. The entire experiment should take about a week. The
modest cost of this preliminary experiment would enable better design to be made of larger
efforts, on scales of 100s of km, which would, in turn, enable a fuller understanding of
the role of Fe as a limiting factor in the sea.
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INTRODUCTION

Variability in the optical properties of the upper ocean influences the color of the
ocean as seen from space. For most of the ocean, the optical properties are controlled by
the concentration of biogenic particles and dissolved matter -- phytoplankton, bacteria,
and their degradation products. Variations in the optical properties modify the spectral and
geometrical distribution of the underwater light field, and thereby alter the color of the
sea. Biologically rich and productive waters are characterized by green water; the
relatively depauperate open ocean regions are blue.

The prime oceanographic motivation for observing the color of the oceans from
space is to permit better understanding of the role of the ocean in the global carbon cycle.
Presently, prediction of the concentrations of carbon dioxide in the atmosphere, and hence
the development of the greenhouse effect, are hampered by uncertainties in the ocean’s
role (e.g. Sarmiento and Toggweiler, 1984). The biological processes of the organisms
that are principally responsible for variations in the color of the sea, the microscopic
phytoplankton, may play a significant part in altering the exchange of carbon between
atmosphere and oceans. Photosynthesis by phytoplankton can reduce the partial pressure
of carbon dioxide in the surface waters; a portion of the carbon sequestered as organic
matter then sinks below the layer of the ocean that actively interacts with the atmosphere.
The net effect is a flux of carbon from the atmosphere to the deep sea - "the biological
pump".

The concentrations of phytoplankton in the upper ocean can be determined by their
effect on the color of the ocean as seen from space. Observations made throughout the
8-year lifetime of the Coastal Zone Color Scanner (CZCS), which orbited the Earth on
NASA’s Nimbus-7 spacecraft, have revolutionized the field of biological oceanography.
By providing a synoptic view of phytoplankton pigment concentrations over global scales
at high spatial resolution and with roughly daily repeat coverage, upcoming ocean color
missions, such as the SEASTAR/SeaWiFS project, will provide data to determine the
magnitude, and spatial and temporal variability, in both the concentration of pigment and
the flux of carbon between the atmosphere and ocean on regional to global scales (e.g.
Gordon et al., 1980; Esaias, 1981; Feldman et al., 1984; Brown et al., 1985; Evans et al.,
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1985; Eslinger et al., 1989; Lewis, 1989; McClain et al., 1990; Baker, 1990; Mitchell
et al., in press; Abbott and Chelton, 1991).

In addition to modifying the global fluxes of carbon, oceanic phytoplankton also
may play a more direct role in moderating the heat budget of the Earth in two ways.
First, it was recently postulated that a byproduct of algal metabolism, dimethyl sulphide
(DMS), may enhance the formation of low-lying clouds over the ocean (Charlson et al.,
1987; Bates et al., 1987). DMS transported to the atmosphere may chemically and
physically interact in the lower atmosphere and form nuclei that result in condensation,
thus leading to cloud formation. The enhanced albedo that results cools the Earth and
provides a potentially negative feedback to warming associated with enhanced
concentrations of carbon dioxide. Second, phytoplankton themselves absorb solar radiation
at visible frequencies. High concentrations of phytoplankton trap solar energy near the
ocean surface. The buoyancy flux generated stabilizes the ocean, and retains solar energy
in a depth horizon that actively interacts with the atmosphere over relatively short time-
scales (e.g. Denman, 1973; Lewis et al., 1983; Woods et al., 1984; Lewis, 1987). For
the equatorial Pacific, variability in such energy exchange may influence processes that
result in the well-known El Nino-Southern Oscillation (ENSO) events (Lewis et al., 1990).
For the tropical Arabian sea, inclusion of absorption by phytoplankton increases the
modelled sea-surface temperature over models that assume no absorption other than that
associated with seawater alone (Sathyendranath et al., 1991).

Synoptic measurements of the phytoplankton concentration are required to
adequately test these hypotheses over the spatial scales of interest. Phytoplankton have a
short lifespan, about 1-10 days, and are subject to the vagaries of ocean currents at a range
of spatial and temporal scales. Consequently, the ocean pigment field decorrelates with
itself on time-scales of about 1-10 days and on spatial scales about 1-5 km, depending on
environmental conditions (Abbott and Zion, 1987). Satellite observations are the only
means to measure the phytoplankton concentration on the global scales required, and also
to sample with sufficient spatial and temporal resolution to avoid aliasing the long-term
and large-scale estimates. Satellite observations also are the only means to "revisit" large
areas of the oceans on a precise (i.e. to 1 km) grid to monitor any changes in the pigment
content, whether due to biological processes such as growth and grazing, or to physical
transport by ocean currents.

In summary, some of the research uses of the ocean color data set will be:

* To specify quantitatively the ocean’s role in the global carbon cycle and other
major biogeochemical cycles;

* To determine the magnitude and variability of annual primary production by
marine phytoplankton on both local and global scales, and their role in
modifying the chemical and physical processes of the ocean and atmosphere;

* To acquire global data on marine optical properties for analyzing ocean
transparency and local heating rates.

HERITAGE AND FUTURE

The heritage of current efforts to acquire satellite ocean color data, and the basis
for developing both applications and a data system, is the Coastal Zone Color Scanner
(CZCS), which operated onboard the NIMBUS-7 from 1978 to 1986 (Gordon et al.,
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Table 1. SeaWiFS Radiance Bands

Band Number Wavelength Purpose
Center (nm)

1 412 In-water detritus correction

2 443 Blue/Green Pigment algorithm
3 490 Blue/Green Pigment algorithm
4 510 Blue/Green Pigment algorithm
5 555 Blue/Green Pigment algorithm
6 670 Atmospheric Correction

7 765 Atmospheric Correction

8 865 Atmospheric Correction

1980). The CZCS, in turn, was based on aircraft observations over the ocean (Clarke
et al., 1970). Over 65,000, two-minute scenes, which resulted from the CZCS, each of
which represented roughly 2,200 by 800 kilometers, have allowed an unprecedented view
of biological modification of the global ocean. The data system that evolved with the
CZCS (Feldman et al., 1989) has been a model for other developing data systems, notably
the EOS Pathfinder exercise, which will put the global AVHRR sea-surface temperature
and land vegetation index data sets into the hands of researchers.

Unfortunately, the CZCS ceased operations in 1986, and because it was never
designed to be an operational instrument, coverage was uneven in space and time.
Consequently, considerable uncertainty still exists in the estimation of the role of the ocean
in global biogeochemical cycles, and hence, in the prediction of future climate.

The next opportunity for the oceanographic community to have access to global
ocean color data will be the SEASTAR/SeaWiF$S mission. This dedicated sensor will be
launched in late summer, 1993, and will provide data on a global basis every two days for
five years, with a spatial resolution of 4 km globally and 1 km locally. The instrument
includes increased radiometric performance, additional bands for new applications, and
operational performance (Table 1).

In the longer term, Japan plans to launch the Ocean Color and Temperature Sensor
(OCTS) onboard the ADEOS satellite in 1995. The international Mission to Planet Earth
includes ocean color sensors provided by the European nations (MERIS), and NASA’s
EOS/MODIS, and EOS/HIRIS sensors for use in the International Geosphere/Biosphere
Program (IGBP), and other international global change research programs now under
consideration.
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However, much work needs to be done now to advance the state of the field to be
able to make adequate use of the very high data rate associated with the future ocean color
sensors. This is as true for developing atmospheric and bio-optical algorithms as it is for
developing a data and information system, which can make the huge data volume useful
in addressing the scientific questions outlined above.

REQUIRED SENSOR SUITE AND RATIONALE

The research uses described above impose stringent requirements on the quality and
delivery of the ocean color data set, and consequently, on the instrument, spacecraft,
launch, ground operations, and data system employed. The required wavebands and
radiometric requirements, such as accuracy, precision, polarization sensitivity, and signal
to noise characteristics of the sensor are driven by current and future atmospheric and in-
water algorithms for determining surface pigment (Table 1). The sensor must be capable
of avoiding sun glint, which would mask any signal received from the ocean interior.
Many of the problems are global in nature; global coverage must result. Since the sea-
surface pigment field decorrelates over time scales about 1-10 days, and over spatial scales
about 1-5 km, spatial and temporal resolution of 1 km and 2 days are required to avoid
aliasing the long-term and global pigment fields. Many of the applications rely on accurate
georeferencing, for example, determining surface currents from displacements of the
surface pigment field from day to day. Hence, pixel knowledge must be within 1 km of
its actual location for accurate retrievals. For detecting long-term changes in the ocean
pigment field, many of which may be relatively small, long-term calibration stability is of
paramount importance, as is the reliability of the entire system for the duration of the
mission.

The global ocean color data set to be acquired with SEASTAR/SeaWiFS will be
of sufficient quality to permit as required by the above: a) developing atmospheric
correction algorithms that will allow the derivation of water-leaving radiances from the
satellite data, which are accurate to within plus or minus 5 percent on a routine basis; and
b) developing bio-optical algorithms for derivation of chlorophyll concentration from
water-leaving radiances, which are routinely accurate to within plus or minus 35 percent
for Case I (Morel, 1978) optical waters over a range of 0.05 to S0 mg m?, and to within
a factor of 2 everywhere. The spatial resolution to be achieved will be 4 km globally and
1 km over selected areas, with a capability to georeference the data without ground control
points to within 1 km; global coverage with a temporal resolution of 2 days will be
delivered.

The necessity to achieve these objectives to the desired accuracy has driven the
technical development; the data system must not impose any additional constraints. The
guiding principal has been to ensure that SEASTAR remains a small source of error in the
retrieval of the concentration and geolocation of surface pigment, both in the case of
current, as well as for more advanced, algorithmic determination of pigment concentrations
from satellite-viewed spectral radiances. To achieve this, SEASTAR/SeaWiFS$ improves
upon the CZCS for long-term calibration stability, where there was a severe problem with
CZCS (by using a lunar calibration target), for reducing cloud-ringing problems (by
reducing the transient response characteristics), for additional wavebands to permit better
atmospheric and bio-optical algorithms, and for improvements to both absolute and relative
accuracies and band to band stability (by significantly increasing the radiometric sensitivity
and by increasing the bit quantization from 8 to 10 bits). To avoid sun-glint contamination
of the scene, the sensor is capable of tilting fore and aft by 20 degrees. Polarization
sensitivity is reduced for all tilts and view angles to below 2%. The requirement for
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precision georeferencing will be achieved by sufficient pointing knowledge of the
spacecraft and sensor to permit 1-km ground referencing. A data quality assurance
program, based on advanced pre-launch and post-launch calibration techniques and
characterization methods, was developed to ensure that the sensor will not limit the
accurate retrieval of pigment for the entire S-year lifetime of the mission.

The benchmark for the technical development has been the estimation of surface
pigment concentration from a measurement of spectral radiance at the level of the
spacecraft; the sensor noise introduced must be sufficiently small so that future
improvements in atmospheric correction and bio-optical algorithms will not be constrained
by the sensor. In a general sense, error in determining surface pigment results from errors
in a) the bio-optical algorithms relating water-leaving radiances to surface pigment,
b) determining the atmospheric scattering and absorption, and c) the sensor itself.

ALGORITHMS FOR RETREIVAL OF OCEANOGRAPHIC VARIABLES

Satellite ocean color instruments measure radiances entering the aperture of the
sensor in space. To be useful, these radiances must be corrected to retrieve information
on both the optical and biological properties of the oceans. Algorithms for achieving this
goal remain under active development; in what follows, a brief synopsis of current and
futures efforts are given.

Radiances observed at the level of the satellite are not derived solely from the
ocean; as much as 95-99% of the radiance at the level of the spacecraft is derived from
light scattered into the viewing angle of the sensor by the atmosphere:

L, (\,0,60,®) = L (A,0,00,%) + 1 ML,ON), M

where L, is the radiance viewed at the level of spacecraft; L, is the radiance derived from
the atmosphere; L, is the radiance exiting the surface of the ocean; and r is the
atmospheric transmission, all of which are functions of wavelength, A (e.g. Gordon and
Morel, 1983). The dependencies indicated on the viewing angle of the spacecraft relative
to the water (6), on the Sun zenith angle relative to the water surface (6,), and on the
azimuthal angle difference between the vertical planes of the spacecraft and Sun (®) will
be suppressed in what follows.

Atmospheric Correction

Given an accurate (5% or better) calibration of the instrument itself, the next task
will be to correct for atmospheric influences. This is a key step; the atmospheric signal
exceeds that from the ocean by an order of magnitude. The baseline for the atmospheric
correction will be that currently used with the CZCS, developed primarily by Howard
Gordon at the University of Miami (e.g. Gordon, 1978; Gordon and Clark 1981; Gordon
and Castano, 1987; Gordon et al., 1988; 1989; Gordon and Castano, 1989) and European
researchers (Viollier et al, 1980; Bricaud and Morel, 1987, Andre and Morel, 1989;
1991). There are three components to this correction, presently treated separately. The
first is to correct for molecular (Rayleigh) scattering by the atmosphere; the second is to
correct for scattering by aerosols. Finally, the diffuse transmittance of the atmosphere
must be computed to propagate the water-leaving signal to the level of the spacecraft. The
Rayleigh scattering typically makes the largest contribution to the signal. Initially, it was
believed that a single-scattering correction would suffice for this term. For large look
angles, i.e. at high latitudes or on the wings of the scan, this turned out to be a poor
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assumption and current processing includes a detailed multiple scattering correction
(Gordon and Castano, 1987; Gordon et al., 1988). Aerosol correction currently relies on
the concept of "clear water radiances”, where the water-leaving radiances in the red
channels are presumed known for concentration of pigment less than 0.25 mg m*, and the
spectral characteristics of the aerosol scattering are presumed constant over the scene of
interest. Finally, the diffuse transmittance of the atmosphere must be determined; it may
be estimated with acceptable accuracy from surface pressure fields and ozone optical
thicknesses. Presently, often climatological fields are used (zonally and seasonally
averaged values), although it may be useful to incorporate measured fields in the future
derived from the Total Ozone Mapper (TOMS) and wind field derived from geostrophy.

Future atmospheric correction models may employ iterative schemes, which
convolute the in-water radiance models with atmospheric models on a pixel-by-pixel basis
(Smith and Wilson, 1981; Gordon et al., 1988; Bricaud and Morel, 1987; Andre and
Morel, 1991), although this will be problematic for regions of high pigment concentration.

The atmospheric correction problem will be made easier with the SeaWiFS
instrument. Three, rather than one, channel will be available in the red/near infrared
portions of the spectrum, which will significantly improve skill in accounting for aerosol
effects. The derivation of the parameters of atmospheric radiative transfer models used
to correct the atmosphere will depend on radiances in these bands; a complete discussion
on the atmospheric correction and the range of expected errors, can be found in Gordon
(1978), Gordon and Clark (1981), Gordon and Morel (1983), Bricaud and Morel (1987),
Gordon et al. (1988), and Andre and Morel (1989). It will be useful, and perhaps
required, to derive the components of the atmosphere, the optical thickness and aerosol
concentration, and place these in archives for the future.

Bio-optical Algorithms

Given that the atmospheric radiances can be eliminated from Eq.1 entirely, it
remains to interpret variations in L, in terms of first, the optical properties of the upper
ocean, and second, more biologically relevant quantities, such as the chlorophyll
concentration or primary production. Following Gordon et al. (1988), define the
normalized water-leaving radiance:

L,|, = [(1-p) (I-0’)F RV [m*Q(1-IR)] )]

where L, |, is the water-leaving radiance that would occur under conditions where the sun
is at zenith and there was no atmosphere. F, is the solar flux; p and p’ refer to
components of the Fresnel reflectance at the sea-surface; R is the reflectance (= E/E,,
where E, and E, are the upwelling and downwelling irradiances, respectively); m is the
index of refraction; Q is a parameter defining the distribution of radiance with respect to
angle about the vertical (= E,/L,, where L, is the upwelling radiance); and the term (I-7R)
takes account of internal reflectance at the sea surface by the upwelling radiance stream.

The normalized water-leaving radiances are directly related to the concentration of
surface pigment, C, through its influence on the inherent optical properties of the upper
ocean. The predictive relationships developed for use with the CZCS archive are
empirical representations of the link between upwelled radiance and the concentration of
pigment in the upper ocean, for example (Gordon et al., 1988):
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C = 1.15 (L,(443)| /L,(560)| )", C < 1 mg m? A3)
and

C = 3.64 (L,(500)| /L,(560)] )%, C < 1 mg m® @)

where the coefficient of determination is greater than 0.95, and the relative error is
approximately 20% for Eq. 3 and 30% for Eq. 4. More analytical approaches are under
development (Gordon et al., 1988; Morel, 1988), which will take advantage of the
enhanced spectral resolution which will be provided in the blue-green part of the spectrum
in determining the concentration of pigment in the ocean (Table 1).

Part of the additional error in the "green-water" algorithm (Eq. 4) over that for
"blue-water"” (Eq. 3) is due to the presence of high concentrations of detrital material and
dissolved organic matter or gelbstoffe in these, usually coastal, waters. For
SEASTAR/SeaWiFS$, a new spectral band at 412 nm has been added, which will be useful
in correcting for this effect (Carder and Steward, 1985; Carder et al., 1989; Table 1).

Another important source of error in current pigment retrievals is the very high
reflectances associated with blooms of a certain type of marine algae, the
coccolithophorids. These organisms lay down a calcium carbonate skeleton; when these
are shed in large numbers as often observed in the North Atlantic, high reflectance or
"milky water" results (Balch et al., 1989b). Efforts are underway to better understand the
nature of this interference and to develop correction schemes for pigment retrieval.

The long-term accuracy of both the atmospheric and bio-optical algorithms depends
on reliable calibration of the sensor. In addition to a rigorous pre-launch calibration and
characterization of the sensor, and routine on-orbit use of solar diffuser calibrations,
monthly lunar views through the entire optical train are planned to maintain calibration
throughout the mission.

In the end, the problem reduces to inversion of Eq. 1 to estimate the concentration
of pigment in the upper ocean which, in conjunction with a knowledge of the ground
location of the pixels, permits the production of the global pigment field. For a uniform
pigment distribution, error in the estimate will result from natural variability in the
coefficients of the bio-optical algorithms (Eqgs. 3,4), errors in the atmospheric correction,
and instrument error as well as any covariances. The object of the instrument and mission
design is to ensure that the contribution of the sensor to this variance decomposition will
be sufficiently small so that improvements in atmospheric and bio-optical algorithms over
those used with CZCS will result in significant improvement in predicting pigment in the
upper ocean.

Primary Productivity

The base properties to be derived from past and future ocean color satellites will
include concentration of pigment and attenuation coefficients (K) at least at one
wavelength.  Further developments will likely result in desire to derive additional
parameters such as the phytoplankton absorption coefficient, the concentration of
coccoliths, and ultimately, the primary productivity of the ocean.

Current efforts have made a good start towards estimating the total rate of primary
productivity from space. All methods to date are based, either implicitly or explicitly, on
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the photosynthesis-irradiance relationship of natural phytoplankton communities, and how
this relationship is modified by environmental variation (c.f. Bidigare, this volume). Early
efforts (e.g. Smith et al., 1982; Eppley et al., 1985) made use of empirical relationships
between surface chlorophyll concentrations derived from either ships or satellites, and
ship-board measured rates of primary production. The empirical estimators can be recast
in terms of parameters of the photosynthesis-irradiance relationships (Lewis et al., 1986),
and more recent work has attempted to ground the remote estimation of primary
production more firmly on the basis of physiological first principles (Perry, 1986; Platt,
1986; Platt and Lewis, 1987; Platt et al., 1988; Balch et al., 1989a; Morel and Berthon,
1989; Smith et al., 1989; Platt and Sathyendranath, 1989; Morel, 1991; Balch et al., in
press).

Assuming that the satellite measures the surface concentration of chlorophyll
without error, that the pigment concentration, and the optical and physiological properties,
are uniformly distributed with respect to depth, and that the surface solar irradiance and
the attenuation of the seawater is given, then the integrated total productivity, P, is:

P = (P,’/K) f(E,/E,) &)

where P,° is the (light-saturated) maximum photosynthetic rate; E, is the surface
irradiance; and E, is the so-called light-adaptation parameter which, depending on the
parameterization, is more or less equivalent to the irradiance level at which the
photosynthetic rate is half of the maximum. Attempts to estimate primary production from
space have used highly parameterized versions of these relationships (e.g. Eppley et al.,
1985; Banse and Yong, 1990; Balch et al., in press) while others have included much
more detail, encompassing non-uniform distribution of the pigment field, a fuller
accounting of the geometrical distribution of the radiance field with depth, spectral
decomposition of the terms in Eq. 5, and horizontal and vertical variations in the
parameters of the photosynthesis-irradiance relationships (e.g. Platt and Sathyendranath,
1989). Experience has suggested that the latter is responsible for much of the variance,
and has led to a suggestion of establishing "bio-optical provinces” (Mueller and Lange,
1989) in the world oceans, where these parameters can be considered relatively uniform
(Platt and Sathyendranath, 1989). The high variability in physiological parameters, even
over short time and space scales (particularly in the vertical) will continue to limit these
methods unless some means is found to parameterize the variabililty in terms of
observations that can be made remotely.

Given an exact estimation of chlorophyll, sea-surface irradiance, and the attenuation
coefficient (not possible from space-borne observations alone), some of these relationships
may account for as much as 75% of the variability in primary productivity on a global
scale; when the additional uncertainties in estimating the forcing from satellite observations
are considered, and propagated through, the error explained is much less, perhaps 20-30%
(e.g. Kuring et al., 1990; Balch et al., 1989a; in press). Nonetheless, this is a significant
improvement over current estimates of global productivity based on a severely
undersampled population from ship observations, and leads to much encouragement for
future work in this area.

NEW PRODUCTION FROM SPACE
The efforts described here concern estimating total primary production from space-
borne observations. Of considerable interest, however, is the proportion of the total

production, which is exported from the surface ocean, which interacts most actively with
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the atmosphere. This portion, termed the new production (Dugdale and Goering, 1967;
Eppley and Peterson, 1979), represents the fraction of the production which can be lost
in steady-state. The loss of carbon as organic export is compensated by a supply of
inorganic carbon (in a one-dimensional sense) by vertical transport from below the surface,
and by a flux of carbon from atmosphere to oceans. Hence, new production would seem
to be of interest in predicting future concentrations of atmospheric carbon dioxide.

However, there is no straightforward correspondence between any electromagnetic
signal that can be observed from space, and either the rate of new production, or its
percentage of the total. Indirect means are called for.

Lewis et al. (1988) used the global marine transparency field derived from
historical Secchi disk observations to estimate the new production rate of the Atlantic and
Pacific Ocean Basins. Simple models of ecosystem function were combined with ship-
based observations of nitrate input from seasonal oscillations in the mixed layer depth to
estimate new production rates for meridional transcects along the middle of both basins.
Nitrate fluxes, generally in the vertical, are associated with new production because they
represent an external source of nutrient which, in the steady-state, must be balanced in a
stoichiometric sense with the export flux of carbon (Dugdale and Goering, 1967; Eppley
and Peterson, 1979; Lewis et al., 1986; Lewis et al., 1988). The model accounted for
much of the variation in surface chlorophyll as derived from the Secchi disk observations,
particularly the optical front associated with the subtropical convergence, and provided an
estimate of the basin-scale new production rate.

A recent attempt to estimate the new production rate on local scales used the
correlation between surface temperature and nitrate concentrations in upwelling regions of
the upper ocean (Dugdale et al., 1989). Areas of high concentration of nitrate would be
expected to have high percentages of new production (see Eppley and Peterson, 1979).
Temperature and nitrate, while both non-conservative in surface waters because of surface
heat fluxes and biological uptake respectively, are correlated in deeper waters. The
temperature of the sea-surface in many areas can be related to the concentration of local
nitrate through empirical relationships, and the concentration of nitrate can be related to
the fraction of the total production which can be considered "new". A similar computation
for the Georges Bank coastal region was recently reported (Sathyendranath et al., 1991).

Another means to estimate the new production rate is more direct, but also relies
on the relationship between nitrate and temperature derived from historical observations.
In a one-dimensional sense, and in steady-state, the net heat flux at the ocean’s surface
(sum of latent, solar, sensible and turbulent) must be balanced by a subsurface, say
turbulent flux of heat,

wT’ = (1/Cp)Q, ©)

where w’ represents the ‘turbulent’ velocity fluctuations on time scales less than that used
for the mean (typically annually or greater), and 7" is likewise the fluctuations in the local
temperature. The net surface heat flux, Q,, modifies the temperature through the specific
heat, C,, and the local density, p. The fluid transport term is evaluated at the base of the
upper layer. Considerable progress has been made in the remote estimation of the various
components of the surface heat fluxes (e.g. Liu, 1988; Liu and Niiler, 1984; Liu and
Gautier, 1990).

It remains to estimate the upward nitrate flux, and hence, the stoichiometrically
equivalent downward vertical carbon flux. As above, the vertical turbulent nitrate flux can
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be related in the steady-state with the biological uptake (Eppley and Peterson, 1979; Lewis
et al., 1986):

wN’ = P, )

where, as in Eq.6, the primed terms refer to fluctuations, and Pn represents the depth-
integrated uptake of nitrate or new production. Using historical data on the relationship
between nitrate and temperature, one can compute the slope of this relationship at a given
reference temperature, d7°/0N’. Substitution of this quantity into the above leads to an
estimate of the new production rate as a function of the surface heat fluxes, determined
solely from satellite observations of the surface heat fluxes, physical constants and
historical data on the relationship between nitrate and temperature:

P, = (1/C) ON’/3T’) Q, 3

Applications of this technique to the Equatorial Pacific Ocean result in an estimate very
similar to that derived on the basis of a full-scale, general ocean-atmosphere circulation
model, including biological fluxes.

New Production and Carbon Flux

However interesting determining the rate of new production is in developing an
understanding of marine ecosystem function, it is not equivalent, and may bear little
relation to, the net flux of carbon across the air-sea interface. The principal reason for
this involves the vertical transport of inorganic carbon from the deep sea to the surface
ocean. New production is defined in terms of the supply of inorganic nitrate to the sea-
surface; if this is accompanied by a stoichiometrically equivalent (i.e. Redfield ratio) flux
of carbon, the net effect is no transport across the air-sea interface apart from that
associated with temperature and alkalinity induced solubility variations.

Temporal variations in total inorganic carbon can be shown in the same simple
manner as above:

aC _ ow'C’
FTR TR ®

where C is the concentration of total inorganic carbon, and P, represents the net, local
community production in carbon units. Again, for convenience but with no loss of
generality, all vertical fluxes are considered turbulent. Unlike nitrate, however, the
boundary condition at the sea surface permits exchange of inorganic carbon between
atmosphere and ocean:

Air-sea Carbon Flux = k (A,CO,) (10)

where A,CO, is the partial pressure differential across the air-sea interface, and k is the
gas exchange coefficient. To make the boundary layer formulation in Eq. 10 consistent
with Eq. 9, we replace A,CO, with (C, - C), where C, is the equivalent concentration of
carbon in the overlying atmosphere corrected for surface temperature and alkalinity, and
C is now the concentration of total inorganic carbon in the surface ocean. In the
differential form of Eq. 7 above, we can replace the local new production rate with fuB,,
where B, is the organic nitrogen concentration; y is the specific productivity rate (T); and
f is the fraction of the total production which can be attributable to new production.
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Likewise, the net community uptake of carbon in Eq. 9 is expressed as {uB,, where B, is
the organic carbon content, and { is the fraction of the total production which represents
net community production. The Redfield ratio of the organic matter, R, is given as B,/B,.
Combining Egs. 7 and 9, substituting in the Redfield ratio, and evaluating the integrals
from the surface to some arbitrary depth and rearranging leads to:

k(CC) _ § _ AC an
®w'N’) ~ f RAN

where the term on the left-hand side refers to the ratio of the air-sea exchange of carbon
to the flux of carbon that would be stoichiometrically equivalent to the nitrate flux in the
vertical. The two terms on the right-hand side refer to the ratio of the net community
production to the new, nitrogen-based production and the stoichiometric ratio of the
vertical gradients in inorganic carbon and nitrogen at the base of the layer under
consideration. The usual assumption has been made that the turbulent transport of scalars
can be expressed as a product of an eddy diffusivity and the local gradient, and that the
eddy diffusivity for carbon and nitrate are equivalent. In a steady-state, time-and space-
averaged sense, both terms on the right would be expected to equal one; the conclusion
is that the air-sea flux of carbon associated with the biological pump is vanishingly small
in the steady-state.

This conclusion regarding the relationship between new production and the air-sea
carbon flux is not new: "Since dissolved inorganic carbon moves upward along with the
vertically transported nitrate, in approximately the Redfield ratio of 106 C atoms: 16 N
atoms, only the sinking flux due to new production associated with nitrogen fixation and
nutrient inputs from terrestrial and atmospheric sources can be identified as a biologically-
mediated transport of atmospheric carbon dioxide to the deep ocean" (Eppley and Petersen,
1979). For most of the oceans, the new production associated with nitrogen fixation and
external inputs is a small fraction of the new production rate as generally measured.

The caution is that this represents the steady-state. Time and space variations in
the Redfield ratio for the upward inorganic fluxes, and in the ratio of new production to
net community production, will cause deviations from the steady-state in the flux ratio
represented on the left-hand side. Local net fluxes of carbon from atmosphere to ocean
associated with the biological pump may result (Watson et al., 1991). Nonetheless, it is
clear that the upward flux of nitrate and the new production rate, cannot be equated nor
even related in a straightforward way to the air-sea flux of carbon. Better oceanic
observations of the variability (and covariability) in both the vertical profiles of inorganic
carbon and nitrogen, and the relative magnitudes of the new production and net community
production rates will go a long way towards better evaluating the biologically mediated net
flux of carbon between the atmosphere and the ocean.

CONCLUSIONS

Satellite observations of the color of the ocean’s surface have dramatically changed
the scope of biological oceanography. Many of the intellectual challenges that will face
the community in the future will require the global perspective provided by the space-
borne observations. Many of the problems, particularly that of estimating the role of the
ocean in the global carbon cycle, will require not only global observations of ocean color,
but concurrent satellite observations of wind stress, sea-surface temperature, and air-sea
heat fluxes. These observations will be assimilated, along with in situ data, into new
generations of ocean and atmosphere models to predict biogeochemical processes and
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fluxes in the Earth system. As the cost of accessing and using the quantities of data
provided by the satellite diminish, and the availability of well-calibrated data sets
increases, we look forward to a day when satellite observations are as routine as CTD
measurements.
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INTRODUCTION

Significant technological and scientific advances were made during the last decade
in the measurement of fluorescence from the photosynthetic pigments of natural marine
populations of phytoplankton and cyanobacteria. Field studies have begun to employ a
diverse array of fluorescence sensors. Airborne Lidar has been used to obtain synoptic,
one-dimensional transects of the concentration of chlorophyll a and phycoerythrin. Towed
fluorometers have provided rapid, two-dimensional transects of the distribution of
chlorophyll a. Moored active and passive fluorometers have given continuous, long-term
records of the concentration of chlorophyll with unprecedented temporal detail. Flow
cytometers have measured the fluorescence and scattering cross-sections of individual cells.
As conventional spectrofluorometers provided fluorescence excitation and emission spectra
for entire assemblages of cells and particles, microspectrophotometers provided such data
for individual cells.

Such studies have increased our understanding of the spatial distribution, temporal
variability, and taxonomic composition of phytoplanktonic and cyanobacterial populations.
However, because of interest in using fluorescence measurements as indicators of
photosynthetic activity, we focus our discussion on advances in the understanding of the
relationship between the fluorescence of chlorophyll ¢ and photosynthetic rate. In
particular, we will consider three types of studies: (1) A model of primary
photochemistry, based upon an analysis of the absorption and fluorescence of isolated
photosynthetic units induced by picosecond flashes of light, (2) An analysis of the
fluorescence in cultures and at sea induced by microsecond pulses of variable intensity
(pump-probe fluorescence), and (3) An analysis of solar-induced fluorescence in the field.
We have selected for discussion studies that we consider relevant to marine planktonic
photoautotrophs. Falkowski and Kiefer, 1985; Kraus and Weis, 1991; and Owens, in
press, give a more comprehensive treatment of fluorescence and photosynthesis.
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Table 1. Definitions and Units

Symbol Description Units

A light wavelength nm

E,(\) scalar irradiance molm%s’!
I flash intensity mol m?flash™
I irradiance where photosynthesis approaches saturation  mol m?s?
ke value of irradiance at 1/2 ($./$z)max mol m?s!

a(\) spectral absorption coefficient of PSII m?!
A absorption cross-section pf PSII m?mol?!
Tpo cross-section for photochemistry mmol!

of open PSII reaction centers

J, rate of light absorption by PSII mol m3s?
Je rate of fluorescence emission mol m3s?!
J. rate of photosynthetic electron transport mol m3s?!
I rate of photosynthetic carbon assimilation mol m?s?!
o, quantum yield of primary photochemistry mol e/mol quanta
. quantum yield of carbon fixation mol C/mol quanta
o quantum yield of fluorescence quanta/quanta
A fraction of open reaction centers dimensionless (0-1)
F fluorescence intensity induced by flash relative units
T turnover time of PSII reaction centers s
¥, probability of occurrence of x dimensionless (0-1)
n concentration of PSII in suspension mol m?

BASIC RELATIONSHIPS

We begin by considering two types of fluorescence measurements used in field
studies of marine phytoplankton. The first involves passive measurement of the solar-
induced fluorescence of chlorophyll a within the water column; this is often referred to as
"natural" fluorescence. Natural fluorescence can be accurately measured within the
euphotic zone, except just below the surface where solar irradiance in the red is large
(Kiefer et al., 1989). The second measurement involves analysis of the fluorescence of
phytoplankton exposed to repetitive flashes of light; this is often called "pump-probe"
fluorescence (Falkowski et al., 1986).

Natural Fluorescence

The relationship between the fluorescence of chlorophyll @ and photosynthetic rate
of planktonic photoautotrophs is most easily described in terms of the quantum yields of
the two processes. Because 95% or more of the in vivo fluorescence originates from the
chlorophyll of the antenna of photosystem II (PSII), we will discuss this photosystem
specifically. Consider an optically thin lamina of cells: the rate of light absorption by
photosystem II (J,) in the suspension is simply the integral over the spectrum of visible
light of the product of the ambient scalar irradiance, E,(\), and the absorption coefficient
of PSII, a(\) (see Table 1 for a description of symbols and units):
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a(\) is equal to the product of the concentration of photosystem II found in the cell
suspension, n, and the absorption cross section of the photosystem, a,(\):

a\) =n o, @

a(\) can be estimated from measurements of cellular spectra for fluorescence excitation
and absorption (Sakshaug et al., 1991). If we accept the errors caused by ignoring
spectral variations in ambient irradiance and the absorption coefficient of the cells, Eq 1
can be approximated as the product of the scalar irradiance of photosynthetically available
radiation (PAR), and the mean absorption coefficient of the population of photosystem
units:

J,=a E, 3)

In the case of solar-induced natural fluorescence, the instantaneous rates of
fluorescence, J (moles of photons m? s), and gross photosynthetic carbon fixation J,
(moles carbon m? s™) are, by definition, the product of the rate of light absorption and the
respective quantum yields of fluorescence ($;) and photosynthesis () for the
photosystem:

J. = ®,(E) ], C))

Je

®L(E) J, )

$, and $;, are assumed to be independent of wavelength but dependent upon light intensity.
&, and ®; may also vary with other factors, such as nutrient concentration, temperature,
and the species composition of the crop. Much of the variability in both photosynthetic
rate and fluorescence in the sea is caused by variations in the rate of cellular light
absorption and, thus, by variability in E,(\) and a(M).

Substituting Eq 5 into 4 yields:
®(E,)

1 = Je ©)
Px(E,)

Equation 6 is the basis for predicting photosynthetic rate from measurements of natural
fluorescence. The accuracy of predicting gross photosynthetic rate from natural
fluorescence will be independent of spectral variations in either irradiance or the
absorption coefficient, and will depend largely upon the accuracy with which the value of
the ratio of quantum yields of photosynthesis to fluorescence can be predicted. This ratio
is predicted from measurements of ambient irradiance.

Pump-Probe Fluorescence

When the fluorescence emitted by chlorophyll a in a suspension of cells is excited
by a flash of light that is sufficiently short, infrequent, and low in intensity, the redox
poise of the photosynthetic electron transport system will be unaltered by the flash. The
fluorescence induced by such a flash is called the probe fluorescence, and we will
represent the dose of exciting photons as I ( photons m? flash™). The fluorescence
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quantum yield of such a flash will be similar to that of natural fluorescence, ;. Because
the dose of the probe flash is much smaller than the ambient irradiance, flash-induced
fluorescence (F) can be represented as:

F=%&1Ta o)

®; will vary with the redox poise of the photosynthetic electron transport system, which
itself is determined by the ambient irradiance, E,. If the probe flash is preceded by a
"pump flash" whose dose (I) is sufficiently large to perturb the redox poise of the
photosynthetic electron transport system, the quantum yield of fluorescence induced by the
probe flash, ®g(E,, 1), will differ from its natural value ®y(E,). The ability to
systematically perturb the electron transport system with a pump flash and monitor the
fluorescence response is the basis of the pump-probe measurement.

Much theoretical and experimental work has been devoted to formulating the
functional relationship between the quantum yield of photosynthesis and the flash-induced
fluorescence under ambient and perturbed conditions. We will show that the quantum
yield of photosynthesis may be predicted from several measurements of pump-probe
fluorescence in ambient light and in the dark.

A MODEL OF ENERGY TRANSFORMATION IN PHOTOSYSTEM II

General Description

Recently, Schatz et al. (1988) have developed a model of energy transformations
in photosystem II that is based upon measurements of fluorescence and absorption changes
in photosystem II preparations from a thermophilic species of Synmechococcus.  The
particles included the chlorophyll a core of the photosystem and the reaction center, but
not the bilisomes that are the principal components of light capture in the complete
photosystem. The fluorescence and absorption signals, which are induced by flashes from
a laser, were resolved to the picosecond range and the data were analyzed by a Laplace
transformation of the signals. The model itself was presented in terms of the first-order
rate constants of the key transformations.

Figure 1 is a diagram of the five components of their model and the five stages or
conditions in which these components may be found during photon capture, charge
separation, and subsequent charge stabilization. Each transformation is represented by an
arrow. One of the five components is the core of the antenna, which consists of about
eight molecules of chlorophyll a that comprise the core of the antenna chlorophyll. These
molecules are the sole source of measurable fluorescence. The remaining four components
are subunits of the reaction center. A dimer of chlorophyll a (P) is initially excited to P
when the exciton reaches the reaction center. Upon charge separation, it then becomes
oxidized to P*. Changes in the redox state of P are monitored by differential absorption.
The initial charge separation also produces a short-lived, reduced phaeophytin a
intermediate (I') which is proximate to P. This phaeophytin molecule is, in turn, oxidized
by a distil quinone molecule, Q. Ultimately, P* is reduced by the primary electron donor
Z, which is part of the oxygen-evolving complex.

In the figure, Stage A, which is the unexcited photosynthetic unit, is shown in the
lower left-hand corner. Upon absorption of light, Stage A is converted to Stage B. This
stage is shown as two forms; one, in which the exciton is found in the antenna, and the
other in which the exciton is localized in the reaction center. Since the difference in free
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energy between the two forms is small (the values for the rate constants k; and k. are
similar), the exciton may cycle between the reaction center and antenna several times
before another stage is reached. Stage C is produced by actual charge separation; P is
oxidized by the neighboring phaeophytin. Stage C may be considered unstable because
the probability of charge recombination is large. Stage D, which is very stable, is the
result of charge stabilization; I'is oxidized by Q. Stage E is attained when P* is reduced
by the primary donor Z. Both stages D and E are characterized by the presence of Q,
and, at these stages, the reaction center is said to be "closed." When the unit is in
Stage A, the reaction center is "open”. The presence in closed reaction centers of an
electrostatic field produced by the anion Q causes large changes in the value of the
probabilities of several of the transformations shown in the figure.

While the transformations between adjacent stages symbolized by the arrows were
characterized by Schatz et al. (1988) in terms of the first-order rate constants, we chose
instead to characterize the processes by their "single step” probabilities of occurrence, ¥.
Where appropriate, two values for ¥ are given. When the reaction centers are open (Q
oxidized), the subscript of the probability will end in "0", and when the reaction center
is closed (Q reduced), the subscript will end in "s".

In Fig. 1, we note that the fate of the excited photosynthetic unit (Stage B) is
largely determined by whether the reaction center is opened or closed. If the reaction
center is open, the probability, ¥, that charge separation will occur (Stage B to Stage C)
is predicted to be 0.91, while the probability that de-excitation (Stage B to Stage A) will
occur is 0.09. The probability that de-excitation will be by fluorescence, ¥y, is 0.011,
and the probability that de-excitation will be "radiationless", ¥y, is 0.079. On the other
hand, if the reaction center is closed, the probability, ¥.,,, that charge separation will
occur (Stage B to Stage C) will decrease to only 0.58, while the probability that de-
excitation (Stage B to Stage A) will occur increases to 0.42. The probability that de-
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Fig. 1. A model of the primary reactions occuring in PSII (after Schatz et al., 1988).
The arrows represent transformations between adjacent states, and ¥ denotes
the "single step probability" of occurrence for each transition. See text for
further details.
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excitation will be by fluorescence, ¥g,, is 0.024, and the probability that de-excitation will
be "radiationless", ¥y, is 0.396. (We estimated the probabilities of fluorescence and
"radiationless" de-excitation by assuming that the quantum yields of fluorescence are 0.02
and 0.05 for open and closed reaction centers, respectively.)

The fate of Stage C also depends upon the whether the reaction center is opened
or closed. If the reaction center is open, the probability, ¥,,,, that charge stabilization will
occur (Stage C to Stage D) is 0.5, and the probability that charge recombination, ¥,
(Stage C to Stage B) will occur is 0.5. If the reaction center is closed, the probability that
charge separation will occur (Stage C to Stage D) is 0; instead, either an unknown product
will be formed with a probability of 0.11 (¥,,), or charges will recombine (Stage C to
Stage B), ¥, with a probability of 0.89.

The values of these probabilities show that there is considerable photochemical
cycling by charge separation and recombination between Stages B and C. In this regard,
the Schatz model is similar to the bipartite model proposed by Butler (1978). However,
there are several important differences between the two models. First, Butler’s model
changes in the value of rate constants and single-step probabilities were not considered.
Second, in the earlier model, cycling occurs between the antenna and the reaction center
rather than between charge separated and charge recombined states of the reaction center.
Furthermore, cycling occurs in the Butler model only when reaction centers are closed;
in the Schatz model, cycling occurs with comparable probability whether the reaction
centers are opened or closed. Third, in the Schatz model, the primary cause of increased
fluorescence with the closing of reaction centers is the increase in the value of ¥y, over
¥r,. In the earlier model, increased fluorescence is caused by increased cycling between
the reaction center and the antenna.

Derivations

The information shown in Fig. 1 is sufficient to formulate the quantum yields of
primary photochemistry and fluorescence under steady-state conditions. Following the
nomenclature and derivation of Butler and Kitajima (1975), we let A represent the fraction
of a population of photosystems that are open. When all reaction centers are open
(4 = 1), the quantum yield of primary photochemistry is maximal, and the quantum yield
of fluorescence is minimal. The value of A changes rapidly (milliseconds) with changes
in light intensity, and we will see that the ability to rapidly effect the value of 4 (and,
thus, the fluorescence quantum yield) with exposure of the cells to flashes of light of
variable intensity is the key feature of the pump-probe measurement. When all reaction
centers are closed (4 = 0), the opposite is true. The yield of primary photochemistry
(®,) is:

Qp =4 (‘I,cao ‘Ilsto + \I,cso \I,cm ‘I,slo + ‘I,cso (‘I’cro ‘I,sm)2 + \I,cao (‘I,cro ‘I’sto)s + -“)

The quantum yield of fluorescence (®y) is:

q)F =4 (‘I,Fo + ‘I,Fo \I,cso ‘I’sro + \I,Fo (\I,cso ‘I’sw)z + ‘I’Fo (\I’cw ‘I’cro)a + "') +
(I'A) (\I,Fs + \I,Fs \I’c“ ‘I,crs + ‘I,Fs (\I,css ‘I,crs)z + ‘I’Fl (‘I’css ‘I,crs)s + "')

The exponent of the terms (¥,,, ¥.,,) and (¥, ¥.,) is equal to the number of times an
exciton has cycled through the charge separation stage. Because the values for
probabilities are greater than O but less than 1, these series converge to:
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1- ‘I’cw \I’cm
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The first term of Eq 9 identifies the quantum yield of fluorescence when all reactions
centers are open (4 = 1):

'
Fy, i (10)

- 1- ‘I’cso \I’cro

The second term of the equation identifies the quantum yield of fluorescence when all
reaction centers are closed (4 = 0):

‘I’Fs

Py = ————
1 - ‘I,CH WCl'!

an

We note from these equations that when all the reaction centers are either closed
or open, the quantum yields of fluorescence depend only upon the values of the probability
coefficients. Also, the quantum yield of gross photosynthesis (carbon fixation), ¥, is
simply the product of the quantum yield of primary photochemistry and the stoichiometric
coefficient of steady state carbon fixation to electron flow, J /J.:

_ I Y ¥, 4

Py 1-v, ¥ (12)

Je
¢c= -J—c' $
At this point, it is worth noting that the quantum yields for the transformations we
have discussed also can be expressed in terms of cross sections. For example, the
quantum yield of primary photochemistry (charge separation and stabilization), &,, of
Eq 12 can be also written in terms of A, o, (the cross section for photochemistry of

photosystems with open reaction centers), and o, (the cross section for light absorption by
the photosystem):

_ Opo _ ‘I,cw ‘I,no
¢p_ 0, 4= 1- ‘I,cw \I,cm 4 (13)

Ph hemic uenchin

We consider Eqs 9 and 12 to be the bases for understanding the relationship
between fluorescence and photosynthesis. Variation in the yield of in vivo fluorescence
caused by the opening and closing of reactions centers has been called photochemical
quenching. The value of A can be determined from measurements of fluorescence
quantum yields under ambient light (), when all reaction centers are open (&), and
when all reaction centers are closed (®g,). Substitution of Eqs 10 and 11 into 9 yields:

¢Ps - QF

e, oo

161



The value of 4 can be manipulated and monitored by measuring the quantum yield
of fluorescence immediately after a pump flash of variable intensity, ®g(1,):

éFs - QF (Is)

4 (IS) - q)Fs - ¢Fo

as)
Furthermore, substitution of Eq 14 into 12 yields a relationship between the quantum

yields of fluorescence and gross photosynthetic rate:

\I’w, ‘I,su) (q>Fs - éFa)
(1 - \I,cso \I’cro) (q)Fa - q)Fo)

(16)

J J
é =_°(b = =<
A AL

Equation 16 can also be expressed in terms of the values for fluorescence rather
than for fluorescence yields (see Eq 7):

Jc__ ‘I’cs ‘I,sl (F: - F)
Je (1- \I’cr ‘I’cs)(Fs - Fo)

®, = an

Equation 17 provides the basis of predicting photosynthetic rates from measurements of
pump-probe fluorescence. The term F, - F is called variable fluorescence, and the term
F, - F, is called the maximum variable fluorescence. If the probability coefficients in this
equation remain constant in the ocean, we need measure only F, F, and F, to predict the
quantum yield of photosynthesis. Under such conditions, the quantum yields of
fluorescence and photosynthesis would be inversely proportional to each other.

Figure 2 is a plot of &, and ®; for variations in the fraction of open reaction
centers. When all reaction centers are open, ®, is 0.83 and &5 is 0.02. These values
linearly decrease and increase with decreases in 4, respectively. When all reaction centers
are closed, @, is 0 and & is 0.5. As presented by Falkowski and Kiefer (1985), the value
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Fig. 2. Predicted changes in the quantum yields of flourescence (®z) and
photochemistry (%,) as a function of the fraction of open PSII reaction centers.
®, and &, were calculated from Eqs 8 and 9, respectively, using the probability
coefficients depicted in Fig. 1.
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of A will be a function of irradiance and the I, value of the instantaneous photosynthetic

response curve:
7B -E oMy

A:eﬂpo ° = e (18)

where 7 is the minimum steady-state turnover time of the reaction centers. In Fig. 3a we
have applied Eq 18 and plotted the quantum yield of photosynthesis (Eq 8) and
fluorescence (Eq 9) as a function of E/I,. These functions are curvilinear with respect to
light intensity. We also note that quantum yields are predicted to be half maximal when
irradiance is about two-thirds that of I,. In Fig. 3b, we have estimated the quantum yield
of carbon-fixation using a value of 0.22 for J./J, (Kok, 1952) and determined the ratio
®./®; as a function of normalized irradiance. The function shown in this figure may be
compared to the empirical function shown in Fig. 9 that is applied to the prediction of
photosynthetic rate from measurements of natural fluorescence.
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Fig 3. Model calculations of (A) &, and &;, and (B) the ratio of the quantum yields of
carbon-fixation (®) to fluorescence (Pg) as a function of normalized irradiance.
®. was calculated from Eq 12 assuming a value of 0.22 for J./J,
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Eliminating A from Eqs 14 and 18, we obtain a formulation of L in terms of
variable fluorescence:

Ik = - — (19)

In practice, estimates of I, are made by a best-fit analysis of measurements made
over a range of ambient irradiance. The form of Eq 18 also is valid if the rate of light
absorption by a cell suspension that has been placed in the dark is perturbed by a pump
flash of variable intensity:

A=e " (20)

Under such conditions, the effective cross section of the photosynthetic unit can be
determined by eliminating 4 from Eqs 15 and 20:

n Fs - F(Ia)
_ In4a _ F, - F,
LT I,

@D

Equations 19-21 show how I, o, and 7 can be determined from pump-probe
fluorescence (Falkowski et al., 1991).

Nonphotochemical Quenching

Measurements in the field and laboratory indicate that at least some of the
probability coefficients, ¥, in these equations vary with light intensity. Measurements at
the sea surface of the ratio of fluorescence to the concentration of chlorophyll a often show
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Fig. 4. Diel measurements of downwelling surface irradiance (solid line) and in vivo
fluorescence per chlorophyll a (circles) for a natural phytoplankton community
in the N. Central Pacific (29° 0.0’N, 122° 31.2°W). (From Kiefer, 1973b).
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decreases in the middle of the day when light intensities are highest. For example, Fig. 4
depicts a record of fluorescence/chl for sea water (measured with a flow-through Turner
fluorometer) and irradiance for 4 days in the north Central Pacific (Kiefer, 1973a). The
decrease in the fluorescence with increasing irradiance is the opposite response to what
would be expected if increases in irradiance only caused a decrease in the fraction of open
reaction centers. Because the irradiance within the Turner Fluorometer is low, the fraction
of open reaction centers was probably large, and thus, according to Eq 10, the decrease
in fluorescence quantum yield were most likely caused by decreases in ¥g,, ¥,,,, and or
¥, induced by exposure to high irradiance. Such a light-induced decrease in the quantum
yield of fluorescence has been called nonphotochemical quenching.
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Fig. 5. Photosynthetic rates and pump-probe fluorescence measurements for a culture
of Chaetoceros gracilis under continuous background irradiance. Fluorescence
was measured with a weak probe flash before (F,) and following (F,) a
saturating pump flash. A® is the variable fluorescence normalised to F,. F,
is the fluorescence from the background source. (Falkowski, unpublished).

Figure 5 shows photosynthetic rates and fluorescence as a function of light intensity
for a culture of Chaetoceros gracilis (Falkowski, unpublished). Photosynthesis was
measured with an oxygen electrode, and fluorescence was measured with a pump-probe
system. Variations in the yield of induced fluorescence are caused by both photochemical
and nonphotochemical quenching. The increases in F with increases in irradiance above
105 q em? s? is largely caused by the closing of reaction centers (decrease in
photochemical quenching), while the decrease in F at high irradiance is caused by
nonphotochemical quenching. Again, one notes that nonphotochemical quenching begins
near I, values of irradiance.
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While photochemical quenching (oxidation and reduction of Q) responds rapidly
(usec to msec) to changes in irradiance, nonphotochemical quenching responds relatively
slowly (seconds to minutes) (Horton and Hague, 1988). Such temporal differences allows
us to distinguish between the two processes: all reaction centers can be opened or closed
within milliseconds of perturbations to the irradiance, allowing the changes in
nonphotochemical quenching to be monitored by measuring either ®¢, or $;,. Although
both photochemical and nonphotochemical quenching are being extensively studied in
higher plants, there have been few studies of common marine phytoplankton.

Several types of evidence suggest that much of the nonphotochemical quenching
results from increased heat production within the antenna of photosystem II (Genty et al.,
1990; Rees et al., 1990). In particular, studies on higher plants have shown that increases
in nonphotochemical quenching are accompanied by the rapid interconversion of
xanthophyll pigments within the antenna bed of photosystem II (reviewed by Demmig-
Adams, 1990). However, there are indications that nonphotochemical quenching also may
be associated with inactivation of reaction centers (Neale, 1987) and increased heat
production within the centers themselves (Weis and Berry, 1987).

Although there are few detailed studies, the information we have discussed allows
us to speculate on how nonphotochemical quenching may affect the relationship between
fluorescence and photosynthesis. If the principle consequence of increased
nonphotochemical quenching is an increase in the rate constant for heat production in the
antenna and all other rate constants remain constant, then only the probability coefficients
for fluorescence and charge separation (¥, W, ¥eeo» ¥o,s) Will vary. Furthermore, it

can be shown that under such conditions the ratios Fo and —F* remain constant.

Fluorescence can be measured with all reaction centers open Both in thé“dark, F,(D), when
there is no nonphotochemical quenching and under ambient light, F, (E,), when
nonphotochemical quenching is variable. In the dark, the probability coefficient, ¥.,,(D),

| " " " 1

0 0.2 0.4 0.6 0.8 1
Fo/Fo(D)
<«— increasing non-photochemical quenching

Fig. 6.  The probability of charge separation in open reaction centers (¥,,,, Eq 22) and
the quantum yield of open reaction centers (®,,, Eq 16) as a function of non-
photochemical quenching. Non-photochemical quenching is represented as the
ratio of F, in dark-adapted samples.
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is constant and known. With this information, one can calculate the value of ¥,
presumably the only probability coefficient in Eq 16 that varies with nonphotochemical
quenching:

YD) Fo(Eo)
FO(D) (1 - \PCSO(D) q,Cl'())-‘-F()(EO) ‘I,CSO(D) \I,cro)

‘I,CBO (EO = (22)

Figure 6 is a plot of Eq 22; it shows that increases in nonphotochemical quenching
will cause decreases in the ratio of F, of cells in ambient light, F,(E/), to F, in dark
adapted cells, F(D). Such decreases will cause curvilinear decreases in the probability
of charge separation in open reaction centers, ¥,,,, and linear decreases in the quantum
yield of primary photochemistry in photosystems that have open reaction centers, ®,,. If
phytoplankton maintained constant values of 4 in different irradiances by merely varying
the rate of heat dissipation in the antenna, the quantum yields of natural fluorescence and
photosynthesis would vary proportionately.

Field and laboratory studies suggest that both photochemical and nonphotochemical
quenching occur in the sea. The calculation of the quantum yield of photosynthesis from
pump-probe measurements can now be written explicitly stating the light dependence of
some of the terms in Eq 17:

J c ‘I,cso(Eo) ‘I,sto (FS(EO) - F (Eo))
c = (23)
Jo (1= Wy ¥ro(Eo)) (Fo(Eo) - Fo(Eo))

Equations 22 and 23 are proposed as the basis for measuring gross photosynthetic rate
from measurements of fluorescence under variable photochemical and nonphotochemical
quenching. Because measurements of F, and F,(D) have not been routinely made in the
sea, the validity of these hypotheses has not been tested.

A second approach to monitor non-photochemical quenching is based upon
measurements by the pump-probe technique of the photochemical cross-section of open
photosystems (g,,,). According to Eq 21, g, can be determined by measuring the fraction
of reaction centers closed by a pump flash of dose I,. It then follows from Eq 13 that:

W(:l() q’!l‘) ol 2
Opo = —————— 4
p 1YY (24)

cro

Because 0,, ¥,,,, and ¥,,, are, presumably, not affected by non-photochemical quenching,
changes in ¢,, are affected only by changes in ¥,,,. By eliminating ¢, from Eqs 2 and 13,
we obtain:

I

J,=—
Je

0,04 E;n (25)

Unfortunately, there is no simple means to measure the concentration of
photosystems in a seawater suspension. Falkowski et al. (1991) used a similar approach

to estimate P® (=J/chl) by assuming that n is proportional to the concentration of
chlorophyll.
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A FIELD STUDY OF FLUORESCENCE AND PHOTOSYNTHESIS

In March 1988 and 1989, measurements of natural fluorescence, variable
fluorescence, and photosynthesis were made in the mid-Atlantic Bight. Vertical profiles
of solar-stimulated fluorescence were obtained with a Biospherical Instruments profiling
natural fluorometer (Chamberlin et al., 1990). Measurements of F(E) and F(E) were
made in situ with a custom-built, submersible pump-probe fluorometer (Falkowski et al.,
1991); F,(D) was measured at discrete depths on dark-adapted (30 min) water samples.

For each station, water samples were collected in 5-liter Niskin bottles attached to
a CTD rosette. Pigment samples were filtered onto Whatman GF/F filters and extracted
in 90% acetone; chlorophyll a was determined fluorometrically on a Turner designs Model
10 fluorometer previously calibrated with pure chlorophyll a. Productivity rates were
determined in an onboard incubator, using “C-bicarbonate as a tracer. Water samples
from each depth were incubated 4-6 hours under surface irradiance attenuated with neutral
density filters, then filtered onto Millipore HA filters. Filters were fumed for 60 seconds
over concentrated HCI and the remaining radioactivity was assayed by liquid scintillation
counting.
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Fig. 7. Vertical profiles from station EN89312 on March 18, 1989 [37° 41.37'N, 74°
20.55’W: 19:45 local time]. (A) The distribution of scalar irradiance (E,PAR),
chlorophyll a concentration (Chl a), and photosynthetic assimilation numbers
(P®). (B) The relative in situ yield of fluorescence excited by a weak probe
flash before (F) and following (F) a saturating pump flash. The fraction of
open reaction centers (A, dark circles) was calculated from Eq 14 using F, from
dark-adapted samples. The ratio Jz/(PAR * chl a) is directly proportional to the
quantum yield of natural fluorescence (open circles).
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Figure 7 shows a profile obtained in the late afternoon. Stratification resulted from
the presence of a thermocline extending to a depth of 28m. The chlorophyll @ maximum
was located above the bottom of the thermocline, corresponding to the 10% light level
(Fig. 7A). Maximal photosynthetic assimilation occurred at 10m, with photoinhibition
evident at the surface.

In general, both F, and F covaried with the distribution of chlorophyll a (Fig. 7B).
F increased relative to F, towards the surface, reflecting increases in photosynthetic
activity. At depths less than 11m, both F,and F deviate from the distribution of
chlorophyll and decline, indicative of non-photochemical quenching. The decay in the
natural fluorescence signal approximated the attenuation of the exciting scalar irradiance,
although at depths of 20m (near the chlorophyll maximum) and 9m (near the
photosynthetic maximum) small changes in the slope could be discerned.
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Fig. 8.  The fraction of open reaction centers (A) as a function of incident irradiance for
several profiles in the mid-Atlantic Bight.

We estimated the fraction of open reaction centers (4) from the magnitude of
photochemical quenching of variable fluorescence (Genty et al., 1989, Eq 14). At depth,
reaction centers are open and photochemical quenching is maximal (Fig. 7B). With
increasing irradiance towards the surface, photochemical quenching diminishes as the
photosynthetic rates approach maximum. At a light level of approximately 180 umol m?
s, photosynthetic activity declines and there is an apparent increase in photochemical
quenching. The depth where this inflection occurs is interpreted to represent the irradiance
where photosynthetic activity approaches saturation (I, of the photosynthesis vs irradiance
curve).

The natural fluorescence signal, normalized to the exciting irradiance (PAR) and
chlorophyll a concentration, varied 1.5 fold within the euphotic zone. According to Eq 5,
this value is equal to the product of the absorption coefficient (a) and the quantum yield
of fluorescence (P5). If changes in the absorption coefficient are small, then the observed
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changes are predominantly caused by changes in ®.. Below the 10% light level, the
fluorescence yield appears to vary little, although a slight increase is observed below the
mixed layer which may indicate increasing contributions of detrital pigments to
fluorescence. Towards the surface, the in vivo quantum yield increases as a greater
proportion of reaction centers are closed by ambient irradiance (decreased photochemical
quenching). At depths less than 11m, photosynthetic reactions approach saturation and the
onset of non-photochemical quenching processes initiate a decline in the natural

fluorescence yield.

It is interesting to note that at the surface, where non-photochemical quenching
processes dominate the fluorescence yield, an increasing fraction of photosystem units
appear to open. Weis and Berry (1987) suggested that some non-photochemical quenching
processes have a photoprotective role, decreasing the rate of excitation energy to PSII
reaction centers at supersaturating irradiance. If a large proportion of non-photochemical
quenching results from increased rates of thermal dissipation within the antenna bed (as
suggested), then this would cause a decrease in the photochemical cross section of open
photosystems (o,,,) (Genty et al., 1990, Eq 13). Relative estimates of o,,can be obtained
with the pump-probe fluorometer by varying the intensity of the pump flash (I,) and
measuring the fluorescence response (see Eq 21). At some stations, o, decreased at the
surface. This decrease was not consistently observed, however, presumably because o,
is also influenced by other conditions of growth, such as nutrient supply and growth
irradiance (Kolber et al., 1988; Kolber et al., 1990).

In Fig. 8, we have plotted A as a function of incident irradiance for several vertical
profiles. Despite considerable variability between stations, the general shape agrees well
with the predicted function of Eq 18. Even at the highest light levels, A did not decrease

Je/JF (mol C/mol photons)
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Fig. 9.  The ratio of the rates of photosynthetic carbon assimilation (J,) to rates of solar-
simulated natural fluorescence (J) as a function of ambient irradiance. The
solid line represents the empirical equation proposed by Chamberlin et al., 1990

(Eq 26).
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below 0.3. A fit of this data to Eq 18 yields a mean value for I, of ~165 umol m? s,
This value is similar to the I, obtained by fitting the measured radiocarbon productivity
rates as a function of irradiance using the traditional P vs I approach (Jassby and Platt,
1976).

As expressed in Eq 6, the link between rates of natural fluorescence and
photosynthetic carbon assimilation is the ratio of the quantum yields of the two processes.
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Fig. 10. Productivity rates estimated from pump-probe fluorescence and natural
fluorescence compared with rates of radiocarbon assimilation. The line
represents 1:1 correspondence.

As we have seen, both quantum yields depend upon the state of the PSII reaction centers,
which, in turn, are a function of the ambient light field experienced by the cells and their
photoadaptive state. In Fig. 10, the ratio of photosynthesis to natural fluorescence (=
®./®p, see Eqs 4 and 5) is depicted as a function of incident irradiance. A decrease in this
ratio with increasing irradiance is apparent. Chamberlin et al. (1990) proposed an
empirical equation to describe this dependence:

Jc _ ¢c _ kcf q)/¢ 26
% Gt E@ARL )

where [®,/®g] represents the maximum value of the quantum yield ratio and kis the
irradiance at which this value is one-half the maximum. The general shape of this
relationship is comparable with the prediction from the Schatz model (Fig. 3b), suggesting
that decreases in the photosynthetic quantum yield with increasing irradiance typically
exceed decreases in the fluorescence quantum yield. These results indicate that the
quantum yield ratio may vary considerably with increasing depth in the euphotic zone.
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Productivity rates were estimated from variable fluorescence measurements
according to Falkowski and Kolber (1990). The rate of photosynthetic electron transport
was calculated with a kinetic model of PSII, introducing measured values of E,, 0,,, in situ
quenching of variable fluorescence yields, and the turnover time of photosynthetic electron
transport. Carbon assimilation rates then were estimated, assuming eight electrons are
required to fix one carbon molecule. Productivity estimates from natural fluorescence
were determined by multiplying measured values of natural fluorescence by the predicted
ratio of the quantum yields (Eq 26).

Figure 10 compares fluorescence-derived predictions of photosynthetic rate with
radiocarbon assimilation from all stations at discrete depths; the results show significant
correlations between these estimates of production. Estimates of natural fluorescence
explained 74% of the variance in primary production. Measurements of variable
fluorescence appeared to be more robust, accounting for 86% of the variability in the
radiocarbon measurement.

We point out that discrepancies between C and fluorescence-based production are
expected from fundamental differences in the methodology. Fluorescence provides an
instantaneous measure of gross productivity, while “C incubations includes the time-
integrated effects of irradiance fluctuations and respiratory losses of carbon. In addition,
fluorescence measurements are non-intrusive and eliminate possible artifacts arising from
sample collection and enclosure (so-called bottle effects). A regression of natural
fluorescence on variable fluorescence predictions yielded excellent agreement, with a slope
of 1.08 and correlation coefficient of 0.87.

CONCLUSIONS

Since the initial measurements of phytoplankton in vivo fluorescence by Lorenzen
in 1966, significant advances have been made in the technology and instrumentation for
measuring fluorescence at sea. Concomitantly, our understanding of in vivo fluorescence
of chlorophyll @ has also progressed. The conceptual basis for interpreting the
relationship between chlorophyll a fluorescence and photosynthesis appear to be well
described by models such as those of Butler and the one discussed in this paper.
Numerous laboratory studies have demonstrated the validity of these models in interpreting
fluorescence data. Increasingly, studies of fluorescence in the ocean indicate that these
concepts can also be applied to mixed populations of marine phytoplankton under natural
conditions. However, there is little information on common species of marine
phytoplankton; the most detailed studies have been made on higher plants and green algae
@i.e., chl a/b systems). Studies are particularly needed on the differences between algal
classes (chl a/c and cyanobacteria), and the variability induced by differing conditions of
irradiance, temperature, and nutrient supply.

Traditionally, fluorescence in biological oceanography has been used as an indicator
of biomass. As our understanding of the variety of processes which control in vivo
fluorescence yields has progressed, it has become apparent that much more information
can be obtained from these measurements. Already, fluorescence has been used as a
diagnostic test for photoinhibition (Neale, 1987) and nutrient limitation (Kolber et al.,
1990). Considerable progress has been made in understanding how light is transmitted and
subsequently absorbed by phytoplankton within the ocean, and now we are able to monitor
the fate of this absorbed energy within photosynthetic systems.
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INTRODUCTION

Historically, the construction of global maps of ocean productivity has been a
difficult task (Berger, 1989). Representative, precise, and accurate measurements of
carbon fixation rates have been hampered by the errors associated with methodological
problems and sampling limitations (Jahnke, 1990). The frustration of biological
oceanographers in dealing with this issue was best summarized by Eppley (1980) during
the first “Primary Productivity in the Sea’ symposium over a decade ago: "These
disparate results beg for reconciliation as they suggest an order of magnitude uncertainty
in the rate of primary production in the central oceans. Is it of the order 50-150 mg C m?
d as the standard “C data have suggested for twenty years or is it 1-2 g C m? d”! as the
diet oxygen and POC changes and the PIT collections imply?” While this issue has yet
to be completely resolved, considerable progress has been made during the last decade
towards the reconciliation of differences in primary productivity estimates based on the
standard “C-labeling technique (Steeman Nielsen, 1952) and those based on geochemical
tracer distributions (Jenkins and Goldman, 1985; Williams and Robertson, 1991). It
appears that systematic errors in the different methodologies used to determine rates of
oxygen production and carbon fixation contribute to observations of high photosynthetic
quotients (mol O, evolved per CO, fixed) for phytoplankton communities (Laws, 1991;
Prézelin and Glover, 1991; Williams and Robertson, 1991). In addition, when care is
taken to minimize trace metal contamination (Fitzwater et al., 1982), avoid the toxic
effects of latex and neoprene rubber closure mechanisms of Niskin® bottles (Price et al.,
1986, Williams and Robertson, 1989), and incubate seawater samples under the
appropriate spectral distribution of light (Laws et al., 1990), then ¥C-measured rates of
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primary productivity for the central Pacific Ocean are several fold higher than historical
values (i.e., 428 + 249 mg C m? d, n = 11, 24 hour simulated ir situ incubations,
Station ALOHA, October 1988 to November 1989, HOT program, 1990).

Furthermore, it has been established that the base of the euphotic zone for primary
production may lie well below the traditionally defined 1% light depth (cf. Harris, 1986)
and can account for up to 15-20% of total integrated water column productivity in the
Sargasso Sea (Prézelin and Glover, 1991). Likewise, the discovery of diverse and often
fragile photosynthetic picoplankton as ubiquitous and dominant components of oligotrophic
water masses has led to the development of methods in the last decade to define their
biomass and include their photosynthetic activity in productivity estimates (Glover, 1986;
Hooks et al., 1988; Chisholm, this volume). Given the potential for <1 um
phytoplankton cells to contribute more than half of the productivity of oligotrophic water
columns (cf. Glover, 1986; Platt and Li, 1986), it is not surprising that recent '“C
measurements have resulted in large increases in areal production estimates for the
Sargasso Sea (i.e., 218 + 101 mg C m? d', n = 25, spar buoy and shipboard estimates
for two stations 284 km apart during summer 1986, Prézelin and Glover, 1991; also see
Lohrenz et al., 1991).

In addition to the methodological problems associated with primary production
measurements, there are also problems of scaling (cf. Harris, 1986). Current estimates
of global ocean production are biased by the errors associated with our inability to sample
on the appropriate time and space scales. Given our changing view of the stratified upper
ocean as a constant ‘steady-state’ system, some of the discrepancies between oxygen and
4C estimates of primary production may reflect differences in the time scales over which
data were gathered (Kerr, 1986). As recently stated by Platt and co-workers (1989), "the
incompatibility of intrinsic time scales, and the difficulty of extrapolating one component
of primary production to estimate another, limit the resolving power of the comparison..."
While tracer distributions (e.g., oxygen anomaly, oxygen utilization rate, and *He excess)
integrate biological and physical processes over seasonal to annual time scales, in vitro “C
uptake and oxygen production measurements are typically short in duration (hours to one
day). Recent physical models (Klein and Coste, 1984) and direct nanomolar nitrate
measurements (Garside, 1985; Eppley and Renger, 1988; Glover et al., 1988a,b) suggest
that the euphotic oligotrophic nitrate environment may be perturbed on biological time
scales and be reflected in large transient fluctuations in carbon fixation rates (Glover et al.,
1988b; Prézelin and Glover, 1991). Under such conditions, the rate processes controlling
carbon fixation and oxygen production may become decoupled from one another (Williams
and Robertson, 1991). Improvements in establishing regional- to global-scale oceanic
production will be realized when both temporally and spatially dependent variations are
included in the integral.

Lastly, it is important to ensure that the sampling strategy and the methodology
employed match the scale of the scientific question being addressed (Prézelin et al., 1991).
For instance, the initial imagery collected with the Nimbus-7 coastal zone color scanner
(CZCS, Hovis et al., 1980) revealed that distributions of phytoplankton in the upper ocean
are quite complex, hence, poorly sampled by classical shipboard operations. This has led
to the development of remote sensing methods to estimate pigment biomass (Gordon et al.,
1980; Smith and Baker, 1982; Shannon et al., 1983; McLain et al., 1984; Gordon et al.,
1988; Carder et al., person. commun.) and primary production (Smith et al., 1982, 1987a;
Brown et al., 1985; Eppley et al., 1985; Collins et al., 1986; Platt, 1986; Lohrenz et al.,
1988; Platt et al., 1988; Platt and Sathyendranath, 1988; Balch et al., 1989a, 1989b;
Sathyendranath et al., 1989; Platt et al., 1990; Morel, 1991). These approaches have
advanced recent investigations of biological variability in the world’s ocean. However,
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those studies that are completely dependent on atmospheric remote sensing measurements
are limited to providing information only for the upper 25% of the euphotic zone (Smith
et al., 1987a) over long time scales (= day, depending on cloud cover which often negates
observations in many regions). Recognizing these limitations, there are now compelling
reasons for the development of multiplatform sampling strategies where ships, moorings,
and drifters provide complementary information on the bio-optical and hydrographic
characteristics of diverse water columns over shorter time scales (= minute to hours).

The present discussion will address the application of ‘light-pigment’ models for
estimating primary production profiles from bio-optical data provided by drifter, mooring
and shipboard platforms. Descriptions of other types of bio-optical production models
based on satellite imagery (M.R. Lewis) and fluorescence (P. Falkowski, D.A. Kiefer, and
R. Reynolds) are treated separately in this volume. We begin with a discussion of the
variability of relevant oceanic processes and the sampling strategies required for their
resolution. Next, we present a summary of the evolution of ‘light-pigment’ bio-optical
models over the last three decades. Attention is given to the variability of the required
input parameters and how this variability limits the accuracy of bio-optical models when
applied to larger spatial scales. Finally, we conclude with a list of requirements necessary
for the future use of bio-optical models for addressing key questions on global change.

TEMPORAL-SPATIAL VARIABILITY OF OCEANIC PROCESSES

The abundance and distribution of marine phytoplankton are dependent primarily
upon mixing processes in the upper ocean, photon and nutrient fluxes controlling algal
growth rate, and the grazing pressure and sedimentation processes driving loss rates. It
is clear that near synoptic and continuous knowledge of the magnitude and variability of
these forcing functions is of critical importance to successful local, regional and global
predictions of phytoplankton distribution, abundance and activities.

A schematic drawing depicting time and space scales of variability of relevant
oceanic processes in the upper ocean is shown in Fig. 1. Since the variability spans many
orders-of-magnitude and since any one sampling approach has inherent limits of resolution,
there is now a general concensus that a multiplatform, multidisciplinary sampling strategy
is required for the determination of phytoplankton distributions in space and time (Esaias,
1980; Campbell et al., 1986; Harris, 1986; Smith et al., 1987a; Dickey, 1988, 1990,
1991; Prézelin et al., 1991). Once accurate assessments of phytoplankton distributions are
available, then concurrently measured and modeled light distributions can potentially be
used in conjunction with light-pigment models to estimate rates of primary productivity.
It is important to emphasize that physical observations be done on time and space scales
consistent with bio-optical observations in order to relate forcing functions with biological
responses. For example, the complexity of the distributions of phytoplankton originates
in large part to the ambiguity of local versus advective processes and scales of physical
mixing.

Resolution of Time-dependent Vertical Variability

Vertical distributions of phytoplankton, or more precisely pigment biomass, are best
measured from shipboard and mooring platforms (Table 1 and Fig. 2). Depth-dependent
variations in pigment biomass are poorly resolved from satellites and planes since these
measurements represent depth-weighted averages of pigments in near-surface waters, i.e.,
they are limited by the optical attenuation depth (Gordon and McCluney, 1975; Smith,
1981). Because ship availability and cruise duration are limited, shipboard measurements
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Fig. 1. Relevant time and space scales characteristic of biological and physical processes

in the upper ocean (Dickey, 1991).

Table 1. Time and Space Sampling Domains of Various Research Platforms

Platform Sampling Domains

Description Time Horizontal Vertical

Moorings 1 min - years cms At fixed depths:
10 m - 100 m

Ship on station <1 h - 4 weeks On station: cms <1m-100 m

Ship mapping/fixed depth

Ship tow-yos

Drifters/fixed depth

Planes

Satellites

1.5 days - 4 weeks

1.5 days - 4 weeks

1 min - 6 months

1 day - 1 week

1 day - years

Inter-station: kms

<1 m - 100 km

0.5 km - 100 km

<1 m - 1000 km

10 m - 1000 km

1 km - global

+ few meters
upper 100 m

<1lm-100 m

+ few meters
upper 10 m

Upper few meters
(opt. atten. depth)*

Upper few meters
(opt. atten. depth)

®optical attenuation depth
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in the upper 100’s m of the upper water column are constrained to time scales of 1 hour
to several weeks. Moorings, on the other hand, can be sequentially deployed at 3-6 month
intervals to provide high resolution measurements (minutes to hours) over time scales of
several years (Dickey, 1991). It should be noted that periodic shipboard ‘ground truthing’
of mooring sensors is critical for obtaining calibration and complimentary data sets.
During 1987, the Office of Naval Research (ONR) sponsored the deployment of the first
open-ocean bio-optical mooring as part of the Biowatt advanced research initiative. The
mooring was located at 34°N, 70°W in the Sargasso Sea and collected physical, biological
and optical data in the upper 160 m during three sequential three-month intervals. The
multi-variable moored system (MVMS, which measures currents, temperature,
conductivity beam transmission, stimulated fluorescence, dissolved oxygen, and
photosynthetically active radiation; Dickey et al., 1991) and bio-optical moored system
(BOMS, which measures depth, temperature, downwelling spectral irradiance, upwelling
spectral radiance, and tilt; Smith et al., 1991a) instrument packages deployed on the
Biowatt mooring recorded the springtime stratification of the upper ocean and a
phytoplankton bloom event, which occurred shortly after stabilization of the water column.
Interestingly, the bloom (> 1 mg chlorophyll m) lasted approximately 2 days and would
have undoubtedly been missed by the infrequent shipboard sampling in this region.
Unfortunately, the lack of concurrently collected color satellite images precluded an
estimate of the horizontal length of this bloom.

Resolution of Time-dependent Horizontal Variability

Horizontal distributions of pigment biomass can be measured using a variety of
platform types, including, drifters, planes, ships and satellites (Table 1 and Fig. 3). Since
moorings and ‘ships on station’ represent fixed point sampling strategies, they are
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Fig. 2. Time and vertical space sampling domains of the various platforms used in
oceanographic research.
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Fig. 3. Time and horizontal space sampling domains of the various platforms used in
oceanographic research.

inefficient in providing information on the horizontal gradients of pigment biomass. The
use of drifters, planes and ships have limitations in providing synoptic data on basin and
global scales due to their restricted areal coverage, as well as the associated cost and time
constraints; these sampling strategies are best suited for regional scale studies. Satellites
are an excellent platform for sampling horizontal pigment gradients. Global coverage is
provided on a daily basis (depending on cloud cover) on length scales of = kms.
Unfortunately, as of 1986 when the CZCS failed, the oceanographic community has not
had access to color satellite images. The next launch of an ocean color imaging system,
Sea-WiFS, is currently scheduled for August 1993. Sea-WiFS is an improved version of
the original CZCS and will have additional channels (i.e., 412, 443, 490, 520, 565, 665,
765 and 865 nm) to provide chlorophyll biomass estimates, accurate atmospheric
corrections, and information on the attenuation of light by colored dissolved organic
matter.

LIGHT-PIGMENT PRODUCTION MODELS

Evolution of Bio-optical Production Models

In this section the evolution of models for ‘in water’ light-pigment production
models is described. This is not a comprehensive review, but merely summarizes some
of the important models which have been formulated over the last three decades.
Discussion of the physiological assumptions underlying many of the models is presented
in following sections. For comparison, all of the models have been cast in similar notation
and units. The notation used in the bio-optical models is summarized in Table 2 and
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Table 2. Summary of Notation Used in the Bio-optical Production Models. These
Symbols are Defined when Initially Used in the Text and Have Been
Summarized for Convenience.

Symbol Definition (units)

z Water column depth (m)

A Wavelength (nm)

Q, (\,2) Quantum scalar irradiance (47, uEin m? nm! s)

Qopar (2) Quantum scalar photosynthetically active radiation (par, 47, uEin m?s™)

Qi (\,2) Quantum downwelling irradiance (2, uEin m? nm™ s?)

Q... (0) Downwelling par measured just below the surface (2w, uEin m? s)

Qs (2) Downwelling par at depth z (27, uEin m? s?)

Qur(2)/Qp(0)  Fractional light depth (dimensionless)

Koper (2) Diffuse attenuation coefficient for Q,,, at depth z (m™)

Ks(\, 2) Diffuse attenuation coefficient for downwelling irradiance (m™)

Chl (z) Concentration of chlorophyll a at depth z (mg m®)

C (2 HPLC measured concentration of pigment group i at depth z (mg m?®)

a* (N Weight-specific absorption coefficient for pigment group i (m? mg™)

as (N, 2) Phytoplankton absorption coefficient (m™)

a,, ChI' (A, z) Chl-specific phytoplankton absorption coefficient (m? mg™)

a, (z) Spectrally weighted phytoplankton absorption coefficient (m™)

a,, Chl' (2) Spectrally weighted Chl-specific phytoplankton absorption coefficient
(m? mg)

k. Spectrally averaged Chl-specific vertical attenuation coefficient for
phytoplankton (m? mg™)

AQ,, (2) Integrated quanta absorbed by phytoplankton (400-700 nm, uEin m?3 s!)

AQ,. (2) Integrated quanta absorbed by accessory pigments (400-700 nm)

AQ (2) Integrated quanta absorbed by pigment group i (400-700 nm)

L2 Maximum quantum efficiency of photosynthesis (= o/a;, mol C Ein™)

®, (2) Quantum efficiency of photosynthesis at depth z (mol C Ein)

K, Irradiance at which quantum efficiency is equal to /2

| Maximum rate of photosynthesis (mg C m™ h')

P,.. Chl! Chl-specific maximum rate of photosynthesis (mg C mg Chl! h)

a Rate of light limited photosynthesis (mg C m? h*! (xEin m? s7))

a Chl! Chl-specific alpha (mg C mg Chl! h' (uEin m? s)?)

I Saturation parameter of photosynthesis (= P,,, / «, uEin m? s)

P, Chl Chl-specific maximum rate of photosynthesis in the absence of photo-
inhibition (mg C mg Chl! h')

B Chl! Chl-specific photoinhibition parameter (mg C mg Chl" h' (xEin m?
sHY)

P (2) Calculated hourly rate of photosynthesis at depth z (mg C m™ h™')

IP (t) Integral photosynthesis over time interval t (mg C m? t?)

R Relative photosynthesis parameter (cf. Ryther and Yentsch, 1957)

R (2) Relative photosynthesis at depth z (cf. Ryther and Yentsch, 1957)

P, Calculated daily rate of photosynthesis at depth z (mg C m? d?, cf.

Ryther and Yentsch, 1957)
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represents a subset of bio-optical notation recommendations which will appear elsewhere
(U.S. JGOFS, 1991).

Talling (1957, 1965) treated phytoplankton as a "compound photosynthetic system"
and described a mathematical model to estimate integral photosynthesis (XP):

. -1 R
IP (hourly) = Chil - (P ChIT) In U ) 1)
Kopar 051,
where, Chl is chlorophyll concentration; P,,, Chl'! is the chlorophyll-specific maximum
rate of photosynthesis; Q,,(0-) is downwelling photosynthetically active radiation (par)
measured just below the surface; Ky, is the diffuse attenuation coefficient for Q,,.; and
I, is the saturation parameter for photosynthesis (i.e., the minimum irradiance to sustain
light-saturated rates of photosynthesis). In this form, the half-saturation constant for
photosynthesis (i.e., 0.5 I,) is comparable to the K, (= 0.5 V) for enzyme saturation
kinetics and provided one of the first approaches towards linking the natural variability in
the photo-physiological state of phytoplankton to the surrounding light environment. The
Talling (1957) model for estimating integral photosynthesis is based on the graphical
representation of a rectangle (ABCD), where one side (AB) is equal to P_,, and the other
side (BC) is equal to the depth (z = 0.5 I,) at which the onset of saturation of
photosynthesis begins. This approach assumes I, does not vary with light depth. The
product of these two parameters equals integral photosynthesis:

IP (hourly) = Zgs * Chl - (Ppe ChlY) 1))

Rodhe (1965) further simplified this model based on field measurements which revealed
that the depth corresponding to 0.5 I, is approximately equal to the depth of the 10% light
level (i.e., Zg 1gparoy the depth at which Qpar(Dgpar(0) = 0.1):

IP (hourly) = Ziqmuy © Chl * (P ChIY) 3)

We note that the application of these models is restricted to situations where the
phytoplankton, or more specifically chlorophyll a, is uniformly distributed in the upper
water column and photosynthesis-irradiance (P-I) parameters do not vary with light depth -
i.e., mixing regimes where rates of photoadaptation are significantly slower than rates of
mixing (Lewis et al., 1984; Cullen and Lewis, 1988). Rodhe (1965) found an excellent
agreement between calculated (Eq 2) and measured rates of photosynthesis for several
different lakes, and obtained a slightly poorer correlation between measured and calculated
primary production rates when Eq (3) was applied.

Ryther and Yentsch (1957) developed an analogous model based on P-I
relationships determined for marine phytoplankton cultures (Ryther, 1956):

IP (daily) = * Chl * (Ppyy ChIY) )

ar

where, R equals a relative photosynthesis parameter which varies as a function of total
daily surface radiation (see Fig. 1 of Ryther and Yentsch, 1957). While this formulation
has the same restrictions as the Talling and Rodhe models, Ryther and Yentsch (1957) also
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presented an equation which allows the estimation of depth-dependent daily rates of
photosynthesis (P, when phytoplankton are non-uniformly distributed in the upper water
column:

P, = R, - Chl(z) * (P, Chl) G)

where, R, equals a depth-dependent relative photosynthesis parameter which varies as a
function of total daily surface radiation and fractional light depth (see Fig. 1 of Ryther and
Yentsch, 1957). These investigators found good agreement between calculated (Eq 4) and
measured rates of photosynthesis for a variety of oceanic water types.

Webb et al. (1974) formulated an exponential expression for predicting
photosynthetic rates as a function of growth irradiance. This model was recast by Jassby
and Platt (1976) into a form containing commonly measured P-I parameters:

P@@ = Chl() - (Pay ChY) - (1 -e "Qu(@d/ly 6)

where, Q,,(z) is downwelling par at depth z. Geider et al. (1986) modified this basic
equation to develop an energy-balance model of micro-algal physiology which relates
photosynthesis to algal growth and respiration rates. Using this energy-balance approach,
Geider et al. (1986) were able to examine the size dependence of several metabolic
variables in diatoms, including maximum quantum yield, maximum growth rate, the Chl:C
ratio, and the Chl-specific absorption coefficient.

Platt et al. (1980) expanded Eq (6) to include a term to correct for the effects of
photoinhibition at high growth irradiances:

P(z) = Chl() - (P,Chl") - (1-¢%) - e o

where, a = [(alpha Chl"): Q,,, (z) * (P, Chl")"]; b = [(beta Chl") - Q,,(2) - (P,ChI")"];
alpha () Chl? is the Chl-specific rate of light limited photosynthesis; beta (8) Chl! is the
Chl-specific photoinhibition parameter (same units as o Chl'); and P, Chl"! is the
chlorophyll-specific maximum rate of photosynthesis in the absence of photoinhibition.
This model (Eq 7) has been used to estimate time- and depth-dependent rates of primary
production for phytoplankton populations sampled from arctic and temperate marine waters
(Harrison et al., 1985), an oligotrophic basin and warm core eddy in the Northwest
Atlantic (Prézelin et al., 1986), as well as the equatorial Pacific (Cullen et al., 1991).

Jassby and Platt (1976) first introduced the hyperbolic tangent model for describing
P-I relationships:

P(z) = Chl(z) * (PuyChl') - tanh (Q,(2) /L) 8)

Since its inception, it has become the most widely used model for predicting the
photosynthetic rates of natural phytoplankton populations (Harrison et al., 1985; Herman
and Platt, 1986; Smith et al., 1987b, 1989; Prézelin and Glover, 1991). Pahl-Wostl and
Imboden (1990) transformed Eq (8) into a *DYnamic model for the PHOtosynthetic Rate
of Algae (DYPHORA) for application to lake systems where the combination of
photoinhibition by bright light and mixing time scales can dominate the kinetics of primary
productivity over the time-course of a day. The authors suggested that this model may be
useful for testing hypotheses regarding the selective role of vertical mixing in the
competition between algal species. This model describes the dynamic response of the rate

183



of photosynthesis to changing growth irradiances using two characteristic times: the
response time of P, for increasing light (r,) and the light inhibition decay time (7).
Results of simulations performed with DYPHORA agreed with experimental data when 7,
and 7; values of 0.5-5 and 30-120 minutes, respectively, were used in the model.

Kiefer and Mitchell (1983) described a simple, steady state model of (gross)
primary production:

P = & - (12x10% Q) - Chl(2) * (a; Chl’ (2)) 9)

where, ®, (z) is the quantum efficiency of photosynthesis at depth z; 1.2 x 10* is a factor
to convert mol C to mg C; and @, Chl” (z) is the spectrally weighted chlorophyll-specific
phytoplankton absorption coefficient at depth z. It should be noted that Q,,(z) is used in
place of quantum scalar par (Q,.(2z); Kiefer and Mitchell, 1983) to keep consistent
notation between equations. Tyler (1975) has shown that &, varies inversely with growth
irradiance. Kiefer and Mitchell (1983) chose a Michaelis-Menton (rectangular hyperbolic)
function to describe the dependence of &, on growth irradiance:

K,
& (2) = ¥y ——— 19
Ks + Quul(2)

where, ®_,, is the maximum quantum efficiency of photosynthesis and K, is the irradiance
at which the quantum efficiency is equal to ®_,, /2. As such, this model of &, is not
wavelength-dependent and was only validated for ‘white-light’ grown cells. It should also
be noted that the Kiefer-Mitchell model differs from the P-I expressions described above
(Eqgs 6-8) in that Eqs (9) and (10) refer only to the ‘adapted’ rate of photosynthesis at a
given light level (cf. Geider et al., 1986). With the exception of near-surface waters,
Marra and Heinemann (1987) found a good agreement between calculated (Eqs 9 and 10,
®,.« = 0.06 mol C Ein’, and & Chl' = 0.017 m? mg?) and directly measured rates of
primary production in the North Pacific Central Gyre.

Bidigare, Smith and colleagues (1987) modified Eq (9) by transforming it into a
spectral model which takes into account depth- and wavelength-dependent variations in
irradiance and phytoplankton absorption properties (also see full spectral production model
recently described by Morel, 1991):

P@@ = %@ - (12x10Y) - AQ.® ay

where, AQ,,(2) is the integrated quanta (400-700 nm) absorbed by the phytoplankton
population at depth z:

700
AQ, (2 = f QA2 - au(2)dr 1
400

where, Q, (A, z) is the quantum downwelling irradiance at depth z and wavelength A, and
a,, (N, 2) is the phytoplankton absorption coefficient at depth z and wavelength A. Since
the estimation of a,, (A, z) is confounded by the presence of detritus (see below), Bidigare
et al. (1987, 1990a) developed a spectral reconstruction technique which allows an
estimation of a, (N, z) based on pigment concentrations and their in vivo absorption
properties determined by high-performance liquid chromatography (HPLC):
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n

a2 = X a%v N C@ )
i=1

where, a*; (M) is the weight-specific absorption coefficient for pigment group i and C; (z)
is the HPLC determined concentration of pigment group i at depth z. Since spectral
quality changes with depth, a new formulation of ®(z) was required for use in Eq (11)
(Bidigare et al., 1987):

I mx/ i max £ ‘Qph(z)

This equation differs from the Kiefer-Mitchell formulation (Eq 10) in that the wavelength-
dependent (AQ,,(z)) and the wavelength-independent (P,,, and ®,,) terms are treated
separately. For comparisons made in open-oceanic waters, primary production estimates
based on the ‘Photosynthetically absorbed radiation’ (Phar) model (Eqs 11-14) agreed to
within 30% (or better) of the rates determined by in situ incubation in the Sargasso Sea
(Bidigare et al., 1987).

Predictive accuracy improved further for production estimates of diverse water
types of the Southern California Bight, when Smith et al. (1989) further derived a variant
of Eq (14) by replacing the P,,,/®., term with its mathematically equivalent form,
I, 'k, - Chl, where k, is the spectrally averaged Chl-specific vertical attenuation
coefficient for phytoplankton. As such, Eq (14) is transformed into a fully spectral
equation for estimating @, as a function of I, k, and AQ,,. In addition, for laboratory
studies performed with the diatom Chaetoceros gracile and the prymnesiophyte Emiliania
huxleyi, Schofield et al. (1990) reported a close agreement between photosynthetic rates
determined by Eq (8), ‘enhanced’ carbon-action spectra and the absorption-based model.
Similar correspondence between spectral and non-spectral components of production for
natural phytoplankton communities from diverse water types has also been documented by
Schofield and coworkers (1991).

Comparison of Bio-optical Production Models

The absorption-based bio-optical models of production (Eqs 9 and 11) described
above approximate gross photosynthesis (i.e., net production plus autotrophic respiration),
whereas the predictions resulting from the P-I models (Eqs 6 and 8) approach net
production (i.e., gross production minus autotrophic respiration) since they contain
parameters determined by short-term C incubations (Jassby and Platt, 1976; Kiefer and
Mitchell, 1983). Furthermore, primary production estimates based on 24 h in situ (IS) or
simulated in situ (SIS) C measurements approach net community production (i.e., gross
production minus autotrophic and microscopic heterotrophic respiration; cf. Platt et al.,
1989; Prézelin and Glover, 1991) because of phytoplankton-zooplankton interactions in
the incubation bottles. Thus, intercomparisons of these different approaches for estimating
primary productivity are not strictly valid and often biased.

In addition to these ‘operational’ differences, there are ‘mathematical’ differences
between Eqgs (6), (8), and (9, 14) resulting from the form of the expression used (i.e.,
exponential (Exp), hyperbolic tangent (Tanh) or absorption-based rectangular hyperbolic
(Phar) function, respectively). Chalker (1980) presented a derivation of Eq (6) and its
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mathematical relationship to Eq (8) by performing a Taylor series expansion on the
expression dP/dI = F(P). Model simulations using identical (or mathematically
equivalent) input parameters (cf. Jassby and Platt, 1976) were performed with Egs (6), (8),
and (9, 14) in order to examine between-model differences (Fig. 4). It should be noted
that these comparisons do not correct for autotrophic respiration and photorespiration. The
results obtained reveal that P (Tanh) > P (Exp) > P (Phar). Interestingly, when
comparisons have been made in the field, P (Tanh) > (S)IS > P (Exp), P (Phar)
(Harrison et al., 1985; Smith et al., 1989; Cullen et al., 1991; Prézelin and Glover, 1991).
To arrive at the ‘best’ mathematical formulation for predicting P-I responses, Jassby and
Platt (1976) tested 8 different equations using empirical data consisting of 188 duplicate
light saturation experiments. These authors found that the hyperbolic tangent function
provided the best fit to the empirical data. With these results in mind, we derive a
hyperbolic tangent expression for estimating ®, (for use in Eq 9 or Eq 11) by setting Eq
(9) equal to Eq (8), and solving for @, as follows (also see similar derivations by Platt and
Jassby, 1976):

‘I’C(Z) : Qpnr(z) * aph (Z) = Pmnx : tanh (Qpnr(z) / Ik) (15)
Multiplying the left-hand side of the equation by ®,,, / ®... yields:

2.(2)
Prnax

*Prax * Qul2) * 2 () = Pryy * tanh (Quul(2) / L) a6

(mgC/m3/h)
3,1
L

——&—— P (Tanh, Phar’)
—— P (Exp)
—&— P (Phar)

Primary Production
N
1

. r r T .
0 200 400 600
Qpar (uEin/m2/s)

Fig. 4. Primary production estimates based on the hyperbolic tangent model of Jassby
and Platt (1976; Tanh model, Eq 8); the exponential model of Webb et al. (1974;
Exp model, Eq 6); and the absorption model of Kiefer and Mitchell (1983; Eq
9), where ¥, is calculated using a modified rectangular hyperbolic (Bidigare et
al., 1987; Phar model, Eq 14) or a hyperbolic tangent function (Phar’ model,
Eq 21). Production was estimated for ‘white light’ irradiances ranging from 0
to 600 xEin m? s* (Chl = 1 mg m?; &,,, = 0.08 mol C Ein?; P,,, ChlI! =5
mg C mg Chl! h'; chlorophyll-specific phytoplankton absorption coefficient =
0.015 m? mg'; and I, = 96.5 uEin m? s'). Note results from the hyperbolic
tangent model (Eq 8) and the absorption-based model (Eqs 9 and 21) are
mathematically identical for irradiances greater than 0 pEin m? s,
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e = @ @ @), and a7
Pow = Lo (18)

Eq (16) can be rewritten as:

2@ % 0u@) E@ = L -o-tanh (Qu) /) 19)
P
Which is equivalent to:
3.(2)
: Qpn(z) = Ik ) tanh (Qpar(z) / Ik) (20)

Thus, ¢, can be defined by the following expression:

Qc = me : (Ik/ Qpar(z)) : tanh (Qpnr(z)/ Ik) (21)

By means of the derivation used, which ignores autotrophic respiration and
photorespiration, the hyperbolic tangent model (Tanh, Eq 8) is mathematically identical
to the absorption-based model (Phar’, Eqs 9 and 21) for Q,,(z) values >0 uEin m-2 g1
(Fig. 4). The authors refer the readers to Platt et al. (1988) and Sathyendranath et al.
(1989) for a more complete discussion of the equivalence of different photosynthesis and
growth equations.

INPUT PARAMETERS FOR BIO-OPTICAL PRODUCTION MODELS

This section addresses the input parameters which drive the bio-optical production
models presented above. Our ability to measure these parameters and their variability has
greatly improved since the initial ‘Primary Productivity in the Sea’ symposium held in
1980. These improvements are highlighted below.

Light

Light in the marine environment is extremely variable and its availability in the
upper ocean is the most important factor controlling rates of carbon fixation by resident
phytoplankton. Energy available for in-water photoprocesses, with photosynthesis being
most important, is modulated by solar zenith angle, cloud fraction and optical thickness,
atmospheric chemistry (aerosols, ozone, water vapor, oxygen content) and sea state. This
variability determines the amount, spectral composition, and angular distribution of the
light field just below the air-water interface. The consequent distributions of radiant
energy as a function of depth depend upon this surface input plus the absorption and
scattering properties of seawater itself and the dissolved and suspended particulate material
within the water column.

Instruments and methods developed within the past decade now permit spectral
irradiance to be continuously estimated as a function of depth over space and time scales
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previously not possible in spite of the large environmental variability. These advances
include:

(1) satellite imagery that allows the spatial and temporal surface solar irradiance
to be accurately estimated (Gautier et al., 1980; Bishop and Rossow, 1991);

(2) models linking total irradiance to Q,, (Frouin et al., 1989) and spectral
irradiance (Smith et al., 1991b);

(3) improved ocean color algorithms linking in-water spectral properties to the
spectral water leaving radiance (Gordon et al., 1988);

(4) satellite estimates of ocean optical properties, especially the diffuse
attenuation coefficient for irradiance;

(5) ship deployed bio-optical profiling systems for rapid optical and biological
observations (Aiken, 1981; Smith et al., 1984);

(6) optical sensors on untended moorings for the continuous determination of in-
water spectral irradiance and the estimation of both optical and biological
parameters (Booth and Smith, 1988; Smith et al., 1991a);

(7) analysis methods (Smith and Baker, 1986) and instrument techniques (Waters
et al., 1991) that permit correction or collection of optical data without ship
perturbation of the light field;

(8) methods of optical data analysis (Smith and Baker, 1984, 1986) and in-water
bio-optical algorithms (Baker and Smith, 1982; Smith and Baker, 1978,
1981; Morel, 1988); and

(9) the increased use of optical methods for the study of biological processes
(cf., special Hydrologic Optics issue of Limnology and Oceanography,
vol. 8, no.8, 1989).

Items (1) and (2) potentially provide input data necessary for regional and global
production estimates; (3) provides input data for regional and global estimates of ocean
optical water types; (4-7) permit the continuous estimation of the in-water spectral
irradiance field and the consequent application to a range of biological problems (Bidigare
et al., 1987; Smith et al., 1987b; Smith et al., 1989). Thus, radiant energy can be used
as the input driver for accurately estimating phytoplankton production rates over a wide
range of space and time scales. A further discussion of the nature and measurement of the
light environment in the ocean is given by J. T. O. Kirk in this volume.

Pigments

In 1983, Mantoura and Llewellyn described a rapid, routine HPLC technique for
the determination of algal pigments and their degradation products in seawater. Since
then, numerous papers have been published which document the distribution and detailed
composition of photosynthetic pigments in algal cultures and oceanic waters (Gieskes and
Kraay, 1983a,b, 1984, 1986a,b; Liaaen-Jensen, 1985; Bidigare et al., 1986, 1989a,
1990b,c, 1991; Smith et al., 1987b; 1990; Gieskes et al., 1988; Hooks et al., 1988;
Whitledge et al., 1988; Bidigare, 1989; Siegel et al., 1990; Ondrusek et al., 1991). Most
importantly, these studies have revealed that accessory pigments are (1) structurally
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diverse; (2) heterogeneously distributed with respect to depth; and (3) highly variable on
time scales of > days to weeks. During the last decade, at least 10 novel chlorophyll and
carotenoid pigments have been described for marine phytoplankton and bacterioplankton
(Table 3). In addition, a number of novel phycoerythrins have been reported for marine
coccoid cyanobacteria (Alberte et al., 1984; Ong et al., 1984). Many of these pigments
have yet to be structurally characterized and little, if anything, is known about their in vivo
absorption properties and photosynthetic function. Clearly, this is an important area of
future study. The introduction of analytical methods providing greater resolution
(supercritical fluid chromatography/mass spectrometry, Frew et al., 1988; liquid
chromatography/mass spectrometry, Eckardt et al., 1990) of complex pigment mixtures
and specific detection should lead to the discovery of an even more diverse suite of
phytoplankton pigments.

Phytoplankton Absorption Properties

The rate of phytoplankton photosynthesis is ultimately dependent upon the rate of
photon capture. The effectiveness of utilizing photons is controlled by two coefficients:
the absorption coefficient (ay, (A, m™)), which represents the ability of photosynthetic

Table 3. Occurrence of Novel Chlorophyll and Carotenoid Pigments in Marine
Phytoplankton and Bacterioplankton.

Pigment Occurrence® Reference

Chlorophylls

Phytyl-chlorophyll c-like Prymnesiophytes Nelson and Wakeham (1989)
Chlorophyll ¢(CS-170)° Micromonas pusilla  Jeffrey (1989)

Chlorophyll c((MPPAV)® Pavlova gyrans Fawley (1989)

Divinyl chlorophyll a Prochlorophytes Chisholm et al. (1988)
Divinyl chlorophyll b Prochlorophytes Goericke (1990)

Chlorophyll c; Prymnesiophytes Fookes and Jeffrey (1989)

& chrysophytes

Bacteriochlorophylls

Geranyl-4-isobutylbacterio- Photosynthetic Repeta et al. (1989)
chlorophyll e bacteria

Carotenoids

19’-Butanoyloxyfucoxanthin Chrysophytes Bjornland et al. (1984)

Eutreptiellanone Euglenophytes Fiksdahl et al. (1984)

Prasinoxanthin Prasinophytes Foss et al. (1984)

* denotes the occurrence of novel pigments in some members of the algal and bacterial
groups specified (i.e., they are not present in all species of each group)
chlo