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ABSTRACT

Photosynthetic rates of three marine picoplankton species were measured as a
function of both phoion flux density (P-I response) and photon wavelength (action
spectra or P-S response). The picoplankton species examined included two prokaryotes,
the marine cyanobacteria Synechococcus sp. WH 7803 and Synechococcus sp. WH 5701,
and one eukaryote, the prymnesiophyte Pavlova sp. (clone NEP). The wavelength
dependence of photosynthesis was also measured in natural phytoplankton assemblages,
collected from latitudes ranging from the sub-tropical North Atlantic Ocean to the eastern
Canadian Arctic.

The abilities of previous P-I forn.ulations to provide a quantitative description of
the P-I response of the picoplankton were compared. Three new P-I models are
introduced that provide an improved overall fit (fidelity) to the P-I data. Two of these
models, a simple geometrical description and a rational model based on target theory,
accommodate the spectral dependence of photosynthesis by way of a simple spectral
weighting function. The third model, a kinetic description involving two spectrally
distinct photosystems, also includes the effects of Emerson enhancement at low PFDs.

The photosynthetic action spectra of both cyanobacterial species revealed the
importance of the phycobiliproteins and Emerson enhancement. In contrast, the
photosynthetic action spectra of natural phytoplankton assemblages closely resembled
those of Chromophytic algae such as Pavilova sp., where chlorophyll is the dominant
light-harvesting pigment and Emerson enhancement is minimal. For the natural
phytoplankton assemblages the photosynthetic rate under polychromatic irradiance could
be approximated using a suitable spectral weighting function. Absorption by detritus in
natural phytoplankton assemblages eliminated the absorption spectrum as a suitable
spectral weighting function. Using the photosynthetic action spectrum to predict rates of
light-limited photosynthesis at depth shows that the ability of the phytoplankton to utilize
underwater spectral distributions increases with depth. Furthermore, photosynthetic rates
measured under artifical light significantly under-estimate the predicted photosynthetic
rate at depth.
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LIST OF SYMBOLS AND ABBREVIATIONS

Common units are included in square brackets [ ]. Greek symbols follow Roman

symbols.

a effective spectral absorption coefficient [m-1]

a, absorption cross-section at a specific wavelength A {m? mg-1]

a*p the diffuse volume absorption coefficient for particulates collected on
GF/F filters [m1]

a*c,,, the chlorophyli—specific diffuse volume absorption cross-section for
particulates collected on GF/F filters [m2 (mg Chi)-1]

Apstn, absorption cross-section of a photosynthetic unit at a specific

wavelength A [m2 PSU-]
apsp(A)  absorption cross-section of a photosynthetic unit as a function of

wavelength [m2 PSU-! nm-1]

a(\) absorption cross-section as a function of wavelé¢ngth [m? mg-1 nm-t]
B biomass

Chl chlorophyll

E, Emerson enhancement function for Photosystem I

E, Emerson enhancement function for Photosystem II

Ejmax maximum Emerson enhancement for Photosystem I

Espax maximum Emerson enhancement for Photosystem II

g acceleration due to gravity [m s-2]

I Dimensionless PFD (usually I/, or I/l )
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the rate of photon absorption by volume of water [pimol m-3 s-1]

the race of photon absorption by the viable phytoplankton component
in a volume of water [pmol m-3 s-1]

the PFD where the photosynthetic rate is reduced to half the maximum
potential rate due to photc.nhibition (PFD for P = P J2) [pmol m2 s-1]
the PFD used to scale photoinhibition. In the Poisson model /; = P,B/c;,
[pmol m2 s-1]

the PFD marking the intersection between the initial slope and the
maximum photosynthetic rate (= P,/a) [Lmol m2 s-1]

the PFD where the photosynthetic rate is optimal [pmol m2 s-]

the PFD at the sea surface [umol m2 s-1]

the rate of photon absorption by a reaction center [mol s-1]

the PFD marking the intersection of the initial slope and the maximum
potential phoiosynthetic rate (= P /o) [mol m2 s-1}

the PFD at depth z [pmol m2 s-1]

effective rate of photon absorption by PS I [photons s-1]

the rate of at which photons of wavelength A are absorbed by PS I
[photens s-1]

effective rate of photon absorption by PS II [photons s1]

the rate of at which photons of wavelength A are absorbed by PS 11
[photons s-1]

the rate of exciton loss from PS II [excitons s-1]

the PFD at a specific wavelength A [umol m-2 s-1]

number of phqtons incident upon a reaction center within a time interval 1

[mol]
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I(\)
I(A)

I(A,)

Iy

K (M)

k(M)

the PFD as a function of wavelength [jimol m2 s-! nm-1]

the PFD of the light beam that is absorbed predominantly by PS I

(Light 1) [umol m-2 s-1]

the PFD of the light beam that is absorbed predominantly by PS II

(Light 2) [mol m2 s-1]

the PFD within a specific 25 nm wavebe~d as a fraction of the total

PFD of PAR

the effective spectral chlorophyll-specific attenuation cross-section

[m? (mg Chl)1]

vertical diffuss attenuation coefficient due to phytoplankton (chlorophyll)
at a specific wavelength A [m-1]

chlorophyll-specific diffuse attenuation cc0ss-section at a specific
wavelength A [m? (mg Chl)-1]

vertical diffuse attenuation coefficient due to phytoplankton (chlorophyll)
as a function of wavelength [m-1 nm-1]

chlorophyll-specific diffuse attenuation cross-section as a function of
wavelength [m2 (mg Chl)! nm-1]

Michaelis Menten constant (rectangular hyperbola) [M]

Generalized Michaelis-Menten constant (non-rectangular hyperbola) [M]
effective spectral attenuation coefficient for PAR [m-1]

vertical diffuse attenuation coefficient due to detrital particles at a
specific wavelesuth A [m-1]

vertical diffuse attenuation coefficient due tc detrital particles as a
function of wavelength [m-! nm-]

diffuse attenuation coefficient [m-1]

XXiv
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Kn, vertical diffuse attenuation coefficient at a specific wavelength A [m-1]
Ki(A) vertical diffuse attenuation cosfficient as a function of wavelength [m-! nm-!]
K. vertical diffuse attenuation coefficient due to seawater itself at a
specific wavelength A [m-1]
K,(\) vertical diffuse attenuation coefficient due to seawater itself as a function

of wavelengih [m-! nmt]

K, absorption coefficient at a ~pecific wavelength A [m-1]
LHA light-harvesting antenna(e)
OD optical density
p probability [dimensionless]
* dimensionless photosynthetic rate (usually P/P,, or P/P,)
P’ integral photosynthesis beneath an area of ocean surface
PB photosynthetic rate normalized to biomass
Py gross photosynthetic rate
PB gross photosynthetic rate normalized to biomass
PB maximum realized photosynthetic rate normalized to biomass
P, net photosynthetic rate (= P, - R)
PB net photosynthetic rate normalized to biomass (= P, - R8)
Pre the probability of photosynthesis occurring at a reaction center
P2 maximum potential photosynthetic rate normalized to biomass in the

absence of photoinhibition

P, the rate of Photoreaction I (molecules transformed s-1)
P, “he rate of Photoreaction II (molecules transformed s-1)
p(k) the probability of a single PSU absorbing k photons within a time interval At

P(A;,A;) the rate of photosynthesis under two monochromatic light beams where one

XXV



beam (L)) preferentially excites PS I and the second beam (A,) preferentially
excites PS II
PAR photosynthetically available radiation [Limol m-2 s-1]
PC phycocyanin
PCB phycocyanobilin
PE phycoerythrin
PEB phycoerythrobilin
PFD photon flux density [pmol m-2 s-!]
PSI photosystem I
PSII photosystem II
PSR photosynthetically stored radiation [ptmol m3 s-1]
PSU photosynthetic unit
PUB phycourobilin
PUR photosynthetically usuable radiation [umol m3 s-1]
RB the respiration rate normalized to biomass
RCI reaction center.I

RCII reaction center I1

R,B the maximum respiration rate normalized to biomass
S dimensionless substrate concentration (= [S]/K,,)
[S] substrate concentration [M]

SS, s sum of squared residuals

\J velocity of a reaction

\%4 dimensionless velocity of a reaction (= v/v,,)

Vi maximum velocity of a reaction

z depth [m]
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the initial slope (dP3/dl) of the P-I response as I — 0 where the photosynthetic
rate is normalized to biomass

the initial slope of the P-I response as I — 0 at wavelength 1 where the
photosynthetic'rate is normalized to biomass (0P5,/0l;)

the light utilization index, corresponding to the relative effective
photosynthetic rate per photon

the light utilization index at the sea surface

the light ntilization index in tungsten light

the light utilization index at depth in the water column

the initial slope of the P-I response as a function of wavelength (OPB(A)/dI(}))
the initial slope of the P-I response within a specific 25 nm waveband
(9PB(A)/9I(A)) as a fraction of the average initial slope over all the twelve 25
nm wavebands of PAR (each waveband weighted equally)

the negative slope (dP2/d]) of the P-I response due to photinhibition where the
photosynthetic.rate is normalized to biomass (usually defined at some specific
PFD)

the negative slope (0P/dl) of the P-I response due to photinhibition as a
function of wavelength (usually defined at some specific wavelength)

the fraction of the exciton flux diverted from PS II that is delivered to PS I by
way of spillover

an infinitesimally short time interval

the molar absorption cross-section at a specific wavelength A [m?2 mol-]

the exciton flux that is diverted from PS II by way of spillover (I3) as a
fraction of the photon flux absorbed by PS II (I2) (= I3/12)

dynamic viscosity of seawater [kg m-! s-1]
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parameter describing abruptness of curvature in a non-rectangular hyperbola
wavelength [nm]

wavelengths that excite PS I

wavelengths that excite PS II

micrometer

the rate of exciton arrival at RC I [excitons s-1]

the rate of exciton arrival at RC II [excitons 5]

frequency [Hz]

the absorption yield of the phytoplankton (= PUR/I,)) [dimensionless]

the absorption efficiency of the phytoplankton (= PUR/I,) [dimensionless]
density of phytoplankton cells [kg m-3]

density of seawater [kg m3]

sum

the effective spectral action coefficient for photosynthesis [m-1]

the effective spectral chlorophyll-specific action

chlorophyll-specific transformation cross-section as a function of wavelength

[m? (mg Chl)1]
the effective chlorophyll-specific action cross-section for photoinhibition [m?

(mg Chl)1]

the effective chlorophyll-specific action cross-section for carbon reduction [m?

(mg Chl)1]

transformation cross-section at a specific wavelength A [m? mol-! or m2 mg-1]

transformation cross-section as a function of wavelength [m? mol-! nm-! or m?

mg-1 nm-!]

the turnover time of a reaction center [s]
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Dx(2)

the effective quantum yield of phytoplankton photosynthesis (= PSR/PUR)
[dimensionless]

the effective quantum efficiency of phytoplankton photosynthesis (=
PSR/PUR) [dimensionless}]

the apparent quantum yield of phytoplankton photosynthesis [dimensionless]
quantum yield for photosynthetic carbon reduction

quantum yield for photodestruction of reaction centers

the quantum yield of photoreaction I [dimensionless]

the quantum yield of photoreaction II [dimensionless]

the quantum yield of photosynthesis at a specific wavelength A
[dimensionless]

the enhanced quantum yield at wavelength A, measured with a sufficiently
strong background PFD of complementary wavelengths [dimensionless]
the maximum quantum yield of photosynthesis [dimensionless]

the light utilization yield of the phytoplankton (= PSR/I,) [dimensionless]
the light utilization efficiency of the phytoplankton (= PSR/I,)
[dimensionless]

the fraction of absorbed photons that are absorbed by PS 1

the fraction of absorbed photons that are absorbed by PS II
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CHAPTER 1

INTRODUCTION.,

11, STATEMENT OF THE PROBLEM,

The rate at which carbon and nitrogen are photosynthetically reduced in the ocean
limits the magnitude of all subsequent biological transformations of energy and matter in
the marine ecosystem. The magnitude of this process is central to our understanding of
the trophodynamics of the marine ecosystem and the biogeochemical cycling of carbon
and oxygen in the biosphere. Despite its importance, the absolute magnitude of global
oceanic primary production is still uncertain to within a factor of ten (Eppley 1980;
Shulenberger and Reid 1981; Jenkins 1982; Williams et al. 1983; Platt and Harrison
1985,1986; Reid and Shulenburger 1986; Platt et al. 1988a). The two principal reasons
invoked for such uncertainty are i) the major disparities that exist among the estimates
provided by different experimental methods and ii) the lack of a comprehensive set of
production measurements from the open ocean with sufficient temporal and spatial

resolution,

Differences in the measured rates of oceanic primary production obtained with
alternative experimental techniques have aroused considerable debate (Kerr 1983).
Primary production estimates based upon diel changes in oxygen, oxygen utilization rates
in the aphotic zone or the sinking flux of particulate organic carbon (POC) are
considerably higher than values obtained with the isotopic 4C assimilation technique
(Sheldon and Sutcliffe 1978; Eppley and Peterson 1979; Gieskes et al. 1979; Johnson et
al. 1981; Shulenburger and Reid 1981; Jenkins 1982). This apparent disparity, and the

1



consequent uncertainty associated with any single primary production estimate, is most
pronounced in the open oceans, particularly the cligotrophic tropical oceans. Initially
such discrepancies were attributed to inconsistencies in the 14C method (Peterson 1980;
Williams 1981). However, recent comparisons of primary production rates based upon
changes in dissolved oxygen, production of 180, or the uptake of 14C have all yielded
comparable results (Williams et al. 1983; Platt 1984; Bender et al. 1987; Grande et al.
1989). Also, Davies and Williams (1984) found comparable photosynthetic rates using
in vitro and in vivo techniques indicating that in vitro methods are satisfactory. The
current consensus is that there is no experimental evidence to support the idea of

persistent errors unique to the 14C technique.

Measurements conducted at specific locations and depths throughout the world's
oceans using various incubation technigues form the basis of current global estimates of
oceanic primary production. Regrettably, the logistics of this approach impose severe
constraints upon the spatial and temporal resolution that may be achieved. There is also a
growing appreciation that the biogenic processes of ocean vary considerably from place
to place and over time. This variability can lead to significant errors in estimates of the
mean values of primary production for large ocean regions (Platt and Harrison 1985;
Vezina and Platt 1987; Platt et al. 1988a). This has led to the hypothesis that the
observed disparities in oceanic production estimates result directly from differences in
the temporal and spatial scales associated with the various methods (Platt et al. 1988a).
Conventional methods that rely upon measuring some chemical transformation (such as
14C uptake or O, evolution) at a particular time and place may thus fail to provide

suitable data for the computation of primary production on a global scale.

The only foreseeable means of achieving the synoptic coverage required is to use

the capabilities of remote sensing (Revelle 1985). This approach requires that a



relationship be established between photosynthetic rate in the ocean and the ocean color
as detected by the satellite. Since the absorption ptoperties of the particulate material in
the ocean affects the ocean color (Sathyendranath 1986) it is desirable that the
photosynthetic rate be related to the absorption properties of the phytoplankton present,
In the open ocean the principal phytoplanktonic orgasisms are minute cells less than 2

pm in diameter, termed the "picoplankton”.

This thesis examines the photosynthetic characteristics of several oceanic
picoplankton species and patural phytoplankton assemblages. The dependence of the
photosynthetic rate upon both the photon flux density and the photon wavelength is
quantified with a view to predicting primary production throughout the water column.
The study examines various ways of incorporating the wavelength dependence of
photosynthesis into the P-I response of phytoplankton. A comparison of the wavelength
dependence of photosynthesis in picoplankton cultures with that of natural phytoplankton
assemblages provides insight into the important phylogenetic phytoplankton groups in
the open ocean. By comparing the the action spectrum of photosynthesis with the
absorption spectrum of the different picoplankton groups, the validity of using
photosynthetic action spectra as a means of predicting photosynthetic rates at depth is

assessed.

1.2, THE UTILITY OF REM ENSING FOR ESTIMATI RIMAR
PRODUCTION,

The oceans and smaller seas cover about 71% of the earth's surface, an area of
about 3.611 x 108 square kilometers. The open oceans constitute over 90% of this area

and account for greater than 80% of the marine primary production globally. The



uncertainties associated with the biogenic fluxes of carbon and oxygen in the open
oceans limit current efforts to model the biogeochemical cycles of the ocean. This in turn
confounds major climatological questions such as the importance of the present build-up

of CO, in the atmosphere (Sarmiento and Togglweiler 1984).

Within the last decade the advent of remote sensing has provided the potential for
continual synoptic measurements of the world's oceans with the required spatial and
temporal resolution (Revelle 1985). This has encouraged the formulation of empirical
primary production models, based upon the optical properties of the ocean, as a practical
alternative for computing global oceanic production. Such models combine estimates of
the surface irradiance and its attenuation with depth, the biomass of phytoplankton in the
water column and a knowledge of the functional photosynthetic response of the
phytoplankton to the available irradiance to derive an estimate of primary production

throughout the water column,

The application of radiative transfer theory to satellite measurements of ocean
reflectance has provided a means of estimating both the spectral irradiance arriving at the
sea-surface and its subsequent attenuation throughout the water column (Gautier et al.
1980; Gautier 1982; Gordon and Morel 1983; Sathyendranath 1986). Similarly,
phytoplankton biomass concentrations in the water column may be estimated from ocean
color measurements (Morel and Frieur 1978; Pelevin 1978; Sathyendranath ez al.
1982,1983; Gordon and Morel 1983; Sathyendranath and Morel 1983). The
photosynthetic response of the phytoplankton to the incident irradiance provides the final
link between the spectral reflectance of the ocean and the rate of primary production

therein.



The photosynthetically available radiation (PAR) at any depth horizon in the
ocean is the photon flux reaching the ocean surface less any attenuation by the overlying
water column. The two most important depth-dependent properties of PAR relevant to
both the surface reflectance and water column photosynthesis are i) the photon flux
density and ii) the spectral composition of the radiation. The incident photon flux
density (PFD) is the number of photons arriving in a unit area per unit time, a quantity
often loosely called the "light intensity”. The photon flux density is defined with respect
to the geometry of the collecting surface. The scalar or 4w photon flux density (=
quantum scalar irradiance) represents the number of photons per unit area per unit time
arriving from all 4 directions. The vectorial or cosine photon flux density (= quantum
flux density or quantum irradiance) represents the number of photons impinging on a
horizontal unit area per unit time. Both measurements of PFD have the same dimensions
(photons L2 T-1). The appropriate SI unit for PFD is mol m2 s-! where a mole of photons
(6.023 x 1023 photons) is often called an Einstein (E). Although "irradiance" is often
used to denote PAR, the term strictly applies only to radiation measured in terms of
energy units (1 Watt = 1 J 1) as opposed to photon units (photons s-! or quanta s-1) and is
inappropriate for a quantum process such as photosynthesis. Differences between
measured values of scalar and vectorial PFD may arise because of the geometrical
distribution of the directionality of the arriving photons. For this reasoa it is necessary to

state explicitly which geometry is employed (scalar or vectorial) to determine the PFD.

The energy content of a photon is spectrally dependent (€ = hv = hc/A where h is
Planck's constant (6.62 x 1034 J s-1), v is the frequency (s 1), ¢ is the velocity of light (3 -
108 m 5! in vacuo) and A is the wavelength (m)). For polychromatic radiation such as
PAR consisting of photons of many wavelengths, the energy content may be computed

provided the spectral corposition (distribution) of the photons is known.



The attenuation of photons by both absorption and scattering in the water column
causes the PFD to decrease approximately exponentially with increasing depth.
Attenuation of the different wavelengths is not uniform so that the spectral composition
of PAR as well as the photon flux density changes with depth. Pure seawater acts as a
monochromator for 475 nm with the longer wavelengths being attenuated most strongly.
In the open ocean where the concentrations of dissolved and particulate material are low
it is the blue wavelengths that penetrate to the greatest depths. The appreciable
concentrations of organic particulates and dissolved "yellow substance" in coastal waters,
which absorb strongly at blue wavelengths, shift the wavelength of maximum
transmission toward the green. The spectral dependence of attenuation within the water
column also affects the spectral characteristics of the oceans surface reflectance, which is

the property detected by remote sensing.

The photon flux density and the spectral distribution of the photons uniquely
defines the photosynthetically available radiation at each successive depth horizon. Both
properties of PAR combine with the absorption propertie: of the phytoplankton to
determine the rate of photon absorption (Kirk 1975a,b,1976,1986; Morel and Bricaud
1981,1986; Bricaad et al. 1983; Bricaud and Morel 1986), and the subsequent rate of
photosynthetic transduction of the absorbed photons (Radmer and Kok 1977a,b;
Govindjee and Whitmarsh 1982).

The phytoplankton include a diverse range of phylogenetic groups possessing a
wide assortment of photosynthetic pigments with different spectral absorption
characteristics. In addition, many phytoplankton assemblages are capable of altering
their spectral absorption characteristics in response to irradiance conditions. Such
variation may result from photoadaptive variations within a single species or changes in

the species composition of the assemblage. Itis therefore important when modelling



aquatic photosynthesis to establish the photosynthetic response that is appropriate for the
phytoplankton groups present at the specific location, time and depth under

consideration.

To estimate oceanic primary production by remote sensing on a global scale, Platt
and Sathyendranath (1988) suggested partitioning the ocean into a set of regions or
provinces based upon the physiological rate parameters of the phytoplankton and the
biological structure of the water column. Within the different regions the physiological
properties of the phytoplankton and the water column structure would be considered
quasi-constant and could be established at a local scale. As both the boundaries of the
regions and the magnitudés of the characteristic parameters may be expected to change
with the season, the authors proposed the term "dynamic biogeography". The spatial
extent and potential contribution of the oceanic basins to global primary production
makes the open ocean the region of greatest interest. This is the reason that this study has
focused upon the phytoplankton assemblages characteristic of the open ocean,

particularly the assemblages of the tropical oligotrophic oceans and the "picoplankton”.

13. THE DOMINANCE OF THE PICOPLANKTON IN THE QPE AN

The discovery of the widespread existence of a population of minute, unicellular
organisms collectively termed the "picoplankton” (Johnson and Sieburth 1979;
Waterbury et al. 1979) coincided with the debate over the absolute magnitude of oceanic
primary production. While the occurance of small cells in the plankton had been
recognized for some time (Lohmann 1911; Gross 1937), they were not previously
considered to be of any quantitative significance. The picoplanktonic component isolated

by Johnson and Sieburth (1979) and Waterbury et al. (1979) comprised many cells
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containing photosynthetic membranes and were, by inference, considered to be
photoautotrophic. Of particular interest was the ubiquitous distribution of small marine,
chroococcoid cyanobacteria of the order of 1 m in diameter and assigned to the genus

Synechococcus.

The "picoplankton" have been formally defined as those organisms within the size
range 0.2-2.0 um (Sieburth ez al. 1978). However different authors have employed
different operational definitions. Most commonly, definitions are in terms of the
particulate material that passes through a membrane filter with a nominal pore diameter
of 3 um, 2 pm or 1 um (Li et al. 1983; Glover et al. 1985; Joint 1986). In some cases,
the term picoplankton has implicitly refered solely to the autotrophic or even
cyanobacterial component, so that the term "picoplankton" is rather generic. In this
study, the term picoplankton rzfers to cells passing a 3 pm Nuclepore? filter with a
pressure differential of < 100 mm Hg. For cited references, the operational definition

employed by each author should be noted.

Before their widespread discovery, material of bacterial size was traditionally
considered to be responsible solely for heterotrophic processes (ie. Sverdrup et al. 1942,
p.910). Since the discovery of the picoplankton, evidence has accumulated that this size
fraction contains a significant, metabolically active, photoautotrophic component. This
size fraction is now considered to contribute a significant proportion of the total primary
production in a variety of water masses (Li et al. 1983; Platt ez al. 1983; Glover et al.
1985,1986; Putt and Prezelin 1985; Gieskes and Kraay 1986; Prezelin et al. 1986;
Magazzu et al. 1987; Furnas and Mitchell 1988; Gradinger and Lenz 1989). The
photoautotrophic picoplankton are particularly abundant in the warmer oligotrophic
oceans where they contribute substantially to primary production. The discovery of a

photoautotrophic component of such small size, potentially overlooked or under-
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represented in earlier experimental protocols, was considered a possible cause of the

disparities surrounding primary production estimates.

14, CELL SIZE AND THE PRIMARY PRODUCTION POTENTIAL OF
THE PICOPLANKTON,

From a photosynthetic perspective, the observation that the picoplanktonic
component included a large number of prokaryotic cells corresponding to populations of
unicellular, chroococcoid cyanobacteria was of particular interest. Cyanobacteria contain
a distinctive photosynthetic pigment system based upon phycobiliproteins that contrasts
sharply with the chlorophyll g-carotenoid system typical >° the larger phytoplankton
fractions. The ubiquitous presence of these prokaryotic cells introduced the possibility
that there existed an assemblage of very small cells in the oceanic phytoplankton with
potentially high biomass-specific rates of primary production. The expectation that
picoplanktonic cells might exhibit high biomass-specific rates of primary production
compared with the larger phytoplankton component was based »von several a priori

physiological arguments. .

Throughout the biological world there is a widely recognized tendency of
intrinsic rate variables t» ircrease with de~rzasing cell size (Fenchel 1974; Banse 1976;
Blum 1977; Peters 1983; Calder 1985). The relationship is an allometric one and Platt
and Silvert (1981) have suggested that this is because of the fundamental dimensionality
of physiological processes. Higher biomass-specific physiological rates and cell division
rates generally accompany reduction in size in a broad spectrum of taxonomic groups
including both microalgae (Banse 1976; Blasco et al. 1982; Geider et al. 1986) and

phytoplankton assemblages (Taguchi and Laws 1987).
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Similar trends in the rate of photosynthesis are expected from first principles.
The absorption of irradiarice is strongly dependent upon the physical and geometrical
properties of the absorbing cells, in particular the size of the cells. The occurence of the
photosynthetic pigments in discrete packages within the thylakoids of the cell, rather than
being uniformly distributed, causes a reduction in the pigment-specific absorption cross-
section in the spectral wavebands where absorption is strongest. The implications of this
discrete packaging with regard to the potential for light absorption have been investigated
theoretically for homogeneous, herical cells by the application of Mie theory (Kirk
1975a,b,1976; Morel and Bricaud 1981; Bricaud and Morel 1986). A major conclusion
is that for a given intracellular concentration of pigment, the in vivo pigment-specific
absorption cross-section of a suspension of cells increases with diminishing cell size and
approaches that of a true solution. Geider et al. (1986) and Geider and Osborne (1987)
found that the chlorophyll g-specific absorption cross-section increases exponentially
with decreasing cell size in several diatom species in agreement with the predictions of
Mie theory. Picoplankton cells, by virtue of their small size, are expected to exhibit

higher pigment-specific absorption than larger phytoplankton cells.

Increased pigment-specific absorption should lead to higher pigment-specific
rates of photosynthesis under low irradiance. The quantum efficiency of photosynthesis
is not considered to be size dependent since the basic photochemistry appears universal
in all O,-evolving organisms (Stachelin and Arntzen 1986). Both the "leakage" (the HY
flux by lipid solution across the photosynthetic membrare) and "slippage" (the short-
circuiting of the "S-states" in O, evolution) reactions that tend to reduce the quantum
efficiency at low rates of photon absorption are independent of size per se (Raven and

Beardall 1981,1982).
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The small size of picoplankton cells also irfiuences their potential ability to
acquire nutrients both actiyely and passively. Irrespective of cell shape there is an
allometric relationship between surface area and volume. The surface area increases by a
function of the second power of the linear dimension while volume increases as a
function of the third power. Based solely upon geometrical considerations, smaller cells
have proportionately larger surface area:volume ratios than larger cells. As an example,
the expression for the surface area:volume ratio of a sphere as a function of the radius R
is (4wR2)/(4/3nR3) or 3R23, The increased surface area:volume ratio of small cells will
enhance the diffusive entry of a nutrient (such as CO, or NO;™) or the effusive exit of a
metabolite (O,, nitrogenous waste). Likewise, where nutrient acquisition is mediated by
a membrane porter, the relative area of plasmalemma available for such porters is greater

in small cells.

Eppley et a.. (196§) provided the first experimental support for the notion that
small cells have an enhanced ability to acquire natrients such as nicrate or phosphate
when these nutrients are present at low concentrations. In several species of marine
phytoplankton the half-saturation constants (k,,, , the concentration supporting an uptake
rate one-half the maximum rate) were approximately proportional to the cell size and
inversely proportional to the specific growth rate. Similarly, Suttle and Harrison (1988)
report that the < 3 pm size fraction in an oligotrophic freshwater lake, consisting largely
of unicellular Synechococcus-like cyanobacteria, accounted for 43-88% of the total
saturated uptake of NH,T and exhibited lower k,,, values than the > 3 um size fraction.
In reviewing the subsistence cell quotas for both phosphorus and nitrogen, Shuter (1978)
found a strong dependence on cell size in a wide variety of bacteria, cyanobacteria and
eukaryotic unicellular algaie. The minimum nutrient content per cell increased

allometrically with cell size as measured by cell volume or carbon content. These results
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emphasize the potential advantage of small cell size for nutrient acquisition in the

nutrient-poor oligotrophic oceans.

An additional advantage of small size for photoautotrophs in the pelagic
environment concerns the rate of sinking through the euphotic zone. Setting aside any
possible physiological or morphological adaptations to reduce cell density that might
prolong the residence time within the euphotic zone, the sinking rate of a sphere is:

2
2t g @ -p)
on

where Vv is the velocity of downward movement (m s-!), r is the radius of a spherical
cell (m), g is the acceleration due to gravity (= 9.807 ms-2), p’ is the density of the
cell (kg m3), p is the density of the medium (kg m-3) and n is the dynamic viscosity of
the medium (kg m-! s-1). For a given cell in a given medium, the sinking rate is directly
proportional to the square of the radius. For seawater p 2 1026 kg m3 andn 29.1 x 10+
kg m! s while the density of cells (p’) is typically = 1075 kg m3. Application of these
typical values implies that a 100 um diameter cell will sink 26 m d-, a 10 pm diameter
cell will sink 0.26 m d-1 while a 1 pm diameter cell will sink 2.6 mm d-1. This means the
latter would take 50 years-to sink through a 50 m euphotic zone (Raven 1986). This
simple analysis implies that the rate of sinking attained by picoplanktonic cells is
negligible by virtue of their diminutive size. The actual residence times of picoplanktion
cells within the mixed layer of the ocean is thus governed primarily by the convective
movement of water within the surface mixed layer and may result in extended residence

times in the euphotic zone.
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Raven (1986) has explored several additional biochemical and physiological
consequences arising solely from a consideration of size. The general conclusion is that
small cells have an increaéed capacity to utilize resources particularly when resources are
limiting. The observed decrease in cell size in many phytoplankton cells in response to
resource limitation (photons or nutrients) tends to increase the cells' capacity to acquire
those resources in a low-resource environment (Raven 1986). This must be regarded as
an important feature because of the prevalence of oligotrophic conditions throughout the

euphotic zone of the world's oceans.

Finally, theoretical arguments based upon the relative abundance of organisms of
different size in the marine ecosystem suggest that the smaller size fractions are of
greatest importance (Platt and Denman 1977,1978; Silvert and Platt 1978,1980; Platt and
Silvert 1981; Platt 1985). The general tenet is that the magnitudes of the physiological
rates of the component oré,ranisms control the flux of energy through an ecosystem. As
biomass and energy flows through the pelagic ecosystem migrating from particles of
small size to those of larger size, the biomass-specific rates of growth, reproduction and
respiration of the organisms control the turnover of material within each size class.
Because biomass-specific rates may be described by a decreasing power function of size,
the biomass size spectrum (the relative abundance of different sized organisms per
volume of water) is also allometric in form (Platt and Denman 1977,1978). This biomass
size spectrum, plotted on logarithmic co-ordinates, has a negative slope reflecting the

decreased concentrations of biomass in the successively larger size classes.

Actual biomass size spectra of the organisms in pelagic ecosystems are
accumulating. For oceanic waters the data of Beers et al. (1975,1982) extended by
Rodriguez and Mullin (1986a,b) from the central gyre of the North Pacific, which covers
the range from 2 pm - 7 mm, is considered applicable (Platt et al. 1984; Platt 1985). The
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slope (-0.22) of the theoretical function relating the abundance of various biomass size
classes to their size, predicted by Platt and Denman (1977,1978) from physiological
grounds, agrees closely with that computed for the microplankton (-0.20 to -0.23) from
the North Pacific Central Gyre (Platt ef al. 1984). Unfortunately the end of this spectrum
representing the smaller size classes is unreliable. This arises from the fragility of small
forms and the absence of any data for size classes < 2 pm, thereby excluding the
picoplanktonic component (0.2 - 2 pm). Extrapolation of the slope of the biomass
spectrum below 2 \lm may not be justified since the data shows a decrease in biomass

over the three smallest size classes (10 pum to 2 yum).

This caveat to the extension of the slope of the biomass spectrum to even smaller
size classes may result from the existence of a "microbial ioop". This hypothesis
suggests that a significant proportion of the net primary production is channelled initially
through a pool of dissolved organic matter that is utilized by small heterotrophic bacteria
prior to being available to the larger phagotrophic microzooplankton (Azam et al. 1983;
Fenchel 1988). In the likely event of high rates of metabolite excretion by
microzooplankton, which consist mainly of heterotrophic flagellates and ciliates, the
microzooplankton become a major determinant in the remineralisation of nutrients in the
ocean. This role was traditionally assigned to bacteria. This process would represent a
flow of material through the biomass continuum in the opposite direction from that of
small to large and would result in a reduction of the biomass concentrations in the

smaller size classes.

The ensemble of physiological properties associated with small size, and the
likely dominance of the small size classes in the biomass spectrum of the pelagic
ecosystem, suggests that the picoplankton play a crucial role as the principal primary

producers in the food web of the open ocean. As such, establishing upper limits to
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primary production in the open oceans requires a quantitative assessment of the
photosynthetic capacity of the picoplankton throughoui the water column. A quantitative
estimate of the photosynthetic contribution of the picoplanktonic component is also
central to the way we perceive the structure and function of the pelagic ecosystem,

particularly in the oligotrophic open ocean.

1.5, DANCE TRIBUTI I1CO-

PLANKT ANIC PRIMARY PR T1

The initial reports of Johnson and Sieburth (1979) and Waterbury et al. (1979)
emphasized the presence of cyanobacteria irn the picoplankton fraction. The orange
fluorescence emitted by the photosynthetic pigment phycoerythrin clearly distinguished
the cyanobacteria. Cyanobacterial abundances have been determined in waters from the
tropics, subtropics, temperate oceanic and shelf seas, and polar waters. Concentrations
range from 105 to 108 cells per liter (Johnson and Sieburth 1979,1982; Waterbury et al.
1979,1980; Krempin and Sullivan 1981; Li et al. 1983; Platt et al. 1983; Douglas 1984,
Caron et al. 1985,1986; Davis et al. 1985; Moriarty et al. 1985; Murphy and Haugen
1985; Nelson et al. 1985; Smith et al. 1985; Glover et al. 1985,1986a,b; Putt and Prezelin
1985; Takahashi et al. 1985; Craig 1986; El Hag and Fogg 1986; Fahrenstiel et al. 1986;
Hardy et al. 1986; Iturriaga and Mitchell 1986; Krogmann et al. 1986; Joint 1986;
Prezelin et al. 1986; Wheeler and Kirchman 1986; Zaika 1986; Zevenboom 1986; Flik et
al. 1987; Marchant et al. 1987; Campbell and Carpenter 1988; Carpenter and Campbell
1988; Glover et al. 1988; Iturriaga and Marra 1988; Jochem et al. 1988; Legendre et al.
1988; Lochte and Turley 1988; Olsen et al. 1988; Shapiro and Haugen 1988; Stockner
1988).



16

Eukaryotic cells are also recognized as a substantial component of the
picoplankton. Eukaryotes may account for as much as 90% of the total number of
chlorophyll-containing organisms in the picoplankton (Murphy and Haugen 1985; Glover
et al. 1985). For the North Atlantic the numbers of eukaryotic cells are generally an
order of magnitude less than the numbers of cyanobacteria. Considerably less
information is available regarding the abundance of the eukaryotic component of the
picoplankton. This results from the lack of a characteristic spectral fluorescence
signature that would permit their discrimination from the larger phytoplankton
components in unfiltered seawater. At present, the only way of estimating their
abundance is by measuring the red fluorescence signal of chlorophyll g following
filtration through a membrane filter of appropriate pore size. This approach is
unsatisfactory as many eukaryotes are fragile and filtration can result in either their
complete destruction or deformation such that larger cells successfully pass through the
membrane. Thomsen (1986) has recently published a taxonomic survey of the eukaryotic

components of the picoplankton.

In the warm oligotrophic regions of the oceans there is a strong permanent
pycnocline with an associated deep subsurface chlorophyll maximum. Chlorophyll
concentrations in the subsurface maximum are often an order of magnitude greater than
in the overlying surface mixed layer. Bienfang and Szyper (1981) have reported that >
80% of the subsurface chlorophyll maximum off Hawaii consisted of small
phytoplankton (< 5 pm). Takahashi and Bienfang (1983) found that a similar percentage
(80%) of the chlorophyll maximum was < 3 im, and Bienfang and Takahashi (1983)
report that small cells were also present in the surface layer. The current evidence
suggests that the picoplankton (sensu latu) are the most abundant in the subsurface
chlorophyll maximum, at least in oligotrophic waters (Bienfang and Szyper 1981; Furuya r

and Marumo 1983; Takahashi and Hori 1984).
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Vertical profiles of cyanobacterial abunaance from a large number of stations
taken along a longitudinal transect from Woods Hole, Massachusetts, USA (42°N) to
Punta Arenas, Chile (53°S) reveal cyanobacterial numbers to be very constant throughout
the euphotic zone. Occasionally a distinct subsurface maximum was observed
(Waterbury et al. 1986). In the surface mixed layer of the Celtic Sea the numbers of
cyancbacteria varied little with depth, although this homogeneity may have resulted from
wind-generated mixing of the surface layer (Joint 1986). Whether the picoplankton are
responsible for the actual formation of the subsurface chlorophyll maximum, particularly

in tropical oceans, remains an onen question.

In temperate waters where the development of a thermocline is seasonal, the
development of a subsurface chlorophyll maximum occurs on a much shorter time scale.
Nano- and micro-plankton dominate these chlorophyll maxima with little significant
contribution by picoplankion (Krerapin and Sullivan 1981 (< 2 um); Glover et al. 1986a
(< 1 um); Joint 1986 (review)). Both the abundance and photosynthetic contribution of
picoplankton vary considerably in temperate regions and depend upon the physical
properties of the water mass. In particular the seasonal temperature strongly influences

abundance and photosynthetic activity.

Glover et al. (1985) found that the picoplankton (< 3 um) of Georges Bank in the
Gulf of Maine contained both eukaryotes and cyanobacteria. Cyanobacterial numbers
were lowest in well-mixed surface waters accounting for 66% of the picoplanktonic
fraction while their contribution was greatest (91%) at the least productive stations. A
more extensive analysis found the abundance of picoplankton (< 5 ptm, <1 im and < 0.6
pm) to differ signiﬁcantly. in three diverse water masses ia the Northwest Atlantic Ocean

(Glover et al. 1986a). Larger phytoplankton dominated a coastal front in the Gulf of

e
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Maine while the 0.2 - 0.6 pm size fraction made a major contribution to the standing crop
of chlorophyll in the modified Sargasso water of a warm-core eddy in the same vicinity.
Surprisingly, Synechococcus spp. dominated the 0.6 - 1.0 um size fraction at an inshore
station at Wilkinson's Basin in the Gulf of Maine. Largest numbers occurred at the 18%
isolume co-incident with the chlorophyll maximum with concentrations equal to those

recorded in tropical waters.

The mere numerical abundance of picoplanktonic cells in the euphotic zone
cannot be automatically equated with a significant contribution to photosynthesis
throughout tiie water column. However preliminary evidence suggests that picoplankton
contribute significantly to primary production in several ocean regions. In the North
Equatorial Current of the North Atlantic Gieskes et al. (1979) found that 20-30% of the
carbon fixed in primary production experiments passed a 1 pm Unipore® filter, with a
further 16% passing a 3 um filter. In the tropical North Pacific Li et al. (1983) found that
the percentage of the total primary production attributable to cells passing a 1 pm
Nuclepore® filter increased from 20% in surface waters to over 80% at 2 depth of 70 m.
Platt et al. (1983) reported similar results for an open ocean site west of the Azores in the
subtropical Atlantic. About 60% of the total primary production at the subsurface
chlorophyll maximum could be attributed to cells passing a 1 pum Nuclepore® filter.
Comparable contributions by picoplankton have been reported for other tropical and sub-
tropical waters. Takahashi and Bienfang (1983) found cells < 3 pm in diameter
contributed 77-82% of the total 14C fixation in oceanic waters off Hawaii. Magazzu et al.
(1987) found that material passing a 1 pm Nuclepore® filter accounted for 56-63% of the
biomass and 24-43% of the total primary production in the Strait of Messina. Similarly,
Waterbury et al. (1986) found that 11% of the primary production in the upper 80 m

could be assigned to Synechococcus spp. at a station in the Sargasso Sea.
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Picoplankton production is also significant in temperate waters. Picoplankton (<
1 um) accounted for 20-30% of the primary production in the summer months in waters
over the European continental shelf (Joint and Pomeroy 1983). Extending their analysis
to all seasons, Joint et al. (1986) estimated that the picoplankton (< 1 jum) contributed
22.4% to total annual primary production. Cells <5 um contributed a further 40.7%.
The upwelling region of the Benguala current off southern Africa yielded comparable
results. The picoplankton contributed an estimated 27% of the primary production based
uron 15N uptake experiments (Probyn 1985). This contribution dropped to 10% in
coastal stations. Using methods designed to measure the contribution of marine
cyanobacteria to total progluction in the waters of Woods Hole during the summer
months, Waterbury et al. (1986) found that Synechococcus spp. contributed between 10

and 24% of the total photosynthetic incorporation of 14C throughout the euphotic zone.

As with cell numbers, the picoplanktonic contribution to total primary production
also depends greatly upon water type. In waters from a coastal front in the Gulf of
Maine, the major contributors to both chlorophyll concentration and primary production
were cells > 5 pm (Glover et al. 1986a). Synechococcus spp. accounted for only 6% of
the in situ primary production. In contrast, Synechococcus spp. contributed 25% of the
in'agrated primary production in the modified Sargasso water of a warm-core eddy (84-
E), a site where the 0.2 - 0.6 um size fraction equalled or exceeded the contribution made
by larger size fractions to both chlorophyll and primary production. Similarly, at an
inshore station at Wilkinsc;n's Basin, Synechococcus spp. dominated the 0.6 - 1.0 pm size

fraction and contributed 46% of the in situ integrated primary production.

Local oceanic anomalies may also increase the abundance and the relative
photosynthetic contribution of the picoplankton in temperate waters over short time

scales. Putt and Prezelin (1985) found chroococcalean cyanob icteria dominated the
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chlorophyll maximum in the Santa Barbara Channel during the Californian "el Nino"
event in the summer of 1983, accounting for over 80% of the biomass. Numbers of
cyanobacteria were twice those previously described (Krempin and Sullivan 1981) and
matched those reported from other coastal waters. Concomitantly, the picoplankton
contribution to chlorophyll-based primary production increased such that 75% could be
associated with cells <5 pm in diameter, a size fraction dominated by cyanobacteria.
The overwhelming presence of cyanobacteria in Californian coastal waters, normally
dominated by diatoms and dinoflagellates, was attributed to the weakening of the
southerly flow of the California Current System coincident with the enhanced inflow of

warmer offshore waters,

The only Arctic information is that provided by Smith ez al. (1985) for the eastern
Canadian Arctic and by Gradinger and Lenz (1989) for the East Greenland current at
80°N. Smith ez al. (1985) report that the picoplanktonic component was responsible for
10-25% of the primary production in late summer. Gradinger and Lenz (1989) found the
number of cyanobacteria decreased from warm Atlantic intermediate water to the cold
Polar water where they were practically absent. In Antarctic waters Marchant et al.
(1987) found the numbers of cyanobacteria decreased exponentially with decrease in
temperature in the surface waters along a transect between Australia and Antarctica.
Similarly the absence of Synechococcus cells from the waters of McMurdo Sound on the
Ross Ice Shelf (Waterbury ez al. 1986) suggests that picoplankton may also be of little
significance in Antarctic waters. It would appear that picoplanktonic cyanobacteria are

of little quantitative significance in polar waters.

There is a clear relation between latitude and cyanobacterial abundance with a
strong trend toward decreasing numbers at higher latitudes (Murphy and Haugen 1985).

Interestingly the only samples not to yield marine cyanobacteria were collected from the

.+ ail]
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Ross Ice Shelf in Antarctica (Waterbury et al. 1986). Temperature is considered the
determining factor (although possibly indirectly) as there is a strong correspondence
between increasing temperature and the upper limit of cyanobacterial abundance (Joint
1986). A similar relation between cyanobacterial numbers and temperature occurs in the

freshwater system of Lake Ontario (Caron et al. 1985).

Several recent reviews provide further details of the physiology and ecology of
marine Synechococcus spp. and the geographical distribution of picoplankton (Glover

1985; Fogg 1986; Stockner and Antia 1986; Platt and Li 1986).

16. PHOTOSYNTHETIC CHARACTERISTI F THE PICOPLANKTON

Preliminary studies of the P-I response of marine cyanobacteria (Morris and
Glover 1981; Glover and Morris 1981; Barlow and Alberte 1985; Kana and Glibert
1987a,b) and field populations of picoplankton (Li et al. 1983; Platt et al. 1983; Glover et
al. 1985,1986a; Putt and Prezelin 1985; Iturriaga and Mitchell 1986; Prezelin er al. 1986;
Magazzu et al. 1987; Furnas and Mitchell 1988) suggest that the assimilation numbers
(P,2) and photosynthetic efficiencies at low light (a8) of picoplanktonic cells are
significantly greater than those of larger phytoplankton. PFDs corresponding to the light-
adaptation parameter (/, = P,B/0B), the optimal photosynthetic PFD (/) and the PFD
marking the onset of photoinhibition (1), are all lower in the picoplankton. The
increased photosynthetic efficiences observed under low light conditions (higher o)
would permit the picoplankton to exploit low light environments. This would extend the

lower depth limit of photosynthesis in the ocean.
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There is not much information on the spectral characteristics of picoplankion
photosynthesis. The phylogenetic identities of the major picoplankton components are
still preliminary and undergoing rapid revision as new and different isolates are
continually being identified (ie. Chisholm et al. 1988). Indeed the relative importance of
prokaryotes and eukaryotes remains contentious. The early consensus suggested the
dominance of the cyanobacteria together with several eukaryotic algae. Among the
cyanobacteria, those containing phycoerythrin appear dominant in the open ocean
(Waterbury et al. 1986; Olsen et al. 1988), cyanobacteria with phycocyanin as their
principal light-harvesting pigment are only of importance in coastal or estuarine

environments (Waterbury et al. 1986).

Experiments conducted in the open ocean at depths corresponding to the depth of
collection show that cyanobacterial clones containing phycoerythrin (Synechococcus spp.
WH 7803 and WH 8018) have higher photosynthetic rates at depth in clear ocean water
than clones that utilize phycocyanin (Synechococcus sp. WH 5701) (Wood 1985). The
rank order of cyanobacterial clones in terms of their relative ability to photosynthesize at
depth correlated with the capacity of their light-harvesting pigments to absorb the
wavelengths that successfully penetrated to depth. Under artifical light the two
eukaryotic species (Thalassiosira oceanica Hasle and Heimdal (clone 13-1) and Paviova
sp. (clone NEP)) and the cyanobacterium Synechococcus sp. WH 7803 had similar P-I
relationships. At depth however, the two eukaryotic species had higher photosynthetic
rates at low light levels than Synechococcus sp. WH 7803. This difference was
interpreted in terms of the organization of the photosynthetic apparatus in both groups.
Specifically, that the Soret absorption band of chlorophyll g can "drive photosynthesis to
a greater extent in eukaryotes than [in] the marine Synechococcus" (Wood 1985). Glover

et al. (1986b) obtained similar results, showing that picoplanktonic eukaryotes had
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greater photosynthetic efficiencies at low light levels (ot8) in blue light than the

cyanobacteria, even when photosynthetic rates were normalized to chlorophyll.

The existence of both cyanobacteria, with a photosynthetic apparatus based upon
phycobiliproteins and chlorophyll g, and eukaryctes whose photosynthetic pigmentation
was similar to the chlorophyll g-chlorophyll ¢-carotenoid system present in the larger
phytoplankton groups, suggested that the picoplankton potentially represented a
spectrally diverse group. Furthermore, as a phylogenetic group the cyanobacteria can
modulate their spectral absorption characteristics in response to the photon flux density
(intensity adaptation: Raps et al. 1983; Barlow and Alberte 1985; Wyman and Fay
1986a), the speciral distribution of the incident photons (chromatic adaptation: Fujita er
al. 1985; Manodori and Melis 1986a,b; Fujita ez al. 1987), temperature (Anderson et al.

1983) and the external svnply of a wide selection of nutrients (Bryant 1986).

17. MODELLING GLOBAL PICOPLANKTON PHOTOSYNTHESIS.

Since the picoplankton constitute a significant component of the photosynthetic
biomass in the pelagic ecosystem, any serious effort to model oceanic primary production
must take their photosynthetic characteristics into account. Initial analyses suggest that
the optical properties of the ocean may be related to both the biomass concentration and
the rate of primary production within the water column (Platt 1986; Lewis et al. 1986;
Sathyendranath 1986; Platt and Lewis 1987; Platt et al. 1988b). Additionally, the unique
spectral signature of the phycobiliprotein pigments comprising the pho.osynthetic
apparatus of cyanobacteria permits the discrimination of this picoplanktonic component
from the remainder of the phytoplankton. Fluorescent signals from the phycobiliprotein

phycoerythrin in the ocean have already been remotely detected by satellite (Exton et al.
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1983; Hoge and Swift 1983). Remote sensing therefore provides the potential for
providing estimates of both the total primary production and the relative contribution by

the phycobiliprotein-containing picoplankton (Sathyendranath 1986; Platt 1986).

Establishing a quantitative relationship between photosynthesis and available
irradiance represents a point of departure for developing algorithms for computing
oceanic production (Vollenweider 1965; Patten 1968; Straskrabi 1974; Bannister 1974;
Platt et al. 1977, Platt and Gallegos 1980; Baumert and Uhlmann 1983). Estimation of
the integral primary production beneath an area of ocean requires a mathematical model
that describes the rate at which photosynthesis will occur at the different depth horizons
throughout the water column. Since irradiarnce is considered the limiting environmental
variable, estimates of depth-integrated photosynthesis rely upon quantitative descriptions
of the attenuation of irradiance with depth and the dependence of photosynthesis upon
irradiance. Considerable attention has been devoted to the nature of the underwater
irradiance field in the open ocean (Preisendorfer 1961; Jerlov 1976; Tyler and Smith
1970; Kirk 1983). The photosynthetic response of oceanic phytoplankton to different

irradiance fields has received much less attention.

In general, the importance of the photon flux density or the spectral distribution of
the photons in governing the photosynthetic response have been assessed independently.
Experimental data regarding the photosynthetic response of phytoplankton have focused
exclusively upon the relationship between photosynthetic rate and photon flux density,
the so-called photosynthesis-irradiance (P-I) relationship (Jassby and Platt 1976; Platt
and Jassby 1976; Platt et al. 1977; Bannister 1979; Platt and Gallegos 1980; Platt ez al.
1980; Gallegos and Platt 1981). These studies gave little regard to the spectral
composition of the incident photons. Analysis of the photosynthetic response to the

wavelength of the incident photons (the action spectrum of photosynthesis or P-S
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relationship) has been restricted to laboratory cultures of selected species and has been
limited to low photon flux densities, where the photosynthetic rate is a linear function of
the photon flux density (Myers and French 1960; Bannister and Vrooman 1964; Myers
and Graham 1963; Jones and Myers 1964; Eley and Myers 1967; Malkin 1967; Myers
1971; Wang and Myers 1976a,b; Wang et al. 1977; Ried et al. 1977; Ried and Reinhart
1977).

A complete description of the photosynthetic response to submarine irradiance
requires a mathematical model that incorporates the effects of spectral composition of the
incident photons together with the response to increasing photon flux density (what might
be termed a P-S-Iresponse). As will become apparent in the later discussion,
incorporation of the spectral nature of the incident photons into the P-I response is
particularly important in any model of the photosynthetic response of phytoplankton

aimed at including the picoplanktonic component.

Chapter 2 reviews the previous mathematical formulations employed to describe
the photosynthetic response of phytoplankton in terms of the incident photon flux density
(the P-I response). The form of the P-I response is discussed in terms of calculating the

integral primary production beneath an area of ocean surface.

Chapter 3 provides a theoretical framework for including the spectral dependence
of photosynthesis. The general approach adopted is the independent decomposition of
the photosynthetic response in terms of both the photon flux density (P-I response) and
the photon wavelength (P;S response). The results are then combined to yield the
photosynthetic rate attainable under any specific photon flux density and spectral
distribution (the P-S-I response). Several successively more complex approaches to

combining P-I and P-S responses are examined. Each is discussed in terms of providing
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a sufficiently quantitative description of the photosynthetic response under polychromatic

irradiance.

The first solution constitutes a straightforward spectral weighting of the P-I
response based upon the spectral absorption characteristics of the phytoplankton. The
second approach, based upon the principles embodied in classical action spectroscopy,
provides a spectral correction for the absorbance characteristics of the photosynthetically
active pigments. This simple approach assumes that photosynthesis can be modelled as a
single photoreaction whose spectral dependence may be determined from the P-1
response determined in monochromatic irradiance. In this case the action brought about
by photons of one wavelength are independent of that brought about by another such that
their sum is simply additive. Two photosynthetic models are then introduced that may be
scaled according to the deduced monochromatic action spectra. The first represents a
simple empirical function designed to describe the observed P-S-I response from a
geometrical perspective. The second is a simple rational model based upon Poissonian
statistics that attempts to explain both photosynthesis and photoinhibition in terms of

target theory.

Finally, the inter-dependent effects of photons of different wavelengths in
determining the rate of photosynthesis are discussed. Such effects cause the combining
of photons of different wavelengths to act in a non-additive fashion. This requires the
introduction of analytical models to describe the photosynthetic process under
polychromatic irradiance. This approach models photosynthesis in terms of two serially-
linked photoreactions with independent spectral responses. In this model the quantum
yield of photosynthesis is variable and is a function of the spectral distribution of the
incident irradiance, the action spectra of both photoreactions and interaction the two

photoreactions.
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Chapter 4 describes the materials and procedures employed to determine the
absorption and photosynthetic response as a function of photon flux density and

wavelength.

Chapter 5 describes the P-I relationships obtained for laboratory cultures of
selected picoplanktonic species determined under "white", "blue" and "green"
polychromatic irradiance. The relative abilities of various empirical mathematical

formulations for describing this relationship are compared.

Chapter 6 describes the absorption spectra of both laboratory cultures of
picoplankton and natural seawater samples collected from several oceanographic
regimes. These spectra are critically examined with the view to using the absorption

spectra for spectrally weighting the P-I response.

Chapter 7 discusses the photosynthetic action spectra and quantum yield spectra
determined for both picoplankton cultures and natural water samples under
monochromatic irradiance. Action spectra and quantum yield spectra are evaluated as
means of incorporating the spectral dependence of photosynthesis into a compreiensive

P-S-I model.

Finally, Chapter 8 provides a general discussion of these results. The various
spectral photosynthesis models are examined in relation to i) modelling primary
production throughout the water column and ii) estimating the importance of the

picoplanktonic contribution to global primary production.
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CHAPTER 2

NON-SPECTRAL PHOTOSYNTHESIS-IRRADIANCE MODELS
- AREVIEW,

2.1, THE PHOTOSYNTHETIC RESPONSE TO PHOTON FLUX DENSITY,

The photosynthetic response of autotraphic cells to increasing photon flux density
(PFD) is very uniform, despite the phylogenetic diversity of photoautotrophs. The
response may be described by a curve that may be partitioned into three or sometimes
four regions. At very low PFDs, below the compensation point (~2-20 pmol m-2 s-1),
where the magnitude of the photosynthetic and respiratory rates are similar, the rate of
photosynthetic oxygen evolution is a non-linear function of PFD (Kok 1949). This non-
linearity is considered to arise from increased suppression of the respiratory reactions
with increasing PFD. Measurement of the photosynthetic rate by isotopic (#4C)
incorporation at these PFDs is also complicated by the fact that it is unclear whether the
method measures net or gross photosynthesis (Bidwell 1977; Harris 1980; Peterson 1980;

Dring and Jewson 1982; Smith and Platt 1984; Sondergaard 1988).

Above the compensation point at a PFD of between 2-20 to 50-100 pmol m?2 s,
photosynthesis is directly proportional to irradiance and photosynthesis is considered to
be light-limited. Depending upon the organism and the method by which photosynthesis
is measured (fe. #C or O,) extrapolation of the linear portion of the curve to zero PFD
results in the response intersecting the ordinate at some negative value. For reasons of
pragmatism the point where the curve intersects the vertical axis has been interpreted as

the magnitude of dark respiration, although this interpretation is oversimplified (Jassby
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and Platt 1976). In many cases such extrapolation passes sufficiently close to the origin

that any offset can be ignored.

At higher PEDs (typically 100-200 pmol m2 s-1) the rate of photosynthesis
reaches a maximum at which point photosynthesis is no longer considered light-limited
but rather is light-saturated. Above this threshold the photosynthetic response may or
may not exhibit photoinhibitory decreases in photosynthetic rate. Where there is no
photoinhibition the photosynthetic rate remains maximal up to 2000-3000 pmol m2 -1,

the PFD characteristic of full sunlight.

In many cells photoinhibition occurs and is evidenced by a decrease in the
photosynthetic rate above a threshold PFD. Where the onset of photoinhibition occurs at
low PFD (at or below the transition from light-limited to light-saturated photosynthesis) a
pronounced peak in the P-I response is defined yielding a maximal photosynthetic rate at
a specific PED. If photoinhibition does not occur until higher PFDs then the P-I response
a is characterized by a broad plateau where the photosynthetic rate is maximal over a

range of PFDs.

A wide variety of analytical expressions have been employed to describe the
photosynthetic response of cells to increasing PFD. To date, no single expression has
been accepted as the "best" or most appropriate choice. The expression chosen is
generally based upon characteristics of the data set (ie. whether photoinhibition is
present) and the ultimate purpose for which the photosynthetic measurements were made.
Alternative formulations reflect differences in the rationale employed to justify their

particular choice.
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22. TYPES OF P-l MODELS.

Models of the photosynthesis-irradiance response may be classified according to
the rationale behind their formulation. Platt et al. (1977), following the principles
described by Lucas (1964), have distinguished between empirical and rational models

according to the models internal structure.

Empirical models are constructed with little or no regard for the underlying
mechanism of the system. They are mathematical models which have the sole objective
of describing the essential features of the available data with adequate precision as simply
as possible. As such, they reduce to an exercise in curve-fitting. Two opposing criteria
govern the choice of the appropriate mathematical expression: i) precision, which may
be increased by the addition of extra parameters and ii) the principle of parsimony which
dictates that the number of parameters employed should be the minimum required to
adequately describe the data. The degree of "adequacy" is arbitrary although some
objective criterion is usually used. Such empirical representations describe a family of
curves according to a certain equation with particular members of the family being

specified by particular sets of parameter values.

The actual mathematical expression chosen is often based solely upon
mathematical intuition as to what function is likely to match the data set based upon
visual inspection. A major detraction to empirical models of this sort is that the
parameters are often unintérpretable due to the arbitrariness and lack of structure of the
model. Most of the mathematical models that have been applied to the relationship
between photosynthesis and PFD were formulated with some regard to the possible

underlying biology. While this basis is undoubtedly overly-simplistic, it does mean wic..
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such models are not strictly empirical and are more accurately described as semi-

empirical.

In contrast, rational models are more highly structured and admit a minimum of
arbitrariness. They are based upon the way in which the system is perceived to function
and only admit assumptions concernirg the less-well understood aspects of the system
that may be considered reasonable. Rational models have the advantage that the
parameters are interpretable with respect to the real system and their derived values
provide insight into the underlying mechanism of the system. Mechanistic or
reductionist models are a subset of rational models wherein the behavior of one level of

the system is described in terms of the organization at a lower level of the system.

Application of such reductionist models to the relationship between
photosynthesis and irradiance have been very rudimentary despite the potential of this
approach. This stems in part from two historical perceptions of photosynthesis. Firstly,
that the underlying mechanisms of photosynthesis are so poorly understood that a
realistic model cannot be constructed. And secondly, that the process is so complex that

an adequately realistic model would contain such a large number of interrelated

parameters that their values could not be ascertained unequivocally because of the lack of

information in the P-I curve. In mathematical terms, a single P-I curve could represent

an infinite number of solutions to the model parameters.

23. EMPIRICAL MODELS,

At one end of the spectrum of possible models are those that are strictly

mathematical formulations. For a mathematical formulation to be considered acceptable

the parameters should be mutually independent. For reasons of parsimony the number of
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independent parameters should be kept to a minimum consistent with providing an

adequate description of the data.

The relationship between photosynthesis and irradiance up to a PFD where
photoinhibition begins is most simply described as a saturation-type response. As such, a
minimum of two independent parameters are required for its complete description. The
early descriptions of light saturation curves of photosynthesis were formulated with a
variety of different parameters, each possessing a unique geometrical interpretation
according to the mathematical formulation employed. By analogy with the saturation
constant K, in Michaelis-Menten enzyme kinetics, these equations were most frequently
formulated in terms of a parameter that represented the PFD where the photosynthetic

rate switched from being light-limited to light-saturated.

Various symbols were employed for this parameter, often referred to as the "light
adaptation" parameter, the most common being "I,”. In several cases the same symbol
was employed for this parameter despite the fact that parameter's definition differed in
the different formulations. Consequently the term 7, is somewhat "generic” in that its
definition is not constant across the different mathematical formulations (see below).
Furthermore, the parameter I, is dependent upon the parameter describing the maximum
light-saturated rate of photosynthesis (P,2) and so is not strictly an independent
parameter. The precise form of this dependency varies according to the mathematical

formulation employed (see Table 2.1).

Mathematical representations of several light-saturation curves which exclude

photoinhibition have been discussed by Jassby and Platt (1976), Platt and Jassby (1976),
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Platt et al. (1977), and Lederman and Tett (1981). For the purpose of comparison, Jassby
and Platt (1976) and Platt et al. (1977) recast a number of these early formulations in
terms of two common parameters: o3, the slope of the light-saturation curve as the PFD
tends to zero, and P,8, the maximum photosynthetic rate as the PED tends to infinity.
The initial slope of the photosynthesis-irradiance curve when photosynthetic rate is
normalized to biomass, o3, is defined as:

o P8
aB = e N————

al I-0 ~(2.1)
The maximum rate of photosynthesis normalized to biomass, P8, is also frequently
referred to as the assimilation number. These two parameters, 0 and P, B, are all that are
required in all two-parameter formulations. While they are geometrically independent, in
practice they are often found to be correlated. Use of these two parameters also permits a

specific definition of the ligh adaptation parameter /, where:
I, = P.BluB ..(2.2)
that is consistent for all of the different mathematical formulations.

Following the postulate of Liebig (1840,1843) known as the "law of the
minimum" which suggested that crop yields were determined by the single nutrient
element present in lowest .conccntration, Blackman (1905) suggested that the rate of any
physiological process is proportional to a single rate-limiting factor. As the availability
of one factor increases it reaches a point where it is no longer limiting and the process
becomes limited by another factor. Extending this principal to the light-saturation curve
of photosynthesis, Blackman (1905) proposed that the relationship could be described by

the function:
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pP.B
PB = oBJ for I £ —
aB
PB
= pP.B for I > —
oB «.(2.3)

This expression was subsequently been employed by Riley (1946) and Sverdrup
(1953) in their analyses of aquatic primary production.

Since most experimental P-I data exhibited a gradual transition from the initial
light-limited portion where photosynthesis increases linearly with increasing light (P8 =
08]) to the region where photosynthesis remains maximal and constant (P8 = P,58), an
analytical description of this curvature was desirable. Baule (1917) appears to be the first
to employ an exponential expression to describe the photosynthesis-irradiance
relationship. As a purely empirical expression this form has since been applied by
several authors (ie. Webb et al. (1974):

-(XBI/PMB]

PB pP,B [1 - exp ..(2.4)

This formulation approaches saturation more rapidly than the rectangular hyperbola (see
below) and is characterized by an extended linear portion at low light intensities. Asa
result this expression generally provides a good fit to experimental data. As a certain
rationale may be employed to justify its choice this formulation is discussed further under

rational models below.

A minor modification of this exponential relation aimed at providing a steeper
early response and more gradual final approach to the asymptote was suggested by

Thornley (1976):



-P,,,B/(X.BI]

o= wfl-ep ~(2.5)

This formulation has not been employed with respect to phytoplankton,

By analogy with the Michaelis-Menten curve of enzyme kinetics, several authors
including Baly (1935), Arnold (1935) and Burk and Lineweaver (1935) employed the
simple rectangular hyperbola to describe the relationship between photosynthesis and
irradiance:

PB aB I
pB =

PE + oI (2.6)

The subsequent use of this curve has been extensive largely because of the analogy to
enzyme kinetics. In the context of modelling aquatic photosynthesis it has been

employed by Tamiyu (1951) and Eppley and Sloan (1966) among others.

A major disadvantage of the rectangular hyperbola in describing light-saturation
curve of photosynthesis is that the rate of change in the gradient is greatest as the light
intensity tends to zero. The result is that as the PFD increases the rate of photosynthesis
predicted by the curve decreases too rapidly compared to the experimental data, that is,
the gradient of the curve (0P/dl) decreases too quickly. Experimental curves tend to
exhibit an extended linear portion with more abrupt curvature in the region where light
becomes saturating than predicted by the rectangular hyperbola. Consequentiy fitting a
rectangular hyperbola to P-I data causes both o and P8 to be overestimated while the

photosynthetic rate around the shoulder is underestimated.
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To provide better correspondence with the data, Smith (1936) suggested a
modification to the formulation of Baly (1935) whereby the individual terms in the
denominator are squared and the square root is then taken of their sum:

PB aB I
PB =

12

' [(P,,.B)2+ (ocBI)z ] 2.7

This formulation has been employed by Winokur (1948) and Talling (1957) to describe

algal photosynthesis.

Steele (1962) proposed a 2-parameter equation which attempted to include
photoinhibition (see below). It was modified by Jassby and Platt (1976) to exzlude the
possibility of photoinhibition and may be rewritten in terms of the two biomass-
normalized parameters o and P2 as:

-0BI/P,Be
oB I exp for I £ PB-e/oB

PB

= PB for I > PB-e/aB
..(2.8)

This modification was found to provide a superior fit to data lacking photoinhibition than

the original formulation (Jassby and Platt 1976).

Another analytical expression suggested by Platt et al. (1977) was a modified
formulation of an expression originally proposed by Vollenweider (1965) that included
photoinhibition (see below). Their modification was such that the original form of the
curve was retained up to the point where photosynthesis reached a maximum. Decreases

in PB above this threshold that were inherent in the original expression were replaced by
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the maximum photosynthetic rate for all further increases in PFD. Stated formally, this

formulation is;

PB

2
0B - [(aB D /4P,,,B] for I < 2PB/ad

= pPB for I > 2P, B/aB ..(2.9)
Jassby and Platt (1976) also introduced the use of the hyperbolic tangent function:

PB

P,B tanh (0B | P,3) (2.10)

This formulation is a combination of exponentials and may be written:

oBIP,B -oBI/P,B
€ - €
PB

P B

m

oB1/P, B -oBl/P, B
e + e ..(2.10a)
This function was found to provide a superior fit to a wide selection of saturation-type P-
I curves from natural populations of marine phytoplankton (Jassby and Platt 1976; Platt

and Jassby 1976).

As an alternative means of providing an extended linear portion at low PFDs, and
thereby a sharper transition to light-saturation consistent with the experimental data,

Thornley (1976) proposed the use of a three-parameter non-rectangular hyperbola:

I
S

o)’ - (aBI+ PBYPE) + oPPBI (2.11)
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where P2 is given by the lower root of the quadratic equation. The motivation for this
formulation arises from a variety of rational models all of which reduce to this form (see
below). However when applied in the absence of any underlying model the use of the

non-rectangular hyperbola may be considered empirical.

Geometrically, the parameter ® describes the abruptness of the transition fromn
light-limitation to light-saturation. When ® = ( the equation reduces to a rectangular
hyperbola [Eq. 2.6] and where © = 1 the response reduces to a Blackman-type curve [Eq.
2.3). This curve provides a good fit to all saturation-type P-I data but at the expense of a

third parameter.

Finally, Bannister (1979) also suggests a three-parameter formulation with

geometric properties similar to that of the non-rectangular hyperbola:

P21

m im

[( Ik)m + 1 .(2.12)

This form is a generalization of the equation proposed by Smith (1936) [Eq. 2.7] where
the parameter m describes the abruptness with which the curve makes the transition from
the light-limited to light-saturated region. This more general form reduces to the
rectangular hyperbola of Baly (1935) [Eq. 2.6] where m = 1 and to the equation of
Blackman (1905) [Eq. 2.3] where m = eo. Bannister (1979) notes that inspection of prior
P-1 responses suggest that m be greater than 2 and often closer to 3. He also pointed out
that this formulation most closely matches the successful hyperbolic tangent function
[Eq. 2.10] of Jassby and Platt (1976) when m = 2.5. Like the non-rectangular hyperbola

thic formulation provides a good fit to most P-I curves.
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2.3.2. Empirical Models including Photoinhibition.

In the P-I responses of many cells, the photosynthetic rate is seen to decrease
progressively at high irradiances indicative of a photoinhibitory process. For
phytoplankton this inhibitory effect of high light intensity has been known for some time
(Ryther 1956). Accordingly, many of the models of aquatic productivity employed
mathematical formulations of the P-I response that had photoinhibition built into them
(Steele 1962,1965; Vollenweider 1965,1970; Fee 1973; and see Patten 1968). The
various mathematical models that include photoinhibition have been discussed by Platt e
al. (1980) and Platt and Gallegos (1980). Empirical formulations that include
photoinhibition fall into two categories - those that contain a separate photoinhibition

function and those that do not.

The early model of Steele (1962) has photoinhibition built into it despite the fact

that it is only a 2-parameter model:

pp = ppl(1in)ep(l-111,)] (2.13)
where I, is the irradiance at which maximum photosynthesis occurs. In re-parameterised
form (Platt ef al. 1977) it may be expressed:

PE = oBlexp(-0BI/P,Be) ..(2.13a)
Because there is no independent parameter describing photoinhibition, the same
parameter (08) governs the initial slope as governs the decrease in photosynthesis at high

light intensities. This means that the shape of the curve is essentially fixed with a direct

dependency between the light-limited and light-inhibited regions of the response. This
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was intentional in the original formulation, however experimental data suggest that the
photosynthetic response above the onset of photoinhibition can vary independently of the
response below the photoinhibition threshold. The direct dependency that is inherent to

this formulation causes it to provide a poor fit to most experimental data.

In an effort to imp.rove the ability of Steele's (1962) equation to fit P-I data and
obtain an expression that was flexible enough to describe a variety of metabolic

responses Parker (1973) suggested that the entire expression be raised to a power:
m
PB = P,B [(I/Im) exp(1l - I/I,,,)] ..(2.14)

In this formulation the initial slope is discrete, ie. either 0 or o, as the light intensity
approaches zero. This feature is generally irreconcilable with observation and so Eq.

2.14 is considered to be of little value for the purposes of describing the P-I response.

The absence of any simple correlation between the processes of light-limited and
light-inhibited photosynthesis in experimental data makes it preferable to introduce a
separate function with independent parameters to describe photoinhibition. One
approach to including photoinhibition is to segregate the P-I response into two discrete
regions with separate formulations for each. Since for practical curve-fitting reasons it is
preferable to describe the entire P-I response with a single analytical function, an
alternative method originally proposed by Vollenweider (1965) is to simply multiply the
empirical function describing light saturation by a second empirical function that
describes the decrease in photosynthetic rate at high irradiances. If f{I) denotes the
function describing the photosynthetic rate at low light intensities and g(I) denotes the
function that describes increase in photoinhibition at high light intensities then the

multiplicative expression for the entire P-I response may be written:
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P2 = f)-g(l) (2.15)

In order to provide the best fit to experimental data the function chosen to
describe photoinhibition should have a value of 1.0 at zero light intensity where no
photoinhibition occurs and should approach O asymptotically at high intensities. The
form of g(I) at intermediate intensities controls the shape of the P-I response. Since g(I)
is less than unity at all light intensities greater than zero, the multiplicative relationship
between g(I) and f{I) means that the maximum photosynthetic rate attainable (P ,5) will
necessarily always be less.than the asympuotic value of P, 2 predicted by f(I) alone.
Consequently, Platt and Gallegos (1980) suggest the use of P2 to denote the maximum
realized photosynthetic rate and P 2 to denote the potential maximum photosynthetic rate
predicted in the absence of g(I). The exact relationship between P, B and P 8 will depend

upon the empirical functions chosen for f{I) and g(I).

Platt and Gallegos (1980) have also suggested that it is preferable that the
functional forms of f{I) and g(I) be algebraically similar so as to provide analogous

parameters. In this case the observed photosynthetic rate may be expressed:

PP = f)-(1-gD) (2.16)

since f{I) represents a photoenhanced reaction and g(I) is a photoinhibitory reaction.

As noted above the minimum number of independent parameters required to
adequately describe P-I responses that exhibit photoinhibition is three. To date the only
three-parameter model routinely employed to characterize P-I responses which include

photoinhibition is that introduced by Platt et al. (1980):

ey

-
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-aBI/P,B] [exp B LpS ] w(2.17)

PB = P_\.B[I - EXp

In this formulation the photoinhibition parameter p# characterizes the negative slope of
the P-I response at high intensities and is analogous to (and has the same units as) o8.
Both o2 and B2 are scaled to P,2. By analogy to the derived parameter /; describing the
irradiance to which cells are adapted for photosynthesis in the absence of photoinhibition
(I; = PjB/oB), an irradiance index I, may be similarly constructed that describes the
susceptibility of photosynthesis to photoinhibition (/, = PB/BB). The lower the value of

I,,, the stronger is photoinhibition. Eq. 2.17 may be rewritten in terms of the parameter /;
-1/1 - bl
PB - P2 [ I - exp : ] [ exp ] ..(2.17a)

where the parameter b describes the negative slope of photoinhibition scaled to the initial

slope at low irradiances.

A drawback to Eq. 2.17 is that the negative slope of the photoinhibition function
g(I) is constant throughout the entire range of I for all I greater than zero. When
combined multiplicatively with the photochemical function f{7) the result is a P-I
response that exhibits a sharp peak at an optimum irradiance. This expression is thus
suited to P-I responses with this characteristic form but is inadequate for responses

characterized by an extended plateau.

The first model attempting to describe P-I responses that included photoinhibition

by way of independent parameters was that of Vollenweider (1965):
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I,
PP = P2
2 12 2 n/2
Lz + @y 1 11+ @iy ] (2.18)
Re-parameterised by Platt er al. (1977) it may be written:
2 n/2
PRGBI (PB)
P =
2 2 12 2 2
[(P2) + (0eD) ] (P2) + (aw?l) .(2.182)

This formulation is based upon Smith's (1936) function for f{I) and an algebraically
similar form for g(7) that retains the hyperbolic properties of the original form. It has

been applied to aquatic photosynthesis by Fee (1969).

This expression generates a family of curves whose shape depends upon the
parameters g and n. Its flexibility means that it fits a variety of P-I responses. Increasing
the parameter a reduces the amplitude of the curve at all intensities while an increase in n
results in the curve to slope more sharply about the point of maximum curvature (Fee
1973). Despite its flexibility a number of factors make this formulation a poor choice.
Like the 3-parameter equation of Platt ez al. (1980) it yields a maximum photosynthetic
rate at a specific optimal light-intensity and does not admit the possibility of an extended
plateau prior to photoinhibitory decreases in P8 despite the addition of a fourth
parameter. The two parameters of the photoinhibitory function g(I) are not independent
so that different combinations of a and n can result in the same curve. Both are difficult
to interpret and in practice have been found difficult to estimate by non-linear fitting
procedures due to lack of convergence (Williams 1978; Hameedi 1978). Furthermore the
expression is difficult to integrate over depth and time and in only a few special cases

could his general model be solved.
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Several modifications to the equation of Vollenweider (1965) have been proposed
in order to simplify the expression by reducing the number of parameters and to facilitate
fitting the equation to data for purposes of calculating depth-integrated primary
production. Steel (1973) suggested setting a = 1/2],, n=2 and P,B = P8/2 thereby
reducing Eq. 2.18 to:

1121,

pe 2R3

1+ 2 .(2.19)

This formulation has been used by Straskraba (1974) to model the P-I relationships of a

number of phytoplankton groups.

In arriving at a numerical solution to Vollenweider's equation, Fee (1969) noted
that an increase in the parameter a resulted in a general lowering of the curve at all light
intensities while an increase in n caused the curve to slope more sharply about the point
of maximum curvature. By fitting Eq. 2.18 to sets of P-I data Fee (1973) found the value
of a to be almost invariably 1.0, and consequently suggested that the parameter a could
be arbitrarily fixed at unity to yield the simplified expression:

111,
pp = PB

(n+1)2

[7+¢111,)°] (2.20)

An alternate simplification, pointed out by Williams (1978), is if the parameter »
in Eq. 2.18 is set equal to unity, then the Vollenweider equation may be re-parameterised
in terms of the same parameters used by Steele (1962) in Eq. 2.13. Where n = 1, Eq.

2.18 simplifies to:
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111,

PP = Pp
12 2
[1+ i) 1+ (atinf] (2.21)

More recently, a generalized hyperbolic inhibition equation based upon the
Bannister's saturation function (Eq. 2.12) has been proposed by Iwakuma and Yasuno
(1983). This expression contains four parameters:

111,
pp =  Pp

m = (L+n)im
[1+(111,)] (2.22)

where m is the parameter &escribing the shape of the curve in the low-light region and n
is the parameter describing photoinhibition. This generalized equation reduces to that of
Bannister (1979) [Eq. 2.12] when r = 0, and to that of Fee (1973) [Eq. 2.20] where m =
2. Iwakuma and Yasuno (1983) found Eq. 2.22 provided a superior description of
photoinhibiting P-I curves than that of Vollenweider (1965) [Eq. 2.18] but noted that a
total of four parameters yielded an expression that was often unnecessarily complicated.
Because the geometric mean of tne parameter m in their analyses was 1.76, they
suggested that the equation of Fee (1973) [Eq. 2.20 = Eq. 2.22Z where m = 2] might often
prove more satisfactory. For all values of n # 0, Eq. 2.29 predicts a single optimal

irradiance and so suffers the same restrictions as Eqgs. 2.17 to 2.22.

The most versatile empirical model in terms of shape so far applied to P-1
responses of phytoplankton is that proposed by Platt and Gallegos (1980) which provides
for an extended plateau prior to the onset of photoinhibition. These authors modified the
light-saturation function proposed by Bannister (1979) to yield a photoinhibition function
g(I) that maintains a value of 1.0 as the light intensity increases up to a threshold

intensity I, The subsequent rate of decrease in photosynthetic rate is described by the
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term /,’ which is defined as the irradiance where photoinhibition has reduced the
photosynthetic rate to half of its maximum. The smailer the difference between [, and I,

the greater is the photoinhibitory decrease in photosynthetic rate. The precise form of g(I)

suggested is:

1 -1
o) = —. |1-
2

lim

[I-1) "+ (I-1,) " .(223)

where m is a positive integer which may be considered a "shape parameter" analogous to
that in Bannister's (1979) saturation function. Because this expression is cast in terms of
parameters with dimensions of irradiance, Platt and Gallegos (1980) suggest that the
formulation employed for f{I) be recast using the parameter I, (= P,B / a8) which also
has dimensions of irradiance. If, for algebraic consistency, the formulation of Bannister

(1979) [Eq. 2.12] is used for f{1) then the same parameter m defines the "shape" of both

1) and g(1).

If the equation of Bannister (1979) [Eq. 2.12] is used for the photoenhanced
function f{I) and the photoinhibition function g(I) is given by its analogue [Eq. 2.23], the
final photosynthetic expression contains 5 parameters (P2, I, m, I’ and I)). If the shape
parameter of the photoirhibition function [m in Eq. 2.22] were to be made independent of
the shape parameter of the photoenhanced fenction [m in Eq. 2.12], the final

photosynthetic function would contain a total of 6 parameters.

The 5-parameter curve proposed by Platt and Gallegos (1980) has an extended
plateau at irradiances between I, and /,, irradiances which may be considered optimal for
photosynthesis. Where /, is less than or equal to I} this formulation reduces to a curve

with a single optimal light intensity. Furthermore, since a value of m = 6 is required to
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suppress curvature in the plateau region and variations in m 2 6 have little effect upon the
remaining parameters, Platt and Gallegos (1980) suggest that for practical reasons m may
be fixed at a value of 6 thereby reducing the total number of parameters to four (P, I,
Iy’ and I)). An alternative simplification tested in this study is to retain m as a parameter
but set I’ equal to I, (ie. set I, = 0). This also yields a 4-parameter description that is

capable of describing a wide variety of P-I forms.

The 4-parameter formulation suggested by Platt and Gallegos (1980) may be
recast in terms of the initial slope o and an equivalent parameter that describes the
sensitivity to photoinhibition, B'8, which is defined as the negative slope of the P-I curve

atI =1I,’. In the case where Bannister's equation [Eq. 2.12] is chosen for f{I) then:

oP
oB = — = PBII
ol I-0 .(2.24)
and
oP PpB
B = — = -
ol I=I, 2(1,-1,) ..(2.25)

The geometric ﬂex.ibility of these formulations is such as to provide a successful
representation of the wide variety of P-I curves that are encountered (Figure 2.1).
Despite the capacity of such a formulation (ie. P8 = [Eq.2.12]-[Eq.2.23]) to describe a
wide variety of P-1 response curves it has only been employed in the original publication
(Platt and Gallegos 1980). This is probably a result of the large number of parameters

(four to six) and consequently the computational difficulties in fitting it to empirical data.
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24. RATIONAL MODELS.

The first attempts at providing a rational basis for the form of the P-I curve
stemmed from work with terrestrial plants. Mechanistic models for leaf photosynthesis
were sought which integrated the photosynthetic-irradiance response with that of CO,
assimilation. In addition to irradiance, CO, concentration was seen as a major rate-
limiting factor due to its low concentration in air (~ 0.035%). Such models generally
combine a biochemical kinetic stage, usually in the form of the Michaelis-Menten
rectangular hyperbolic equation, with Fick's Law of Diffusion (often referred to as the

Gaastra model) to provide a more complete description.

Rabinowitch (1951) first introduced a mechanistic biochemical-diffusion model
where photosynthesis that incorporated both light-intensity and the CO, concentration.
The basic tenets of the model have subsequently been developed by a number of authors
and remain central to current efforts to interpret P-I responses of higher plants (Chartier
1970; Chartier and Prioul 1976; Thornley 1976; Prioul and Chartier 1977; Tenhunen et
al. 1980; Marshall and Biscoe 1980; Farquhar and von Caemmerer 1983).

In these models, the biochemical stage describes the dependency of gross
photosynthesis upon both irradiance (f) and CO, concentration (C;) at the site of
photosynthesis. This relation is generally described according to the classic Michaelis-

Menten form:

oBI(C;/r,)

PB = —
oBI + C;lr, ...(2.26)
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where of is the photochemical efficiency and 7, is the carboxylation resistance. Choice
of the rectangular hyperbola follows from the assumption that carboxylation of CO, in
the Calvin Cycle occurs via a series of enzymic reactions one of which is considered to
be the rate-limiting step. Gross photosynthesis may be distinguished from net

photosynthesis by the relation:

P2 PZ + RB «(2.27)

As irradiance tends to infinity, P2 tends to C;/ r,, and so the ratio C;/ r, may be

considered the maximum rate of gross photosynthesis P,,,B.

Combined with the biochemical reactions of photosynthesis is the physical
diffusion of CO, from the environment to the site of photosynthesis. The flux of CO,

from the environment to the site of photochemistry is by diffusion such that:
Co - Ci
rs -(2.28)
where C, is the CO, concentration in the environment and r,is the diffusion resistance.
Substituting for C; in Eq. 2.26 based upon the relation in Eq. 2.28 and replacing
P2 by P,2 + RB and re-arranging yields (Marshall and Biscoe 1980):

oBI(C,lr, - PBrylr,)
PB + RB =

o8I + (C,ir, - PEryir,) (2.29)

which describes a non-rectangular hyperbola for both the P,8-I and P B-C, responses.
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Dividing both denominator and numerator in Eq. 2.29 by r./ (r, + r,) yields:

oBI(P,2 - OP3)

PB + RB =
(1 -6)ad + (P2 - OPB) ..(2.30)

where P,B=C,/(r, + rj)and® =r,/(r, + r,). On expansion this gives:
@)(P,,B)z- (P, + 0Bl -©ORB)PB + oB(P,B-(1-ORB) - REP,B = (0 .(2.31)

where o2 is the initial slope as I tends to zero and © represents the ratio of the diffusion
resistance to the total resistance. The maximum rate of net photosynthesis is given by the

asymptote:

P B = P,B - (I-©O)RB «.(2.32)
In cases where R8 is neglible, Eq. 2.31 reduces to:

ers) - (PE + oB)PP + OBIPJ = 0 (2.33)

which constitutes a non-rectangular hyperbola of the form:
2 :
a(P?) + b(PB) + ¢ = 0 ..(2.34)

Equation 2.33 is that suggested by Thornley (1976) based upon the original model
of Rabinowitch (1951). The parameter © describes convexity of the hyperbola by
changing the degree of curvature at the transition from the initial slope to the maximum
photosynthetic rate (Marshall and Biscoe 1980). Values of ® between zero and unity

delimnit two relevant extremes. When @ equals 0 implying that r, is much greater than r,,
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the curve reduces to a rectangular hyperbola [Eq. 2.6]. Where © equals 1 and r,
dominates, the curve becomes a hyperbola reduced to its two asymptotes equivalent to 4

"Blackman-type" response [Eq. 2.3].

Initial interest in the application of this model focused upon the relative
importance of the chemical and physical resistances of carboxylation (Chartier 1970,
Jones and Slayter 1972; Prioul and Chartier 1977). Since the model assumes that the
photochemical response to irradiance at the biochemical level is adequately described by
a rectangular hyperbola the more the response curve deviates from that of a rectangular
hyperbola and tends toward that of a Blackman-type curve the greater is the importance
of diffusion resistance. The sharp curvature of most P-I curves that result in values of ®
close to unity implies that the carboxylation resistance is only 2-3% of the total leaf

resistance to CO, fixation.

Prioul and Chartier (1977) have correctly pointed out that this interpretation is
only valid if the biochemical reactions are indeed faithfully described by a rectangular
hyperbola. If photochemistry was described more accurately by a non-rectangular
hyperbola of similar © then it would be impossible to distinguish between physical or

biochemical resistance.

For descriptions of the photosynthetic response in environments other than air, a
number of models have been presented which focus upon the light reactions of
photosynthesis. Crill (1977) formulated a mechanistic model designed as a crude analog
of photosynthesis. The model is composed of two distinct stages representing the light
dependent and dark enzymic stages of the photosynthetic machinery respectively. A
light dependent stage assumes that the cell contains a number of photosynthetic factories

that are activated by a given amount of light energy to generate photoproduct.
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Photosynthetic factories are deactivated if further light is absorbed before the initial
photoreaction is completed. One "unit" of light is required to generate one "unit" of
photoproduct. If the probability that a particular factory is hit by a particular light unit is
D, the probability that at a given light intensity any factory is hit by any one unit of light
to generate a unit of photoproduct (prob.(I,1,p)) is given by the binomial theorem:

I

prob.(l,1p) = pl gl = Ip g
- (1) «.(2.35)

where ¢ = 1 - p. With N independent factories the average photosynthetic output (P) is:
P = NIpqgH! ..(2.36)

Crill (1977) also shows that this expression is identical to the empirical formulation of
Steele (1962,1965) if expressed in terms of P, (the rate of maximal photosynthesis) and
I,,, (the optimal light intensity) rather than NV and p respectively. This identity permits
changes in the parameters P,, and /,, in Steele's model to be interpreted in terms of the

hypothetical number of factories (V) and their hit probability (»).

The second stage of the model, comprising the photosynthetic dark reactions, is

approximated by the familiar rectangular formulation of first-order enzymic reactions:

V,S
K, + S ~(2.37)

The model considers that a factory, having processed a unit of light, is then occupied
processing the photoproduct and may be considered removed from the system thereby

modifying Eq. 2.36 so that:



P = (N-S)Ipq! ..(2.38)

At steady state P = Q and the combined light- and dark-stage model is:

P =12 {Vy+ W+Kn- [V, + W+ K, -4V M T (2.39)
where y=1p q'.

The final formulation is a four-parameter equation with parameters N, p, V,, and
K,.. The initial slope 0 may be computed as Np / q. The relative rate of the dark stage

to that of the light stage at optimal intensity is given by:
T, = 0,/P, (2.40)

where Q,, is the maximum realized photosynthetic rate given by Eq. 2.39 at/ =/, and P,

is the maximum potential photosynthetic rate given by Eq. 2.36at/ =1,

The family of curves described by this model vary from a saturation type
response to a distinctly peaked curve equivalent 1o the curves generated by Steele's
(1962, 1965) equation. The model yields a saturation-type response where the potential
output of the light reactions are limited by the speed of the dark reactions. Alternatively,
a distinctly peaked curve exhibiting maximal photosynthesis at an optimal wavelength
results where light is the limiting factor throughout the entire range of light intensities.
Sensitivity analysis suggests that there are a large number of combinations of V,,and K,
which closely approximate the same curve. Consequently only the relative speed ol the

dark reactions may be extracted from an experimental curve with the relative contribution
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of V,, and K|, remaining undetermined (Crill 1977). The success of the model in
describing the wide variety of possible P-I response curves has not been adequately

tested.

Peeters and Eilers (1978) and Eilers and Peeters (1988) introduced a simple black
box model that assumes the photosynthetic "unit" responsible for photosynthesis can be
in any one of three states (Figure 2.1(a)). The first state (X;) may be thought of as a
resting state where the photosystem is ready to perform photochemistry. Following the
absorption of light the photosystem is transformed to an excited state (X,) and which is
then incapable of any further photochemistry. The probability of this transition is
considered proportional to the light intensity. Reversion to the resting state is considered
to occur at a constant rate that is independent of light intensity. This constant is the
turnover rate of the photosystem. A transition from the excited state to an inactivated
state (X3) occurs if further light is absorbed. Again this transition is proportional to the
light intensity. Reversion from the inactivated state to the resting state occurs at a
constant rate that is independent of light irtensity and may be considered as a recovery or

repair rate.

This model yields a steady state expression that may be simplified to an inverse
quadratic described by three parameters:

I
PB =

2
al + bl + ¢ «(2.41)

From these parameters a number of familiar characteristics of the curve may be derived
including the initial slope a8, the maximum photosynthetic rate P,,5, the optimal
irradiance /,, and a dimensionless parameter B which describes the sharpness of the peak.

In a recent analysis of this formulation, Eilers and Peeters (1988) suggest plotting the P-I

" EF .
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response on logarithmic axes which results in a symmetrically peaked curve with
asymptotes above and below the optimal irradiance represented by straight lines.
Logarithmic axes facilitate the comparison of this model with other photoinhibition
models (such as Platt et ai. 1980) whose formulation does not exhibit such symmetry

(Eilers and Peeters 1988).

A similar kinetic model proposed by Megard e al. (1984) [originally derived by
Senft 1977] contains the same three states for the photosynthetic unit but with a slightly
different transition structure (Figure 2.1(b)). In this scheme the reversion of the excited
state (X;) to the resting state (X,) is characterized by two alternative pathways, one
corresponding to photochemistry and a second representing de-excitation by fluorescence
and radiationless transitions. Furthermore the inactivated state (X3) reverts to the excited
state (X,) rather than the resting state (X;). The resultant steady-state solution is identical
to that of Peeters and Eilers (1978) although expressed in different form:

{

PE =  pp
2
K, +1 + 1K, .(2.42)

The parameter K, is inversely related to the extent of photoinhibition. When K, is

infinite the curve becomes a rectangular hyperbola [Eq. 2.6].

The shape of the family of the inverse quadratic curves produced by both of the
above models has been found to provide a reasonable fit to data where the P-I
relationship exhibits photoinhibition resulting in a pronounced peak in photosynthesis at
an eptimal light intensity. Where photoinhibition is absent the curve becomes a
rectangular hyperbola which in most cases provides an inferior fit to data for the reasons

outlined in Section 2.3.1. Furthermore, this formulation does not provide a good
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description in those cases that exhibit an extended plateau where the photosynthetic rate

remains maximal over a range of light intensities.

Another model that focuses attention on the light reactions of photosynthesis has
been proposed by Fasham and Platt (1983) which attempts to provide an adequate
description of P-I responses that exhibit an extended plateau prior to the onset of
photoinhibition. This model is based upon a kinetic description of electron flow around
Photosystem II (PS II). The details of the models structure and the set of differential

equations describing the reaction scheme are outlined in Figure 2.2.

The solution to this system of equations leads to a four-parameter equation that is
a quadratic in P, the photosynthetic rate. When appropriately scaled to biomass the

photosynthetic rate may be expressed:
(P2} - WBPB + (yBexp(Bl) + oB)IP® + oBpBl = 0 ~(2.43)

The four derived parameters, o8, u8, x8 and p combine to describe the attributes of the
final curve. In the case where photoinhibition is zero the term B = 0 and Eq. 2.43

reduces to a three-parameter form:
2
(PB) - nBPB + (yB + oB)IPB + oBpBl = 0 «.(2.44)

which is the equation of a non-rectangular hyperbola.

In Appendix A T show that this formulation may be rewritten in the more general
form of a non-rectangular hyperbola as proposed by Thornley (1976) [Eq. 2.11] by
substituting for u8 = P,B/ © where © = 0B/ (08 + ¥B). This provides further insight

into the interpretation of the parameter 2. In the model of Fasham and Platt (1983), 2
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is scaled to of and reflects the extent of the linear portion of the curve and the sharpness
of the cu vature where light becomes saturating. The lower the value of 2 the more the
curve tends toward a Blackman type response, larger values of 2 yield a curve which
tends to a rectangular hyperbola. In cases wherc photoinhibition occurs, the term 28 is
modified by the parameter exp(pr) (see Eq. 2.43) such that greater photoinhibition (higher
B) increases the value of ¥ exp(pr) resulting in a less extensive linear portion and
increased photoinhibition at higher intensities. The lower the value of y3 the greater is

the extended plateau.

This model provides a useful description for the form of the P-I curve in that it is
sufficiently flexible geometrically to accommodate a wide variety of data sets using a
miizimal number of parameters. As pointed out by the authors, provided the initial
system of equations are maintained the final mathematical expression is not specific to
electron flow around PS II and could be applicable to any biochemical scheme
comprising two serial reactions. The expression is, however, highly non-linear and

difficult to fit to data (Fasham and Platt 1983).

The form of the non-rectangular hyperbola has also been suggested as the
appropriate description of the P-{ response by Zvalinskii and Litvin (1982, 1983,
1984a,b, 1986). Their analysis is based upon a mathematical description of the steady-
state kinetics of a series of coupled cyclic reactions representing the primary reversible
photoconversions surrounding one (Zvalipskii and Litvin 1982,1983) or two (Zvalinskii

and Litvin 1984a,b,1986) photosynthetic units.

The first photosynthetic model proposed (Zvalinskii and Litvin 1982) was a
mathematical description of the migration of excitons within the photosynthetic unit and

the trapping of excitons by reaction centers. The photosynthetic unit was considered an
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aggregate of many identical unicenter or multicenter light-harvesting antennas within
which energy transfer was possible. Exciton migration and trapping was described by a
series of coupled cyclic reactions involving the pigment molecules of the antenna and the
reaction centers (Zvalinskii and Litvin 1982,1983). The steady-state solution yielded a
relation between the relative rate of photosynthesis and irradiance that could be

approximated by a non-rectangular hyperbola.

Subsequent development of this model incorporated the potential non-linearity of
the dark reactions (Zvalinskii and Litvin 1983) and revealed that increasing the number
of reaction centers in a photosynthetic unit, increasing the efficiency of energy migration
between unicenter photosynthetic units or changing the extent to which the dark reactions
limit photosynthesis all resulted in analogous changes in the form of the P-I response.
This suggested that the photosynthetic process could be modelled as an unbranched chain
of cyclic reactions in which each component undergoes reversible conversions. This
permitted the addition of a second photochemical reaction into one of the subsequent
cycles which yielded an expression describing the dependence of the rate of
photosynthesis upon irradiance (Zvalinskii and Litvin 1984a,b). The final model
consisied of eleven independent differential equations (five for each photosystem and one
for their interaction) and six equations of conservation for the energy traps (Zvalinskii
and Litvin 1984b). The stéady-state solution of this model was a quadratic expression
relative to the irradiance and the sixth power of the dimensionless rate of the process.

Again this expression could be adequately approximated by a non-rectangular hyperbola.

Zvalinskii and Litvin (1986) have further generalized their results by
demonstrating that the rate of any sequence of coupled cyclic reactions invoiving linear
chains, loops and networks, can be represented in the form of a continued fraction

reflecting the structure of the network of reactions. The dependence of the steady-state
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reaction rate upon substrate concentration can be approximated by a linear sequence of

two cycles which can be approximated by a non-rectangular hyperbola.

For a linear sequence of coupled reactions where each component in the chain can
only interact with the two neighboring components, the relative (dimensionless) reaction
rate at steady state V = v/vm where v~ is the maximum reaction rate as the substrate
concentration tends to infinity may be given by:

(1 '.el) € (1 - erx-]) €, I- €,

— — —

V = S¢ =
§7) Yoln 'm0 ..(2.45)

where S is the dimensionless substrate concentration ([S]/K’,), e;is the relative
dimensionless concentration of each of the two states (Je. oxidized and reduced) for each
couple in the chain, and r;;,, is the maximum relative resistance of the specified reaction
couple which at steady state is equai to the resistance of the chain as a whole (r;;,, =
(1vm; (1) = vmpym; . ). By successively excluding the values of e; the relationship
between V and S can be expressed as a continued fraction representing the structure of

the sequence of reactions (Zvalinskii and Litvin 1986):

|14 §7) Ry,
Jo— = — oo I[-R, = ———
S r23V R23
l]-— J-o—
rn-l,nV ] Rn-I.n
1-rgV I-R,  .(246)

where R, =V - K’,/[S] = VIS is the input resistance of the reaction sequence and R; = ryV

is the relative resistance of each coupled reaction within the sequence.

At high substrate concentratio®.s (/S] — <) the reaction rate approaches the

maximum value (v — vm, V —» I), the value of the input resistance approaches zero (R, —
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0) and the resistances of the individual coupled reactions approach their maximum values
(R;j — ry). Under these conditions Eq. 2.46 gives the relationship between the maximum

rates of the individual reactions (v=;) and the maximum rate of the entire sequence (v7):

vmfym,,

ymfym, 3

] vm/ vmu-l n
1 - vmpym, w(247)

Zvalinski and Litvin (1986) show that sequences of coupled cyclic reactions may
be approximated by the equation for a dicyclic reaction in which the second cycle is
equivalent to all of the additional cycles of the chain excluding the first. For a chain of
sequential coupled reactions consisting of two cycles, the maximum rate of the reaction

sequence as a whole relative to the maximum rate of each photoreaction is given by:

vmfym;, R
1 = —_— = ————
1 - ymfymy, 1 - Ry, ...(2.48)
or
V125, V20
vm o e ————————
VR 1a + Vi, .(2.49)

In terms of the reaction rate of the reaction sequence as a whole relative to the
reaction rates of the individual photoreactions, from Eq. 2.46 we find that for a 2 cycle

system:

vm[S] 1 - yjym
K, 1 - ryyvivm «.(2.50)




JE- Sy

61

where v is the rate of the reaction sequence, v=is the maximum rate of the reaction
sequence, K',, is the generalized constant analogous to the Michaelis-Menten constant
Ky K =113 K= (1 -199)K,). 1y, is the relative resistance of the first cycle
((11vm)l(11vm)) and ry is the relative resistance of the second cycle ((1/vmy)/(1/vm)).
Where the resistance of the second cycle is greater than that of the first (r, < ryp vmp, >
vm,,), the dependence between the reaction rate and the substrate concentration is
described by a non-rectangular hyperbola which was found to provide a good description
of the P-I response (Zvalinskii and Litvin 1986). The result that any sequence of coupled
cyclic reactions may be represented by a non-rectangular hyperbola provides an
explanation for the recurrence of this geometrical form in a number of different rational

models (Rabinowitch 1951; Marshall and Briscoe 1980; Fasham and Platt 1983).

Finally, Peterson et al. (1987) have suggested using the exponential relation

derived from the Poisson probabilities of photon capture:

-0BI

PE = Pll-ep ] (2.51)
orsince P2 = P8 - RB:
-oB]
P2 = P,B-P,Bexp (2.52)

This exponential form has' previously been employed on an empirical basis (Webb et al.
1974; Chalker 1981). Itis also the same as the empirical exponential formulation
introduced by Platt et al. (1980) where the parameter describing photoinhibition (B) is set
to zero. In addition, it has been widely used to describe photosynthesis as a function of
irradiance when the latter is delivered as short saturating flashes of sufficiently short

duration that the photochemical apparatus can enly turn over once (Emerson and Arnold



1932, 1933; Arneld and Kohn 1934; Gaffron and Wohl 1934; Briggs 1941; Herron and
Mauzerall 1972; Ley and Mauzerall 1985; Mauzerall 1986). It arises as the solution to a
simple Poissonian system in which the photosynthetic response is described by a
cumulative one-hit Poisson distribution. The basis of such an interpretation, together
with an extended formalism to include photoinhibition and the integration of spectral
dependence, is developed in Section 3.3. In practice, this exponential formulation has

proved to be very successful in providing an accurate fit to P-I data.

2.9, -1 MODELS TO BIOMA

While photosynthetic rates are usually measured on a volumetric basis they are
generally normalized to some index of plant biomass to facilitate intercomparison
between samples. Numerous indices have been employed including cell number, cell
volume, particulate organic carbon (POC), optical density, various photosynthetic
pigments and ATP. Where photosynthesis is measured as a reduction of inorganic
carbon to organic carbon, as is the case when “C methodologies are employed, the most
appropriate biomass index is often the organic carbon concentration of the sample. In
this case, the photosynthetic rate is described by a dimensionless number representing the
increase in biomass (P3 = dC/dt - 1/C). Because contamination by heterotrophic material
is significant in natural waters, photosynthetic rates are rarely scaled to carbon and the

most common index of active biomass employed is chlorophyll g (P8 = dC/dt - 1/[Chl
al.

Normalization of the photosynthetic rate to biomass alters the dimensions of the
ordinate axis of the photosynthetic response. This can lead to erroneous interpretations

of the relative photosynthetic capability of two different organisms or samples taken from
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different environments when the two photosynthetic response curves are compared. For
example, if the photosynthetic response is scaled to chlorophyll g in two different
organisms, one of which has chlorophyll g as the major light-harvesting pigment while in
the second chlorophyll g represents only a minor component of the light-harvesting
apparatus, the apparent photosynthetic capacity of the latter organism will be greatly
exaggerated relative to the former when P2 is expressed on a chlorophyll basis. For this
reason comparisons of the biomass-normalized photosynthetic response between two
samples which differ greatly in the stoichiometry of the chosen biomass index to carbon
(chl:C, N:C, etc.) can lead to erroneous conclusions about the relative photosynthetic

abilities.

The necessity of choosing an appropriate biomass index is particularly important
when describing the photosynthetic responses of the picoplankton for the purpose of
comparison to other phytoplankton groups. Differences in the photosynthetic pigment
composition of the cyanobacteria compared to the larger eukaryotic algae complicates
any comparison where chlorophyll g is employed for biomass normalization as is the

general custom.

26. DIMENSIONALITY AND SCALING OF THE P-I RESPONSE.

The dimensions of the ordinate axis of a P-I curve determined on a volumetric
basis are M - L-3 - T-; when normalized to biomass the dimensions become M - M-t - T-1,
The scale is determined by the maximum biomass-specific photcsynthetic rate (P,,5)
which, as noted above, is a function of the maximum photosynthetic rate of the sample
(P,) and the biomass index to which photosynthesis is normalized (B). The most

commonly employed units are mgC - mgChl- - hr-l. The relative rate of photosynthesis
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(P or PB) at any irradiance can be equated to the maximum photosynthetic rate attained
(P,, or P,B respectively) to yield a dimensionless photosynthetic rate (P *). In those
formulations which include the possibility of photoinhibition it is often preferable to
describe the relative rate of photosynthesis in terms of the maximum potential rate of
photosynthesis, P 3, the rate of photosynthesis that would be achieved in the absence of
photoinhibition. For each formulation there is a simple analytical relationship between

P 2B and P,2 and so both dimensionless rates (P* = P[P, or P/P B) are interchangeable.

Similarly, the dimensions of the abscissa when irradiance is expressed on a
quantum basis are photons - L2+ T-.. The relevant scale is established by the maximum
quantum irradiance experienced at the earths surface and the units commonly employed
are Wmol m2 51 (= uE m2 s-1). A dimensionless relative irradiance (7 ") may be defined
by equating the measured irradiance to some chosen irradiance. The most appropriate
irradiance value to choose in order to simplify the final dimensionless expression varies
according to the formulation. The most frequently employed and that which is
appropriate to ail of the Z-barameter formulations (including Steele's formulation with
photoirhibition) is the irradiance I;, where I, is defined as P,B/ oB. The relative
irradiance is thus given by the dimensionless ratio / / I which may be denoted / *, For
those P-I responses that include the possibility of photoinhibition and define a single

optimal irradiance value, /,, it may be more convenient to employ this value to scale the

response with respect to irradiance. The dimensionless irradiance / * would then be I / I,

For any particular formulation there is a direct analytical relationship between I and 7,,

so that the two dimensionless rates (I* = I/l or I/1,,) are of course interchangeable.

Accordingly, all of the mathematical formulations of the P-I response can be
recast in dimensionless form in terms of P* and I*. All the dimensionless curves have

the properties:
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0<P*r*) <1 . (2.53)
P*0) = 0 - (2.54)
op*

=1
art oo (2.55)

The dependence of the dimensionless photosynthetic rate (P*) upon the dimensionless
irradiance (I ) for a number of the 2-parameter saturation-type P-I responses is illustrated

in Figure 2.3(a).

In the formulations of the P-1 response that include photoinhibition two further

properties are required:

oP*

* =0
ol rer, .(2.56)
P ) = 1 (25T

where I*m represents the dimensionless irradiance corresponding to the maximum
photosynthetic rate (ie. I,,/1,). Those mathematical expressions which include
photoinhibition thus have a total of five conditions to fulfill. A function with less than
five parameters cannot satisfy all five conditions and in P-I formulations it is generally
the range of possible I*m \{alues that is compromised (Baurvert and Uhlmann 1983). For
example, in all of the existing 3-parameter photoinhibition formulations only a single / *m

value is permitted. This is also true for the original 4-parameter formulation of
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Vollenweider (1965). Baumert and Uhlmann (1983) suggest a possible modification to

Vollenweider's equation to yield an expression where I, is governed by the parameter »:

11
pB i

pP.B

2 o {m+ D)2
L1+ 1mynin,y | (2.58)
In Eq. 2.58 the dimensionless irradiance corresponding to maximal photosynthesis (/ *m =
I, 11} is given by:

n+ 1)i2
r,o= [1+n]™” (259)

A comparison of the dep-ndence of p* upon / * in several formulations that
incluide photoinhibition is shown in Figure 2.3(b). Values of additional parameters have

been chosen to emphasize sirilarities in the gereral shape.

2.7. INTERPRETATION OF MODEL PARAMETERS,
2.7.1. Empirical models,

Empirical functions are chosen on the sole basis of their ability to describe the
photosynthetic response to irradiance as simply as possible. The resultant mathematical
expression can then be used in further computations (such as the calculation of depth-
integrated primary production). While such P-I expressions contain parameters that are
purely geometrical there is a general tendency to attempt to interpret the parameters in
some sort of physiological context. Jassby and Platt (1976) and Platt ez al. (1977) have

shown that all the two-parameter models describing the saturation-type photosynthetic
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response to PFD may be recast in terms of two parameters, o8 and P,2. In all of the

these formulations these two parameters are interpreted similarly.

The initial slope of the P-I response at low PFDs (a8) is interpreted as the
efficiency of transformation of photons into reduced carbon (or oxidized water, oxygen).
As such it may be thought of as the product of the a*sorption cross-section (normalized

to whatever biomass index is used for PB) and the quantum yield.

The maximum photosynthetic rate rormalized to biomass (P,B) represents the
maximum rate of turnover of the photosynthetic apparatus. Because of its temperature
dependency, it is often implicitly considered to represent the maximum rate attainable by
the dark enzymic carboxylation reaction sequence. However, in many cases, the rate
limiting step (and there may be more than one) is unknown and P2 could equally be
limited by the maximum turnover of the non-cyclic electron transport chain, in which

case, tne entire P-I response could be considered to be governed by the light reactions.

In those formulations that describe the decrease in the photosynthetic rate at high
PFDs by an independent parameter, the decrease is usually attributed to a physiological
process termed photoinhibition. The parameter describing the rate with which
photosynthesis decreases with increasing PFD, usually termed 2 and measuring the
negative slope, is interpreted as an index of the sensitivity of the cell to photoinhibition

and is given the same uanits as o8,
2.7.2. Rational models,

In a rational model the parameters reflect the structure and the underlying tenets

of the model. Interpretation is governed solely by the structure of the model. It is worth



noting however that goodness-of-fit alone does not confirm that the parameter truly

represents the property that it purports to represent.

28, COMPARING P-1 MODELS,
2.8.1, Empirical models.

For empirical models of the P-I response the single criterion that is accepted as a
valid means of assessing the applicability of any particular mathematical formutation is
the model's ability to fit a set of data, The fidelity of a particular formulation is generally
ascertained by means of non-linear curve fitting where the parameters of the equation are
evaluated so as to minimize some index of the residuals (Platt ez al. 1977; Gallegos and
Platt 1980). Where the errors are independent and normally distributed with a constant
variance the optimal fit is obtained when the parameters are such as to minimize the sum

of the squared residuals SS,,; (Bard 1974; Smith 1979):
SSres = Ei [ PB:' - f(Ii; PmB; aB )2 ] (260)

‘Where the errors are normally distributed but not of constant variance, a weighted sum of
squares is the appropriate quantity to minimize (Bevington 1969). Discussion of the
most appropriate quantity to minimize in the fitting of light-saturation models can be
found in several papers (Platt et e¢l. 1977; Smith 1979; Silvert 1979; Gallegos and Platt
1980; Platt ez al. 1980; Platt and Gallegos 1981; Lederman and Tett 1981). At this time
quantitative efforts to compare the relative ability of various formulations to adequately
describe the P-I response have largely focused upon formulations excluding

photoinhibition (Jassby and Platt 1976; Lederman and Tett 1981; Chalker 1981; Nelson
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and Siegrist 1987). Iwa*uma and Yasuno (1983) prcvide the only attempt to evaluate the

comparative ablity of formulations incorporating photoinhibition.

Jassby and Platt (1976) recast ei’nt 2-parameter models and compared their
abilities based upon goodness-of-fit 0 describe a large number (188) of experimental P-I
data sets. Models were then ranked according to the number of data sets for which the
model yielded the best fit. In this analysis, a direct fitting method was chosen but
parameters were estimated sequentially. Initially, o8 was estimated by simple linear
regression of the data points in the light-limited range. The parameter P, 2 was then
estimated by non-linear least~-squares employing a grid-search method. As Lederman and
Tett (1981) have pointed out, the implication of estimating o first and holding it fixed
when estimating P, for each of the subsequent models is that o8 is transcendental across
all eight P-I formulations. If a non-linear parameterization method is employed in which
both parameters are estimated simultaneously and independently using data points from
the entire range of intensities, then the estimates derived for both o and P, can be (and
will probably be) different in each of the different formulations. Under these
circumstances it may not be possible to differentiate between the different formulations
solely on the basis of goodness-of-fit because of the inherent error in the P-I

measurements.

The iraportant point is that when mathematical expressions are fitted to data
whereby the parameters are estimated simultaneously and independently (such as by
Marquart's algorithm (Coﬁway et al. 1970)), the resultant parameter estimates may be
different in each of the different mathematical formulations. For any single P-I response
curve, the parameter values obtained using one formulation will not necessarily be

identical to those obtained using a different formulation.
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In their analysis, Jassby and Plett (1976) found that their hyperbolic tangent
model was the most successfuv! by providing the "best" fit more frequently than any of the
other models. Lederman and Tett (1981) found that by employing Marquart's algorithm
to the same data set, the models of Baule (1917; Eq. 2.4), Smith (1936; Eq. 2.7), Steele
(1962 (modified); Eq. 2.8), Platt et al. (1977; Eq. 2.9), aud Jassby and Platt (1976; Eq.

2.10) were statistically indistinguishable.

Furthermore, by the analysis of simulated data sets constructed by noise-
corrupting data generated from the hyperbolic tangent (Eq. 2.10) and the rectangular
hyperbola (Eq. 2.6) functions, Lederman and Tett (1981) found that several alternate
formulations fitted the data almost as well as the generating model provided different
values for the parameters o znd P, were used. In the case of the corrupted hyperbolic
tangent data, the equation of Smith (1936; Eq. 2.7) actually provided a better fit than the
generating model (Eq. 2.10) and only the formulation of Blackman (1905; Eq. 2.3)
prodiced a markedly inferior fit. With the corrupted data set generated from the
rectangular hyperbola, the generating function did provide the best fit but only the
formulations of Blackman (1905; Eq. 2.3) and Platt et al. (1977; Eq. 2.9) were

significantly inferior.

In a comparison of the ability of several 2-parameter expressions to describe the
light-saturation curves of photosynthesis in natural water samples and tropical marine
algae, both Iwakuma and Yasuno (1983) and Nelson and Siegrist (1987) found that
different formulations yielded considerable differences in the parameter values ascribed
to o8 and P,B. Estimates of P,B were found to be most sensitive to the model chosen
where two-fold differences could exist between models fitted to the same data set. Somne
formulations consistently yielded higher or lower parameter estimates than others. In

general, the formulation of Blackman (1905; Eq. 2.3) and the rectangular hyperbola (Eq.
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2.6) produced the highest values of o8 and P, 2 and consequently the lowest value of /.
Similarly, the (modified) equation of Steele (1962; Eq. 2.8) and Jassby and Platt (1976;
Eq. 2.10) produced the lowest estimates.

From these results it may be concluded that provided the values ascribed to both
parameters o and P, B are allowed to vary in different forraulaticns, it may not be
possible to distinguish a single "best" model if the only criterion employed is the
goodness-of-fit. Furthermore, each different model has a tendency to either
underestimate or overestimate the individual model parameters. In terms of using the P-I
response to calculate integral production, the importance of such an erzor depends upon

the relative sensitivity of the depth integral to the model parameters (see Section 2.9.2).

2.8.2. Rational Models,

Comparing the validity and usefulness of the various rational models is not as
straightforward as with empirical formulations. In addition to correctly describing the !
data, rational models promise insight into the proposed mechanism underlying the
response through the derived values and behavior of the parameiers in the model. For a :
rational model to be consi;iered of potential value, the derived values of the parameters

must therefore provide a logically consistent explanation for the working of the model.

Furthermore, the fulfillment of these two criteria alone do not prove that the
model is a true representation of the underlying mechanism. An indepe 1dent
measurement is required to confirm that the parameter values generated by the model do
indeed describe what they purport to represent. This confirmation has been rarely carried
out in the context of P-I models. Consequently, where several different models predict a

similar form to the P-I response, it is not possible to distinguish which of these models
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represents the more realistic description. An example of this is the non-rectangular
hyperbolic form which arises as the solution to any series of coupled reactions
(Rabinowitch 1951; Prioul and Chartier 1977; Fasham and Platt 1984). In this case the
paramcter © that describes the degree of curvature from the light-limited to the light-
saturated portions of the P-I curve has a different interpretation in each mo-el (relative
importance of diffusion and carboxylation resistance, relative rate of the second coupled
reaction to the first, ezc.). Currently there are insufficient data to decide which

interpretation (if either) has the greatest correspondence to reality.

29. INTEGRATING THE P-I1 RESPONSE OVER DEPTH.

2.9.1. Mathematical considerations,

Many of the empirical forms of the photosynthesis-irradiance relationship were
derived with the principal aim of estimating integral production (ie.. Steele 1962,1965;
Vollenweider 1965,1970). The parameters of these models are defined solely on a
geometric basis and have no biological definition and consequently make no assumptions
about the underlying physiological mechanisms. In this case, the existence of an

analytical solution to the depth integral is a major advantage.

The rational models of Peeters and Eilers (1978) and Megard ez al. (1984) permit
integration of P throughout the water column (assuming a constant atteraation
coefficient) to be accomplished analytically such that a simple equation containing the
surface light intensity, the attenuation coefficient and P-I response parameiers provides

the desired integral.
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In contrast, a major limitation of the successful hyperbolic tangent model
proposed by Jassby and Platt (1976) is that when integrating over depth no analytic
solution exists for situations where a2 [,/ P, 2 2 w2 (ie. I/I, 2 w/2) wherel,is the
surfzce irradiance just below the sea surface, Since typical values of I, and I are 2000
and 200 pmol m-2 s-1 respectively, this requires that numerical integration be employed

under miost circumstances.

production,

Since in many cases the ultimate goal of establishing the P-I response is to permit
calculation of the depth integral of the photosynthetic rate, it is important to choose a
model that determines the most important parameters of the P-I response with the
greatest accuracy and precision. A first-order estimate of the relative importance of the
different parameters of the P-I response to the computed depth integral of primary
production throughout the water column can be made by way of a simple sensitivity
analysis. The irradiance profile may be considered to decrease exponentially with depth

so that:

I(z) = I, exp (-] K, dz)
o (2.61)

where K is the diffuse attenuation coefficient for scalar irradiance and I, is the scalar
irradiance just below the sea surface. Substitution of Eq. 2.61 into any of the P-I
response equations, yields the photosynthetic profile. If a 2-parameter formulation is

employed the photosynthetic profile is a function of three dimensionless numbers:
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PB/PB (=P, (2.62)
LI (=TI, (2.63)
| K,dz (2.64)

(Platt et al. 1984; Lewis et al. 1985).

Under the simplifying assumptions of uniform atteruance, biomass and
photosynthetic parameters throughout the water column, the integral photosynthetic rate
beneath an area of ocean surface is given by (Vollenweider 1965; Platt et al. 1977; Lewis

et al. 1986):

Pl

] P(z)dz

PP B
= - FUJL)

5

(2.65)

The function f(/ /I}) has been tabulated for a number of P-I expressions by Vollenweider
(1965) and Platt et al. (1977) and these are given in Table 2.3. In the specific case where
the formulation for the P-I response is the exponential expression of Baule (1917) then
the integral photosynthetic rate is given by (Lewis et al. 1985):
oo n
P B Y (-1, %)
K, n=l n-n! «.(2.66)

P’ =
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Alihough the limits to the integration ar. set from the sea surface to an infinite depth, the

only significant contribution to the integral comes from the upper 200 m.

Differentiation of Eq. 2.66 with respect to the various parameters yields the
relative sensitivity of the estimate of integral production to variation in the value ascribed

to each of the parameters (Lewis et al. 1985):

_ i
oo n

P’ D AR AOLE

®, K w1 L onen ] (2.67)
oo [ n-1 1

oP’ Io ( - Io/Ik)

o0 K w L ! ] (2.68)
o0 [ n i

P’ P, (-L11

kK K2 o= L onen ] (2.69)

Equations 2.67 10 2.69 indicate that the sensitivities of the integral photosynthetic
rate to the different parameters are all inverse functions of the diffuse attenuation
coefficient (K,). This means that errors in the computation of the integral photosynthetic
rate arising from errors in the P-I response and irradiance profile parameters will be
greatest in optically clear oceans. This is of significance when estimating the
contribution of the picoplankton to integral production because the optically clear
oligotrophic oceans are the regions where the picoplanktonic component appears to be

the most abundant.

To assess the relative importance of an error in one parameter compared to that

in another (say P,B compared to ot8) upor. the estimate of integral production, the
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conditions under which relative errors of both parameters are equal to one another may

be determined from the condition:

dP,, do.
L, o ..(2.70)
which leads to (Lewis et al. 1985):
Z n -1
(I,/1) - (n)
n=]
= 1
2 n -1
(-L/l) -U-n)-(n-nl)

n=l d (2.7

The result shows that the point where both errors are equal is a function of I,/ I, and
occurs when I,/ I, =4. Under circumstances where [,/ I, > 4, arelative errorin P,
leads to a greater error in the estimate of integral production than an equivalent relative
error in o. Conversely, whenever/, /I, <4, arelative error in & leads to n larser error in

the integral production rate than a similar relative error in P,,.

The maximum daily average PAR (direct and diffuse) at the earth's surface (1)) is
150 W m2 (= 690 pmol m2 s-1), a value taken from Reed (1977) for a latitude of 30° N in
June. An average value of I, based upon 722 P-I curves from the world's oceans is 52 W
m-2 (= 240 pmol m2 s-!) (Harrison (pers. comm.)). These values imply that under most
oceanographic conditions the dimensionless ratio /,,/ I, is frequently <4 and so errors in
o rather than P,, are likely to dominate errors in estimates of integral production (Lewis

et al. 1985). The precision of estimating ¢ is also less than P, since the analytical errors
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involved in estimating a from P-{ data are considered about twice that associated with the

estimation of P, (Platt and Jassby 1976; Lewis and Smith 1983).

In conclusion, it can be stated that from simple dimensional arguments the mest
imponant factors in the calculation of integral photosynthetic rates are the values
ascribed to the diffuse attenuation coefficient (K) and the light-limited rate of
photosynthesis (('3) determined from the P-I response. Since both K and o8 are known
to be spectrally dependent, the accurate determination of integral photosynthesis requires
a quantitative description of this spectral dependency. The spectral dependency of K has
been measured in situ at many locations providing boundaries on its variability.
Determinaticn of K, from satellite observations of ocean color (Gordon and Morel 1983;
Sathyendranath 1986) should provide synoptic coverage of K(A) and provide

information regarding the temporal and spatial varizability of K (A).

With respect to phytoplankton photosynthesis, tae spectral dependency of light-
limited rate of photosynthesis (0t8) results from the spectral properties of the
photosynthetic pigments i.avolved in light absorption. In this respect, it is important to
note that the cyanobacteria, which are considered to constitute a significant component of
the picoplanktonic size fraction, differ from most of the larger eukaryotic phytcplankton
in terms of their photosy' .het. ~ nigment complement and consequently their spectral
response. Unlike the larger phytoplankton, cyanobacteria contain only one form of
chlorophyll (chlorophyll g) and possess phycobiliproteins as accessory light-harvesting
pigments rather than the carotenoids, fucoxanthin and peridinin, found in most marine
phytoplanktonic algae (Stanier and Cohen-Bazire 1977; Glazer 1982,1983,1984,1985;
Bryant 1986). Furthermore, the organization of the cyanobacterial apparatus in which the
phycobiliproteins are exclusively associated with Photosystem 2 and chlorophyll g is

predominantly associated with Photosystem 1 has profound implications for the serial
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operation of both photosystems that is required for photosynthesis (Oquist 1974; Wang et
al. 1977; Miycrs et al. 1980). These characteristics of cyanobacterial photosynthesis
demand that special attention be paid to the determination of the spectral nat:re of a8 in

both phytoplankton in general and picoplankton in parti-ular,



CHAPTER 3

SPECTRAL PHOTOSYNTHESIS-IRRADIANCE (P-S-I) MODELS
- ATHEQORETICAL FRAMEWORK.

3.1. INTRODUCTION.

The objective in modelling the photosynthetic response with respect to irradiance
is to derive a useful quantitative description of transformation of the incident irradiance
(the input) into photosynthetic product (the output) throughout the water column. The
transformation rate is generally normalized to either water volume or some biomass
index considered to represent the phytoplankton concentration. Because the spectral
characteristics of the incident irradiance change with depth, any complete P-I model must
consider both the photon flux density and the spectral distribution of the incident
photons. As a point of departure it is useful to describe the spectral attenuation of
underwater irradiance and in particular to consider the fraction of the incident photon
flux that is absorbed by the phytoplankton component. Various P-I models can then be
formulated in terms of the photon flux absorbed by the phytoplankton and the

transduction of this absorbed flux into photosynthetic product.

3.1.1. Absorption by solutions.

Absorption is generally defined in terms of  incident monochromatic beam (of
wavelength A) of collimated light of photon flux density o, passing perpendicularly
through an infinitely thin layer (dz) of a homogenous medium such as a solution of light-

absorbing molecules. The solution must be sufficiently dilute so that incident photons do

79
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ot encounter more than one light-abscrbing molecule while traversing the layer. The
fraction of photons absorbed from the beam (-dlo,/l0;) is proportional to the amount of

light absorbing molecules intercepted by the beam (Beer's Law) such that:

-dloy /Iy, K, dz

oS dz (3.0

i

where the proportionality constant K is the absorption coefficient at that wavelength
(dimension: L), dz is the thickness (dimension: L), S is the concentration of light
absorbing molecules (dimension: M L-3), and a, is a constant that specifies the absorption
cross-section of the light-absorbing molecule at that wavelength (dimension: L2) (Clayton

1980).
Integrating Eq. 3.1 over a finite thickness z, the photon flux density of the beam at
depth z is:

-4y, Sz
lo; exp ..(3.2)

IZ;”

Since the exponent is dimensionless, the units of a, are the reciprocal of Sz: where § is
measured in mg m3, and z is in m, then the absorption cross-section a;, has units m? (mg
S)1. The virtue of measuring light absorption in terms of the exponent a, S z is that it is
linear with respect to concentration and additive for a mixture of light absorbers. For a
mixture of substances present at concentrations S;, S, S3 ... S, with absorption cross-

sections ap, az, a, ... @, the PFD at depth z is:

-[apS; + anS; + anSs + ... + ap S,z

I = lo, exp ..(3.3)
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Because of this additivity property, it is not possible to distinguish between a single
pigment and a mixture of pigments purely on the basis of absorption at a single
wavelength A. A mixture of pigment behave as a single effective pigment and the
measured absorption cross-section is understood to represent a single effective absorption

cross-section.
3.1.2. Partitioning the attenuation of underwater irradiance.

The attenuation of irradiance in the ocean differs from that of a true solution in a
aumber of respects. Firstly, the solar radiation incident upon the ocean surface (/) is
polychromatic rather than monochromatic. Of the total radiation striking the ocean
surface less than half is of wavelengths utilizable for photosynthesis. The portion that
may be ntilized, termed t.ie Photosynthetically Available Radiation (PAR), is defined as
the total photon flux density (7, (PAR)) within the spectral range between 350 and 700

nm so that:

700

J Io(\) d\ ..(3.4)

330

Il

Io (PAR)

The incident photon flux density, whether cosine or scalar, has units of mol m2 s-1.

In additior, the attenuation of irradiance in the ocean is dependent upon the
scattering as well as the absorption properties of the water and the incident irradiance is
diffuse rather than collimated. Where absorption rather than scattering is the dominant
contributor to attenuation in the water column, the additivity principle of absorbance [Eq.

3.3] permits the total vertical diffuse attenuation coefficient at any wavelength A (Kp) to
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be partitioned into fractions corresponding to the attenuation coefficient due to seawater
itself (K,»), that due to the phytoplankton biomass present (K;) and the contribution of

detrital particles (K»). At any wavelength A:

Kn = Kg+Ky+ Ky (3.5)

where all coefficients have units of m-1 (Platt 1969; Verduin 1982). Because the diffuse
attenuation coefficient Ky, depends upon scattering as well as absorption it will always
be greater than the volume absorption coefficient @;. If chlorophyll is employed as a

phytoplankton biomass index then:

Kn =  Kg + Ky + kg [CH] ..(3.6)

where k,, is the chlorophyll-specific attsnuation cross-section at wavelength A and [Chi]
is the chlorophyll concentration. When the latter is expressed in units of mg Chl m-3 then

the attenuation cross-section for chlorophyll &, has units of m2 (mg Chl)-L.

From Egq. 3.2 the photon flux density at depth for any wavelength (/z,) is simply:

- Kn 4
Iy, = lo, exp

- (X5 + pr + ka, Chl)z
Io, exp (7

assuming attenuation is uniform throughout the depth interval. At any depth the rate of
absorption of photons of wavelength A (/a,) is simply the product of the diffuse

attenuation coefficient Ky and the incident photon flux density at that depth (Izy):
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I, = Kpln (3.8)

Since Iz, has units of mol m2 s-! and K, has units of m-! the rate of photon absorption

lay has units of mol m-3 s-1. Similarly, the rate of photon absorption by the viable

phytoplankton component at any wavelength A (Za,”: mol m- s-1) is:

I ax' kcl [Chl ] I 7,
= Iay [ (ka [CHI]) I Kpy ] «.(3.9)
In cases where attenuation is not uniform throughout the entire water column the

total attenuation coefficient Ky, for any discrete depth interval is given by:

-ln [Izpy [ 1z0]

Kp =
z -z .(3.10)

Similariy, the rate at which photons of wavelength A are absorbed by a water layer
(Al/Az) may be calculated by subtracting the photon flux density at the bottom of the

layer from that incident on the top and dividing by the depth interval:

AL, Lp - In,
Az 2-2; ..(3.11)

As before rate of photon absorption AL/Az has units of mol m3 s-1. The rate of photon
absorption by the viable phytoplankton component is then the product of the rate of
photon absorption (Al;/Az) and a dimensionle-s factor (F) representing the fractional

absorption of the phytoplankton pigments:



84
F = (kalCH)/Kp, (3.12)

The attenuation coefficients K, K, and k, are all spectrally dependent and may be
described by the spectral attenuation functions K (), K(A) and k(A) for the wavelength
region of interest. The spectral dependency of total attenuation Kp,(A) for the
wavelength interval corresponding to PAR (350 to 700 am) is given by the sum of K, (A),
K,(A) and k,(A) [Chl]. The effective spectral attenuation coefficient for PAR (K psz)
depends also upon the spectral quantum irradiance I(A) and is defined as the integral of
the product of I(A) and Krsp(A) divided by the integral of I(A):

700 700

350 ° 350 ..(3.13)

Similarly, the effective spectral chlorophyll-specific attenuation cross-section (k) is
defined by:
700 700

Jiyema, 1 T iya
350 350 ..(3.14)

&
I

The effective rate of photon absorption (Z,: mol m-3 s-1) by all components at any

depth is simply:

Iq

JJOO
() Kppe(\) d
e Az (3.15)

The effective rate of photon absorption by the phytoplankton component, refered to as the

Photosynthetically Usable Radiation (PUR), corresponds to the fraction of PAR absorbed
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by the phytoplankton. Expressed on a volumetric basis (Dubinsky 1980; Spitzer 1980;
Priscu 1984; Tilzer 1984):

700

[ r00 k00

350

PUR

700
cny | =0y ko)
350 «.(3.16)

I

where PUR has units of mol m3 s-1. The term PUR has also been defined in chlorophyll-
specific terms in which case it is simply the integral of the product of I(A) ard k(A) with
units of mol s-! (mg Chl)-! (Morel 1978; Kishino et al. 1986).

A fraction of the PUR is transduced into chemical energy in the form of
photosynthetic product. This quantity is refered to as the Photosynthetically Stored
Radiation (PSR) Mcrcl 1978; Dubinsky 1980; Dubinsky and Berman 1981). The term
PSR corresponds to the photosynthetic rate and is traditionally defined in terms of
molecules of O, evolved or molecules of CO, reduced. When expressed on a volumetric

basis PSR has units of mol m-? s-1,

3.1.3. The efficiency of phytoplankton absorption and photosynthetic transduction.

Comparisons of PAR, PUR and PSR throughout the water column lead to several
dimensionless indices describing the efficiency of absorption and of photosynthetic
transduction. Indices computed on a quanturm/molecule basis will be termed yields in
order to distinquish them from the analogous indices based upon energy units termed

efficiencies. Efficiences may be calculated from yields provided both the spectral

= T

g oo s
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distribution of the irradiance (1 quantum = (1987/A(nm)) - 10-19J) and the energy content

of the photosynthetic product (J mol-!) are known.

Obtaining dimensionless ratios irom PAR, PUR and PSR has been complicated
by differences in the dimensions of the three quantities; PAR has units of mol m-2 s-!
while PUR and PSR typically have units of mol m-3 s-! (Platt 1969; Dubinsky 1980). In
order for ratios of PAR, P_UR and PSR to be dimensionless, it is necessary that PAR be
expressed on a volumetric basis (mol m-3 s-1). The solution most frequently used s to
multiply the measured PAR (mol m2 s-) by Kpsp (m-!) to obtain the rate of photon

absorption by a volume of water (la: mol m-3 s-1).

The rate of photon absorption by the phytoplankton (PUR) relative to the rate of
photon absorption by all the components (/a), provides a measure of the absorption yield
(§) of the phytoplankton. In this case, the absorption yield reduces to the ratio K /Kpyp
representing the fraction of the absorbed irradiance that is absorbed by the chlorophyll (=

phytoplankton) component.

700
PUR f I(A) K(A) dh
. 350
3 = =
700
I, 7100 Keuath) o
350 -.(3.17)

Alternatively, if PUR is integrated throughout the entire water column then both PUR
and PAR will both have units of mol m-2 s1 and the absorption yield () will be
dimensionless as required (Platt 1969; Dubinsky 1980).
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The light utilization yield (y), and its energy analogue the light utilization
efficiency (y’), is the ratio PSR/PAR. Once again when calculated for discrete depths as
opposed to integrating over the entire water column PAR must be expressed on a
volumetric basis (ie. /a) for the ratio to be dimensionless. The light utilization yield

represents the efficiency with which incident quanta are transduced into photosynthetic

product.
700
PSR o 100 kM @
350
\V - - 700
I, I 100 Kpeh) db
350 -.(3.18)

Finally the quantum yield (9), and its energy analogue the quantum efficiency
(9", is defined as the ratio PSR/PUR. The quantum efficiency describes the efficiency
with which absorbed quanta are transduced into photosynthetic product. The quantum
yield represents the molar ratio of molecules photosynthetically reduced or oxidised to

the number of photons absorbed.

700

PSR o [ I\ KM dh

350

o = =

700

PUR | 1) kM) dn
350 ..(3.19)
32. SCALING THE P-1 RESPONSE TQ SPECTRAL ABSORPTION.

All of the semi-empirical and rational models of the P-I response discussed in

Chapter 2 describe photosynthesis as a function of the incident irradiance (PAR). As

e i e
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Grotthus-Draper Law states that only absorbed photons can cause photochemical
reactions and therefore bring about photobiological responses the photosynthetic rate is a

function of the irradiance absorbed by the phytoplankton (PUR).
3.2.1. Recasting P-I models in terms of absorbed irradiance.

Where the rate of photosynthesis (P) is considered proportional to the rate that

photons are absorbed (PUR) then:
700
Po= o L imana
350 ..(3.20)

where P is the (volumetric) photosynthetic rate (mol C m-3 s-1), ¢, is the constant of
proportionality (dimensionless), a(A) is the absorption coefficient (m-!) and /(A) is the
incident photon flux density (mol m-2 s-1). Such a formulation implicitly assumes that the
constant of proporticnality ¢,, termed the apparent quantum yield, is both constant and
wavelength independent. Under these circumstances any differences in the P-I
relationship determined under different spectral distributions are considered to arise
simply as a consequence of differences in the integral of the product of /(A) and a(A) such

that all P-I curves will be proportional to one another with respect to the irradiance axis.

This proportionality between P-I responses determined under different spectral
distributions means that if the photosynthetic rate is plotted as a function of /n I rather
than I, all of the resultant P-I curves will be parallel to one another. Furthermore, the
horizontal separation of P-I curves determined under different spectral distributions will
correspond to the natural logarithm of the ratio of absorbed irradiances (ie. In

[PUR/PUR,]). This graphical relationship for P-I curves determined in different
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polychromatic irradiance fields and plotted as a function of boin I and /n [ is illustrated in

Figure 3.2.

Stating the photosynthetic rate (PSR: mol m-3 s-1) in terms of the rate of photon
absorption (PUR: mol m3 s-1) rather than the rate of photon incidence (PAR: mol m2 s-!)
thus requires a simple re-scaling of the abscissa by a spectral weighting factor

corresponding to the effeciive spectral absorption coefficient (a: units m-1).

700 700
a = F1y) an) an ] J i) dn
350 350 ..(3.21)

In the case of natural waters where photosynthetic rates are expressed on a chlorophyll
basis (PSR: mol C (mg Chl)-! s-1) the spectral weighting factor corresponds to the mean
spectral chlorophyll-specific attenuation cross-section k. (m2 (mg Chl)-!) as described in
Eq. 3.14. Consequently, all of the various P-I models discussed in Chapter 2 may be

restated in terms of absorbed PFD as opposed to incident PFD.

3.2.2. Advantages and Disadvantages of Scaling to the Absorption Spectrum.

Re-scaling the P-I response according to the spectral dependency of absorption
constitutes a simple attempt to incorporate the spectral nature of irradiance into the
photosynthesis-irradiance relationship. The principle advantage of using the absorption
spectrum to spectrally weight the P-I response is the ease with which the spectral
dependence of absorption can be measured. The absorption spectra of both laboratory
cultms and oceanic particulate material is simply de:zrmined spectrophotometrically in
the laboratory, in the latter case by collecting the particulate material on filters. The

possibility also exists for estimating the spectral absorption properties of the
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phytoplankton by remote sensing measurements of the spectral reflectance of the ocean

(Gautier et al. 1980; Gautier 1982; Gordon and Morel 1983; Sathyendranath 1986).

Several major disadvantages are associated with the application of the absorption
spectrum as an appropriate spectral weighting function for describing ths spectral
dependency of photosynthesis. Firstly, it is implicitly assumed that all photons absorbed
by the sample have the potential to be photosynthetically utilized and that the apparent
quantum yield is constant and wavelength independent. This assumes that photosynthetic
pigments constitute the caly (or at least predominant) absorbing substances present. The
presence of any absorbing materials in the phytoplankton or oceanic particulates which
do not participate in the photosynthetic process will lead to an inappropriate spectral

weighting function for the P-I response.

Because of the additivity of absorption cross-sections in a mixture [Eq. 3.4] itis
not possible to extract the absorption spectrum of the photosynthetic component based
upon a single sample. In the case of oceanic particulates it is impossible to partition Kpp
into its components, specifically to extract an accurate estimate for &, based upon a
single absorption spectrum. Consequently the spectral weighting function used to re-
scale the P-I response corresponds to the mean spectral attenuation coefficient of all the
particulate material present (K, + K ) and not just that portion corresponding to the viable
phytoplankton component (K,). The spectral characteristics of the dissolved and
particulate material responsible for light absorption may be radically different from those
of the photosynthetically active pigments within the phytoplankton. Where the latter is
only a minor component their spectral absorption properties will be masked by

absorption of the more abundant material.
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Another disadvantage is the application of a single spectral weighting function to
the entire P-I response. By suggesting that P-I curves obtained under different spectral
distributions are proportional to one another with the proportionality constant depending
upon absorption, it is implicitly assumed that the spectral dependency of photoinhibition
is identical to that of photochemistry. The application of a single proportionality constant

to both the photosynthetic. and photoinhibitory portions of the P-I curve may i::t be valid.

In summary, modelling photosynthesis in terms of the absorbed irradiance rather
than the incident irradiance provides a first-order approximation of the spectral
dependency of photosynthesis. It is achieved in practice by simply re-scaling the
irradiance axis by the the attenuation coefficient of the semple. To be valid it is required
that the photosynthetic pigments constitute the sole source of absorption, the quantum
yield be constant and wavelength independent and that photoinhibition (if present)
exhibits an identical spectral response to that of photosynthesis. These constraints
severely restict the usefulness of this approach in the oceanographic context where the

photosynthetic component may represent only a small fraction of the absorbing

component.

3.3. SCALING THE P-I RESPONSE TO THE MONOCHROMATIC ACTION
SPECTRUM.

3.3.1. Introduction.

Because of interference by pigments that are not associated with photosynthetic
photon harvesting, it is more appropriate to directly model the photosynthetic process

itself as a function of photon wavelength. The study of how the photon wavelength



affects the rate of a chemical, biochemical or physiological response is referred to as
action spectroscopy. An action spectrum is defined as a plot of the relative response of a
biological system to irradiance of different wavelengths. In the case of a very simple
system where the response is a function of absorption by a single stable pigment, the
response in polychromatic irradiance may be obtained by way of "classical action

spectroscopy".

3.3.2, Pri “iples of Classical Action SCOnY.

Classical action spectroscopy provides the second basic approach to integrating
the spectral distribution of incident irradiance into the P-I response. Classical action
spectroscopy requires that the many reactions comprising photosynthesis be represented
by a single ideal primary photoreaction. An ideal primary reaction is considerea to be a
photoieaction that corresponds directly to the first molecular change promoted by the
absorbed photon. Under this assumption the rate of the primary reaction is proportional
to the number of photons absorbed. Transduction of the incident irradiance is simply
represented by a constant of proportionality linking the input (photons absorbed) to the
output (molecules photosynthetically transformed). This proportionality constant is

generally referred to as the quantum yield of the photoreaction.

Where absorption may be attributed to a single photosynthetic pigment, or a
mixture of pigments acting additively, the photosynthetic response may be determined by
similar reasoning to that employed to determine absorption. Under monochromatic
radiation (wavelength A) and photon flux density (/;: mol m?2 s-1), the number of

molecules transformed per second (fe. the rate of phototransformation v: mol s-1) is:

y = chgh (322)

‘&s
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where c is the concentration of pigment in the ground state and so capable of photon
absorption (units: mol m3), &, is the effective molar absorption cross-section of the
pigment at wavelength A (units: m? mol-!) and ¢, is the quantum yield of transformation
(ie. the probability that an absorbed photon gives rise to a transformaticn) at that
wavelength (units: dimensionless). The product &,-0; is referred to as the transformation

cross-section ©; (units: m? molecule):
& 0y = Oy ..(3.23)

As in the case of absorption, it is not pessible to distinguish between a single pigment or
many pigments each with unknown fractional concentrations and partial cross-sections
but which act additively to bring about the response. Consequently Eq. 3.13 refers to a
single effective pigment characterized by a single effective cross-section which in vivo
may represent one or more real pigments such that ¢, in Eq. 3.13 refers to the effective

cross-section for transformation.

Under monochromatic irradiance the pigment-specific rate of the

phototransformation r (whprc r =v/c : mol transformed (mol pigment)-! s-1) is given by:

Lo, (324

r = L&, 0y

where I, is the incident photon flux density (mol m-2 s-1), &, is the absorption cross-
section of the pigment (m2 mol pigment -1), ¢, is the quantam yield (mol pigment
transformed - mol photons -! = dimensionless) and o, is the action cross-section of the

pigment (m? mol pigment -1).






