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Abstract

In the present study a numerical modeling approach is employed to 

examine the role of division spedific differences in photosynthetic 

action spectra in governing the re la tiv e  size of diatom and d inofla - 

g e lla te  carbon synthesis along various marine lig h t  regime gradients. A 

rad iative  transfer model taking into account both Rayleigh and Mie 

atmospheric optical properties is employed to define the lig h t regime 

incident on the sea surface. The hydrospheric lig h t regime is defined 

by an exponential decay model with a correction for diffuse back 

scatter. Taken together, the atmospheric and hydrospheric models define 

the spectral composition and in tensity  of lig h t in the sea as a function 

of solar a ltitu d e  and depth. This permits the simulation of re a lis tic  

spectral gradients along various temporal and spatial dimensions of the 

marine environment: d iurnal, seasonal, v e rt ic a l, and la titu d in a l.

A spectrally sensitive model of photosynthesis is employed to determine 

the rates at which carbon compounds are synthesized at various points 

along these gradients. The ra tio  (i|i) between dinoflagellate  and diatom 

carbon synthesis is  determined by taking into account differences in 

division specific photosynthetic action spectra.

U tiliz in g  th is  approach, changes in were detected along each of 

the four dimensions considered in the study. I t  is assumed that d i f 

ferences in d ino flag ella te  and diatom carbon synthesis are d ire c tly  

refelcted in the respective population carbon pools. Changes in tp are 

taken as an indication of changes in the community composition. The 

largest changes in i|r were found to occur as a function of depth (22%
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maximum difference in da ily  carbon synthesis), with diatoms being 

favored with increasing depth. This is interpreted as an indication  

th a t the photosynthetic action spectra of the diatoms and dino- 

flag e lla tes  adapt these groups to the lower and upper levels of the 

water column, respectively. Diurnal changes in were found to be

equally large, with diatoms favored in early morning and la te  evening 

hours. The re la tiv e ly  slow rates of phytoplankton reproduction preclude 

the p o ss ib ility  that such changes are s ign ifican t in establishing diur

nal successional patterns. Latitudinal and seasonal changes in ijj were 

found to be smaller in magnitude than the vertica l-d iu rna l changes. At 

the equator seasonal changes were neglig ib le. At temperate latitudes  

changes in tji indicated a preferential carbon synthesis by dinoflagel- 

lates during the winter. This is in co n flic t with real world observa

tions showing diatom community dominance in the winter. The discrepency 

is not considered s ign ificant as the magnitude of change is  small (<2%). 

At polar latitudes diatoms were favored during the winter and 

dinoflagellates during the summer. This is  consonant with real world 

patterns of community dominance. Since the magnitude of the changes 

observed are re la tiv e ly  large at polar latitudes (approaching 10%) the 

differences in carbon synthesis between the diatoms and dinoflagellates  

are considered s ign ificant. Apparently in polar waters the photo

synthetic action spectrum of the diatoms adapts th is  group to winter 

lig h t regimes, while that of the dinoflagellates adapts that group to 

summer lig h t regimes. Thus, phytoplankton seasonal succession can in  

part be controlled by changes spectral composition and differences in 

photosynthetic action spectra.
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CHAPTER I

INTRODUCTION -

The spectral composition of lig h t in the sea varies with several 

factors. Solar elevation and depth below the surface are of present 

p articu lar in terest because they establish well-defined gradients in 

spectral composition along several dimensions, including time of day, 

time of year, la titu d e , and depth in the water column. This study is 

prim arily  concerned with the p o ss ib ility  that such spectral composition 

gradients are su ffic ien t to produce changes in the composition of the 

phytoplankton community. This view is predicated upon the assumption 

that each algal division is characterized by a more or less unique 

pigment composition (A llan , 1960), and that the in terd ivis ional d i f 

ferences are su ffic ie n t to pre-adapt each division for d iffe re n t 

positions along the lig h t regime spectral gradients. Thus, as the 

spectral composition varies through time or space, i t  might be expected 

tha t f i r s t  one, then another, division w ill be favored. The resu lt 

would be that the community composition would vary along these gra

dients. For present purposes this phenomenon is termed "succession."

I t  is re la tiv e ly  d i f f ic u lt  to tes t th is  hypothesis in the real 

world. The fac t that responses to factors other than spectral com

position vary from division to d ivis ion, and thus precip ita te  the same 

type of composition succession patterns, makes i t  d i f f ic u lt  to provide a 

w ell-contro lled , real-world tes t. While laboratory studies can provide

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the necessary rigo r in. experimental control, s ta te -o f-th e -a rt problems 

prevent the re a liza tio n  of spectrally  re a lis t ic  lig h t regimes. Thus, 

the twin problems of control and realism prevent the resolution of this  

problem by conventional approaches.

In the present study, these problems are obviated by the appli

cation of systems modeling techniques. By re s tric tin g  the scope of a 

photosynthetic model to include only variations in lig h t regime, a 

rigorously controlled experiment can be created. By mathematically 

modeling the spectral composition of the lig h t regime, a highly 

re a lis t ic  photic environment can be provided. While th is  approach is  

abstract, i t  allows the theoretical exploration of an otherwise in 

tractab le  problem.

Systematic a lternation  in dominance between algal divisions is a 

commonplace phenomenon in aquatic communities. In the marine l i t t o r a l ,  

biomass, and species abundance dominance in the benthic algal community 

sh ifts  from blue-greens (Cyanophycophyta) to greens (Chlorophycophyta) 

to browns (Phaeophycophyta) and f in a l ly  to reds (Rhodophycophyta) with 

increasing depth (Zaneveld, 1969). The ra tio  between red and brown 

algae decreases from low to high latitudes (Chapman, 1957). S im ila rly , 

brown algae seem to be favored during the winter months, while red algae 

seem to be favored in the summer months, a t least in the North American 

temperate la titudes (Hoyt, 1920; W illiams, 1948; and Conover, 1958). 

With respect to the marine phytoplankton community, the ra tio  between 

d ino flag e lla te  and diatom ce ll also s h ifts . In temperature latitudes  

the diatoms generally dominate the w inter f lo ra , while the d inoflagel

lates often characterize the summer flo ra  (figu re  1-1; c f. R iley, 1957; 

Smayda, 1957; Bogorov, 1958; Margalef, 1958; Rodhe et a l . ,  1958; and
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Figure 1.1. Seasonal changes in diatom (so lid  lin e ) and 
dinoflagellate. (dotted lin e ) ce ll concentrations in Narrangansett 
Bay. From Smayda 1957.
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Raymont, 1963). There is  also evidence for a decreasing dinoflagel- 

late-diatom ra tio  with increasing depth (R iley , 1957) and increasing 

la titu de  (figure  1-2, c f. Hart, 1934).

Since such alternations in composition represent major structural 

changes in the community i t  is of in teres t to id en tify  the regulatory 

factors. In th is  regard various hypotheses are present in  the l i t e r a 

ture. The vertica l zonation of benthic algae tra d itio n a lly  has been 

interpreted in terms of spectral composition and in tensity  of the 

ambient lig h t regime (Oersted, 1844; Forbes, 1844, Berthold, 1882; 

Englemann, 1883, von Gaidukov, 1904; and Levring, 1960). Seasonal and 

la titu d in a l sh ifts  in benthic algal dominance have been thought of in 

terms of temperature (Hoyt, 1920; Setchell, 1920). Seasonal changes in 

the phytoplankton community have been interpreted in terms of tempera

ture (Patrick and Coles, 1969), nutrient status (P ra tt, 1965; O'Brien, 

1974), zooplankton grazing (M artin, 1970), and lig h t in tensity  (R iley , 

1957; Smayda, 1973; and Hitchcock and Smayda, 1977).

A variety  of factors are probably involved in regulating the 

successional patterns among benthic and planktonic algal divisions. 

However, i t  would seem that whatever factors are involved must neces

s a rily  possess an intimate re la tion  to algal taxonomy; otherwise th e ir  

expression would not be observed a t such a broad taxonomic leve l. From 

th is  point of view most of the suggested factors seem unlikely candi

dates. While some show taxonomic a f f in it ie s  (e .g .,  diatoms as a whole 

are more cryo ph illic  than d inoflagella tes) few possess an intimate  

taxonomic correlation (e .g . ,  cold preference is not a taxonomic c r i

terion for diatoms).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 1.2 Latitudinal changes in the re la tiv e  composition 
of the phytoplankton community in the North A tlan tic . Plus (+) = 
diatoms; Dots ( . )  = d inoflagellates. From Hart, 1937.
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6

An exception to th is  is  the lig h t regime factor. Pigment composi

tion is c r it ic a l in establishing the lig h t response capab ilities  of an 

alga (Haxo, 1960). I t  is also a major c rite rio n  by which taxonomic 

distinctions a t the division level are made. Thus, there is  an intimate 

lin k  between taxonomic status and lig h t regime response.

The linkage between taxonomic status, composition, and lig h t regime 

response has been exploited most thoroughly in terms of the vertica l 

zonation of benthic algae. As early a t 1844 Oersted suggested that the 

green-brown-red sequence of benthic algae was a response to differences 

in the capab ilities  of these groups to u t i l iz e  lig h t regimes prevailing  

at d iffe re n t depths. Near the turn of the century Englemann (1883) and 

von Gaidukov (1904) proposed that the root of these differences in 

capability  lay in the division specific differences in pigment composi

tion . The work of Haxo and Blinks (1950) rather conclusively estab

lished that each of these three algal groups possessed unique patterns 

of response to lig h t at various wavelengths, and that these patterns of 

spectral response were consonant with the lig h t regimes prevailing at 

depths where these groups achieved th e ir  greatest re la tiv e  abundance.

The role of gradients in spectral composition as a forcing function 

determining the vertica l d istribu tion  of macroalgae is , then, w ell- 

established in the lite ra tu re . There seems no in trin s ic  reason why th is  

and s im ilar spectral gradients along other dimensions should not have 

significance in defining phytoplanktonic community composition. This 

p o s s ib ility , has been ignored in the lite ra tu re . The focal point of the 

present study, therefore, is an evaluation of the role which division  

specific differences in photosynthetic action spectrum play in governing 

phytoplanktonic successional patterns along various spectral gradients.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER I I

ATMOSPHERIC AND HYDROSPHERIC LIGHT REGIME MODELING 

Introduction

In the present chapter formulations are detailed by which the lig h t  

regime can be modeled for any depth in the water column. There are four 

discrete steps in this process. F irs t the e x tra te rre s tria l lig h t regime 

a t the top of the earth 's atmosphere is  defined. Second, th is  lig h t  

regime is subjected to atmospheric modification generating in the end

the lig h t regime a t the a ir-sea in terface. Third, the incident lig h t is

brought through the in terface. Fourth and f in a l ly , the sub-interface 

l ig h t regime is  subjected to hydrospheric modification, generating an 

ambient lig h t regime at a ll depths of in terest. Each of these steps 

w ill be dealt with in subsequent sections. For convenience a schematic 

of the processes involved is given in figure I I - 1.

Extra-Terrestria l Light Regime

The extra te rre s tr ia l lig h t regime depends prim arily on three 

factors:

•  The solar constant

•  The sidereal date

o The spectral composition of sunlight.

The solar constant, F1, is the average radiant flux  through a unit 

area normal to the incident lig h t a t the top of the atmosphere at mean 

earth-sun distance, (Coulson, 1975). I t 's  exact value is subject to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure I I . 1. Schematic of the atmospheric and hydrospheric 
l ig h t regime model. Boxes indicate radiation . Ovals indicate con
tro l factors.
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some debate but fo r present purposes the NASA standard value of 1.940 

cal/cm /min is  assumed (Thekera and Drummond, 1971). Variation in F' 

due to changes in the earth sun distance amounts to as much as 7% 

between perihelion and aphelion (Coulson,1975 ), and may be adjusted 

according to

F= F ' [ l . +0.0335 sin (360 T /365)] 2.1

The variable T is  the sidereal date, or the time in days that has elap

sed since the la s t previous autumnal equinox. September 21.7 is taken 

as an average value for th is  event. The erro r due to this la s t assum

ption is  generally quite small, introducing a discrepency of no more 

than two minutes at latitudes less than seventy degrees from the equator 

(Nassau, 1948).

Given F the e x tra te rre s tria l l ig h t regime can be generated d irec tly  

from a knowledge of the spectral composition of e x tra te rre s tria l sun

lig h t. Coulson (1975) gives the frac tio n , e , by which the various nar

row bands of wavelengths (10 nannometer) contribute to the solar const

ant. The quasi-monochromatic (10 nannometer wave bands) irradiance can 

be computed as:

In nature the range of wavelengths fo r the ex tra te rres tra l lig h t regime 

extends from about 200 nm (fa r  u ltra v io le t)  to well beyond 1000 nm (fa r  

in fra red ). The photosynthetically active range of wavelengths, however, 

is much more circumscribed; extending from 300 nm to 730 nm. I t  is 

therefore only necessary to employ a lig h t regime model appropriate for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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th is  lim ited range.

Atmospheric Transmission

E xtra terres tria l lig h t passing through the earth 's atmosphere 

in teracts with the gas or aerosol partic les  in three ways:

•  Absorption

•  Transmission

•  Scattering

For the photosynthetically active range of wavelengths absorption is  

t r iv ia l  (Coulson, 1975) and can be ignored. The remaining two processes 

give rise respectively to the d irec t sunlight and the diffuse skylight 

components of the atmospheric lig h t regime. Since these two components 

behave in fundamentally d iffe ren t manners in the atmosphere, in crossing 

the air-sea in terface, and in the hydrosphere, they must be treated  

separately.

The Direct Sunlight Component 

Transmission of lig h t by gas and aerosol partic les  in the atmos- 

sphere produces a d irec t sunlight component of the atmospheric lig h t  

regime. For a given wave band centered a t wavelength \ ,  the attenuation  

of the ex tra te rre s tria l monochromatic f lu x , F. , depends on the amount of 

atmosphere through which the lig h t passes and the wavelength specific  

mass attenuation co e ffic ien t, k^. I t  is convenient to define the 

atmospheric thickness in terms of the parameter m, the ra tio  between the 

slant path distance traversed by the beam through the atmosphere at a 

solar zenith angle i ,  and the ve rtica l distance. Several formulations

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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exis t in the lite ra tu re  for defining m as a function of solar zenith 

angle (see Rosenberg, 1966; Nagel, 1974). Numerical values for a number 

of these relationships are given in Table I I - l .  These values may be 

judged against those of Bemporad which are accepted as the standard of 

comparison (Rosenberg, 1966; Nagel, 1974). While a l l  the values shown 

in table I I - 1 are in good agreement with Bemporad's values, up to i = 

70°, only Rozenberg's formulation

affords a good f i t  a t very large angles. I t  is th is relationship, 

therefore, which w ill be used in the present model.

The solar zenith angle depends upon la titu d e  <{>, and the sidereal 

date, T according to

where, <|> is la titu d e , 6 is the solar declination, and a is the righ t

ascension, these la tte r  two variables being obtained from an ephemeris

for the date in question.

The mass attenuation co e ffic ien t, k. , is employed to define the
A.

optical thickness of the atmosphere, viz.

m = (cos i + . 025e-11 cos i \ - l) 2.3

i = 90 -  h 2.4

here h is the solar a ltitu d e  above the horizon as given by

h = arcsin[sin sin 6 + cos <J> cos 6 cos (T -a )]  2.5

00

k  ̂ p dz 2 . 6
o
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0 h N R B L sec 6 M

0 90 1.00 1.00 1.00 1.00 1.00 1.00

30 60 1.15 1.15 1.15 1.15 1.15 1.14

45 45 1.41 1.41 1.41 1.41 1.41 1.45

60 30 1.99 2.00 2.00 1.99 2.00 2.18

70 20 2.90 2.92 2.90 2.90 2.92 3.30

75 15 3.81 3.85 3.82 3.81 3.86 4.32

80 10 5.60 5.65 5.60 5.56 5.76 6.03

85 5 10.49 10.40 10.40 10.20 11.5 10.0

86 4 12.60 12.3 12.4 12.1 14.3 11.8

87 3 15.58 15.1 15.4 14.8 19.1 14.4

88 2 19.69 19.4 19.79 18.84 28.6 18.02

89 1 22.93 26.3 26.95 57.3

90 0 40 35-40 44

Table I I - l .  The atmospheric thickness parameter "m" as a function 
of zenith angle (0 = i ) .  Based on various authors: N = Nagel, 1974, R
= Rozenberg, 1966, B = Bemporad*, L = Laplace*, M = M uller*. Asterisk 
indicates data cited by Rozenberg, 1966.
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where p is the density of a ir ,  dz is the depth of the atmosphere 

traversed, and k^p is  the inverse absorption length ( i . e . ,  l/k^p=e), 

which is the distance the lig h t travels to be diminished by e. Thus, x^ 

is the attenuation per unit m.

The atmospheric optical thickness, x^, can be fractionated into  

three components

XK x RK + x bX + l 0X 2-7

where Xp  ̂ is due to the Rayleigh atmosphere, (diatomic oxygen, nitrogen, 

and the noble gases), x ^  is due to particu late  aerosols, and Xq^ -s ^

to triatom ic oxygen. A fourth component, x ^ ,  associated with hydro- 

sols, can be ignored as i t  is not e ffec tive  in the photosynthetically 

active range of wavelengths. The Rayleigh component varies prim arily  as 

a function of elevation above sea leve l. Meterological variation is not 

sign ifican t. Since only sea level elevations are pertinent in the 

present case Xp  ̂ may be assumed constant. Values for Xp  ̂ used in the 

model are based on the tabulation provided by Coulson et a l. (1960). 

Sim ilar values fo r ozone optical thickness, Xq^ are also based on the 

tabulations of Coulson, e t a l. (1960). Ozone concentration varies in 

nature but th is  is a second order e ffec t (Coulson, 1975) and is ignored. 

Aerosol optical thickness varies as a function of aerosol load, p, and a 

p artic le  size co e ffic ie n t, a 1. Angstrom (1961) provides a relationship  

for determining x ^  as a function of a 1 and p.

r  -  r x 0 ' 2 - 8TAK ~
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The parameter 0 varies with environmental conditions ranging from 0.000 

fo r an aerosol free atmosphere to 0.200 fo r an extremely turbid  

atmosphere. In the present study executions of the model have been 

performed fo r these extreme cases and for a value of 0 = 0.100. The 

parameter a 1 characterizes the modal p a rtic le  diameter of the aerosol 

size d is trib u tio n  and varies between zero fo r small aerosols, and four 

fo r large aerosols. Values characteristic  of maritime conditions appear 

not to have been published, but an approximate value can be obtained by 

f i t t in g  Coulson's (1975) values of fo r "Haze M" conditions to 

equation 2.8 (fig u re  I I . 2 ). (Haze M conditions correspond to a maritime 

environment.) A value of 0.81 is  obtained in th is  manner and is 

employed in the present model.

Given F^, t^ , and m, the monochromatic flu x  in the d irect sunlight 

component, S^, can be determined according to

Sx = F x e - V  2.9

When is determined over the range of 300 to 700 nm, the d ire c tly  

transmitted component of the atmospheric lig h t regime in the photo- 

synthetical ly  active range incident on the sea surface is completely 

defined.

r i

The Diffuse Skylight Component 

When a beam of sunlight strikes gas or an aerosol p a rtic le , part of 

the lig h t is scattered out of the d irec t beam. This scattered lig h t  may 

in turn strike  other partic les  giving rise to second and higher order
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Figure I I . 2. The re la tion  between optical depth and wave
length for a "Haze M" (maritime) atmosphere. Values of optical 
depth as a function of wavelength are also given fo r a "Haze C" 
(continental) atmosphere for purposes of comparison. Based on 
Coulson, 1975.
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scattering. The net e ffec t is a diffuse skylight component of the 

atmospheric lig h t regime. The scattered lig h t fie ld s  arising from lig h t  

interaction with gas or aersol partic les  are somewhat d iffe ren t. I t  is 

therefore necessary to describe the diffuse skylight in terms of two 

separate scattered lig h t fie ld s : the Rayleigh lig h t f ie ld  associated

with Rayleigh scattering centers (oxygen, nitrogen, noble gases, e tc .)  

and the Mie Light f ie ld  associated with Mie scattering centers 

(aerosols).

The Rayleigh Light F ie ld . The diffuse skylight, H ^ , associated 

with Rayleigh scattering centers can be completely defined (Deirmenjian 

and Sekera, 1954) according to

H , .  = Fx ( y 1 +  - T „ , m
XR m 2(FSiT'e RX

where A is the sea surface re f le c t iv ity , and where

s = l-m1(K1+L1+K3+L3) -2  (K£+L2+K4+L4) 2.11

Yl = J-l (K1+L1) + 2J2 (K2+L2) 2.12

V2 = Ji  ( K3+L3) + 2J2 (K4+K4} 2*13

= (3 /8 ) Mq ( L ^ )  2.14

J2 = (3 /8 ) Mq (L2+L4) 2.15

The K.th, L^th, and M^th parameters are tabulated by Sekera and 

Kahle (1966) for various zenith angles and fo r values of t . These
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values have been incoirporated into the model in matrix form. For 

specific values of t the appropriate values of K ., L . , and M. are 

obtained by linear in terpolation following McCulough and Porter (1971). 

Values less than 0.15 are not provided by Sekera and Kahle, but lim it  

values for x = 0.0 have been computed by means of boundary conditions 

which they do provide. Interpolations in the region 0< t ^ <  .25 are 

obtained by Lagrangian in terpolation. Values of x ^  are obtained from 

the tabulation of Coulson e t a l. 1960.

Over the range of 300 to 700 nm (th a t is , the photosynthetically 

active range of l ig h t )  ozone partic les behave essentia lly  as Rayleigh 

scattering centers in that they are non-absorbing and produce an 

isotropic (ra d ia lly  symmetric) lig h t f ie ld . This permits the 

application of the Deirmenjian and Sekera formulations in defining the 

diffuse lig h t f ie ld  produced by triatom ic oxygen scattering centers. In

terms of the model th is  is  done simply by summing Xq̂  and x ^  and

inserting the resu lt in equation 2.10, for T ^ . Values of Tq̂  are again

obtained from Coulson e t a l. (1960).

The Mie Light F ie ld . The scattered lig h t f ie ld  around an aerosol 

scattering center is strongly anisotropic. The Deirmenjian and Sekera 

formulations do not hold under these circumstances and i t  is  therefore  

necessary to provide an a lternative  method fo r generating the diffuse  

lig h t f ie ld  associated with the aerosols. Twomey e t a l. (1966) resolve 

th is  problem through a matrix method which has been incorporated into  

the present model.

In the Twomey matrix method the radiation f ie ld  is approximated by 

a discrete d istribu tion  a t points (la titu d e  c irc le s ) on the unit sphere,
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with matrix relationships defining the incident, reflected and trans- 

smitted fie ld s . These matrices are used to sa tis fy  algebraic equations 

which are then used to compute the properties of th ick atmospheric 

layers b u ilt  up from th in  sublayers, the base of these being a single 

scattering layer. Directions on the un it sphere are defined in terms of 

the azimuthal angle, <)>, and the cosine of the polar angle, p̂  (figure  

I I - 3 ) .  The m ultip le -scattering  of the radiation f ie ld  is  approximated 

by scattering of discrete streams in the directions (p ^ - j) ,  (p g ^ ) - - *

(PniJn ) , (m2<1)2  ̂ where ne9a t iv e  values are in  the

downard d irection , and positive in the upward direction. Each direction  

is , in e ffe c t, an annular cone, as illu s tra te d  in the foregoing figure. 

Letting the in tensity  in the direction p.<|>. be u. and that in be

v . , a transmission matrix T = [ t . .]  and a re fle c tio n , matrix S = [ s - - ]
' J  J

can be defined for a layer such that an incident radiation f ie ld  uQ in,

fo r example, the downward hemisphere gives rise  to a scattered f ie ld  Su0

in the upper hemisphere, a diffusely transmitted fie ld  Tuq in the

downward hemisphere and a d irectly  transmitted f ie ld  Euq where E is the

diagonal matrix with elements e ui .  The elements s . .  and t .  . dependi J i J
upon i ,  albedo, the d irection  set ( p ^ . ) ,  i= l , 2 , . . .N ,  and the scattering  

properties of the system. These properties can be described in terms of 

two m atricies, P and B, derived from the phase function p(cos0) fo r the 

maritime haze. A f i t  to the average phase function for haze M is given 

by (Grosch, personal communication).

p(cos0) = IC i (1 + g.j2 -  2g. cos0)"3 2.16
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Figure I I . 3. The direction scheme for diffuse scattering  
associated with Mie scattering centers. (J> is the azimuthal 
direction while (j is the polar angle.
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where: i C. g.i ai

1 .38267377 x 10"7 .91

2 .19381958 x 10“3 .82

3 .10321609 x 10"1 .50

4 .33784933 x 10"3 .50

The parameter 6 . .  is the arc-cosine of the product p . . = p .p . or B .. =
J  ̂J  ̂ J  ̂J+ K

-p .p ., where p . .  is the fraction of energy removed from the j
J * J

+ h
direction and reappearing in the i direction with the same sense, and

j .  i_

6^. is the fraction reappearing in the i d irection but in the opposite 

sense to the orig inal radiation. The matrices P and B are obtained by 

taking a ll permutations of û  and û  such that:

p. = .05 + i ( . 1) i = 0 ,1 . . .8

p. = .05 + j ( . l )  j  = 0 ,1 .. .8

The transmission and scattering matrices, S and T, are obtained 

d irec tly  from P and B fo r a thin scattering layer of thickness At 

according to

S = M_1B At 2.17a

T = M 1P At 2 .17b

where M is the diagonal matrix with elements p. ,
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Consider a layer .of thickness t^ with characteristic  scattering  

matricies and T^. An in tensity  vector v fa llin g  upon this layer 

gives rise to radiation S^v representing backscatter, E v̂ representing 

d irect transmission through the layer, and T^v representing fore

scattering through the layer. I f  a second layer of thickness t 2 and 

characterized by matricies S2 and T2 is present below the f i r s t ,  T^v and 

E-jV w ill be p a r t ia lly  transmitted, p a r t ia lly  reflected and p a r tia lly  

scattered giving rise  to additional radiant fie ld s  directed upon the 

f i r s t  from below. As th is  progressive divisional process continues a 

complex radiant f ie ld  is  created. Since the two layer combination is 

equivalent to a single layer of thickness t.]+ t2 , and v is a rb itra ry , the 

overall relationship between S, T, and E can be w ritten .

I f  T2 is made in fin itesm a l, and noting that fo r an in fin itesim al

s = s 1 + ( t1+e1)s2( i+s1s2+(s1s2) 2+ . . . )  ( t 1+e1)

T =  (T2+E2)(I+ S 1S2+(S1S2) 2+ . . . ) ( T 1+E1) -  E

2.18a

2.18b

layer the matrix E becomes I-M  ̂ A t, the relationships in 2.17a can be 

used in 2.18 for S2 and T2 obtaining

= S + (T + E)" B( I + . . • )  (T+E) 2.19a

M = M (T+E) M"1 B(T+E) 2.19b

M 9J = ~T + (P + MSM_1B) (T+E) 
9t

2.19c
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To determine the. d iffuse skylight associated with the Mie 

atmosphere a set of transmission matrices for various values o f ( .1 ,  

.5 , 1 .0 , 2 .0 . . . )  are obtained by in tegrating 2.19 b,c from zero to the 

value of of in teres t. Transmission matrices fo r intermediate values 

of are obtained by in terpo lation . In th is  way a matrix T can be 

obtained fo r any given value of x^  = x .. The diffuse skylight 

associated with x. can thus be obtained by multiplying T* by the 

diagonal matrix U of elements u. and summing over a l l  values of j :

HAA = Z U T j  2 ' 20

The Diffuse Light F ie ld . Once the Rayleigh and Mie lig h t fie ld s  

have been determined the overall d iffuse lig h t f ie ld  is obtained by 

simple summation,

HX = H XR+H XA 2-21

I t  should be noted that th is  approach assumes that the Rayleigh and 

Mie atmospheric components in te rac t independently with the lig h t f ie ld .  

In fa c t, there is a degree of dependent in teraction; e .g ., a photon 

scattered by a Rayleigh scattering center may la t te r  be scattered by 

e ith er a Rayleigh or a Mie scattering center. I t  is  assumed tha t th is  

interdependence is e ffe c tiv e ly  minimal.

Hydrospheric Transmission

The foregoing relationships determine the monochromatic flu x  at the 

sea surface a t a given point in time and space. Since the physical
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properties governing the behavior of the d irec t and diffuse components 

are d iffe re n t w ithin the hydrosphere as well as the atmosphere, th e ir  

separate id en titie s  must be maintained.

The D irect Sunlight Component 

I f  i t  is assumed that the a ir-sea in terface is f la t ,  its  

reflectance fo r d irec t sunlight, Rg, is given by Jerlov (1968):

Rg = (s in ( i ' - j ) 2/s in ( i+ j ) 2+ t a n ( i - j ) 2/ t a n ( i+ j ) 2) /2  2.22

The wavelength dependence of reflectance is assumed negligible (Jerlov , 

1968). The parameters i and j  represent the angles of incidence and 

refraction (figu re  I I . 4 ). The parameter i is , of course, the zenith  

angle as previously determined (equations 2.4 and 2 .5 ). The parameter j  

is  given by S nell's  law:

j  = a rc s in (s in ( i/r )  2.23

where r is the re frac tive  index of the medium, here assumed invariant as 

4/3 (Jerlov, 1968). Given Rg, and the incident monochromatic irradiance, 

S^p, the penetrant beam irradiance, S  ̂ , is  given by:

SAp SAp = Rs SAi 2’ 24
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Figure I I . 4. Sea surface refraction . The angle of incidence 
zenith angle = i ;  the solar a ltitu d e  = k; the angle of refraction = 
j ;  the vertica l depth = z; and the attenuation distance is z ' .
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The contribution of the. penetrant sunlight to the irradiance a t depth z 

depends upon the attenuation co effic ien t and the angle of re fraction . 

Attenuation coeffic ien ts , such as provided by Jerlov (1958) and here 

employed, account only fo r the diminution of the beam irradiance; they 

ignore the p o ss ib ility  of secondary backscatter onto the target of 

scattered beam irradiance due to suspended p artic les . Shannon (1975) 

provides a correction fo r th is  phenomenon with the relationship:

K ^ = .0 2 a ^ + .0 4  2.25

The to ta l irradiance on the target area derived from the d irect beam 

irradiance is then determined from:

S =S . e 'KX z s e c ( 3> 2' 26AZ Ap

The Diffuse Skylight Component

Since the diffuse portion of the global irradiance incident upon the 

sea surface comes from a ll portions of the global hemisphere, re flec 

tance is somewhat more d if f ic u lt  to handle than with the d irect sunlight 

component. However, Burt (1954) has examined th is  problem and has found 

that fo r f la t  sea surfaces, and clear skies, as here assumed, the 

reflectance of the diffuse skylight, R ,̂ assumes a more or less 

constant value of 6.6% of the to ta l diffuse skyligh t, H^, as:
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As a practical m a tte r .i t  is convenient to assume that the penetrant 

diffuse skylight is  uniformly directed downward along the v e rtic a l. In 

th is  case the d iffuse skylight remaining a t depth z is defined according 

to the exponential decay function:

H - H  p ( " Kx z ) 2 - 28
\Z  "  %  e K

Ambient Light Regime At Depth

In so fa r as I am aware there is no study in the lite ra tu re  purporting 

to show that phytoplankton are capable of discriminating between d irect 

and diffuse radiation . I t  therefore seems reasonable to sum the diffuse  

and d irec t irradiances once they have been computed for a specific  

target depth. The parameter Ĝ :

Gx = Hx + sx 2-29

is  taken as the primary in -put and forcing function for the photo

synthetic submodel described in the following chapter.
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CHAPTER I I I  

PHOTOSYNTHETIC MODELING

Introduction

There is a large body of lite ra tu re  dealing with the photosynthetic 

responses of phytoplankton as a function of to ta l lig h t energy. This 

lite ra tu re  has been reviewed recently by Patten (1968) and Dugdale 

(1975). Those models currently in use in the lite ra tu re  for simulating 

the photosynthetic responses of the phytoplankton ignore, without excep

tio n , wavelength dependencies inherent in the photosynthetic process. 

Such models are capable of discriminating between response of various 

algae only in terms of lig h t in tensity  parameters. They are not capable 

of such discrimination in terms of photosynthetic action spectrum d i f 

ferences. In the present chapter the extant photosynthetic lig h t inten

s ity  models w ill be reviewed, and an appropriate adaptation to account 

for wavelength dependencies provided.

Existing Photosynthetic Models

The Light Response Curve 

There are two basic approaches in use for defining the photosyn

the tic  response of organisms in terms of lig h t in tensity. The f i r s t  of 

these, mentioned here only in passing, is the kinetic  approach wherein 

the molecular processes underlying the response are rigorously defined. 

This approach has been developed in p articu lar on the basis of the work 

of Baly and Morgan (1934), Emerson and Green (1934), Baly (1935), and
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Burk and Lineweaver (1935), and is  useful in elucidating the biochemical 

processes involved. Researchers working in ecological contexts have 

exclusively employed an em pirical, or "black box", approach, in which 

observed responses under varying lig h t in tensities  are simulated through 

numerical analogs. Figure I I I .1 provides a schematic diagram of a 

typ ical photosynthetic-light in tensity  response curve. Three d is tin c t 

regions of th is  curve are recognized:

1. The suboptimal region— photosynthetic response increases 
with increasing in tensity ,

2. The optimal region— maximum photosynthetic response is 
obtained and the system is lig h t saturated,

3. The supraoptimal region— increased lig h t intensity in 
th is  region produces a photoinhibitory e ffec t acting to 
depress the PS-LI curve.

The parameters I  and P represent, respectively, the lig h t in tensity  

-2  - 1(cal.cm min. ) ,  and photosynthetic rates (mg carbon/unit tim e). The 

parameters I m and Pm represent the lig h t saturation intensity and the 

lig h t saturated photosynthetic ra te ; that is , the maximum photosynthetic 

rate which the system can achieve (P ) obtains at the lig h t in tensity  

I m- A useful parameter is 1^, which defines the shape of the curve in 

the suboptimal region. I t  is  defined as the intersection of the " in i

t i a l l y  linear portion of the curve" with the pm isocline. There are no 

generally accepted parameters defining the photoinhibitory region, but 

for present purposes I .  and 1^, representing the intensities at which 

incip ient and to ta l in h ib ition  are achieved, are of use.
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Figure I I I . l .  Changes in carbon synthesis rate (P) as a 
function of lig h t in tensity. P = maximum synthesis rate. I.  = 
in tensity  at which tangent to curve at orig in  intersects P iso
c line . I  = in tensity  at which maximum carbon synthesis rat§ (P ) 
is achieved. I .  = in tensity  at which photoinhibition is in it ia te d . 
I t  = in tensity  a t which to ta l photoinhibition occurs.
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Light Saturation Models 

Idso and Foster (1975) have described the existing lig h t in tensity  

response models as belong to one or another of three classes ( i l lu s 

trated  in figure I I I . 2 ). The f i r s t  of these classes u tiliz e s  " lig h t  

saturation" formulations which define only the suboptimal and optimal 

regions of the curve (curve I  of figure I I I . 2 ). E .I. Smith (1936, 1937, 

1939), working on the numerical foundation la id  down by Hecht (1923, 

1935) fo r photosensory response analogs, pioneered in th is  area, 

w riting :

P = KIPm/( l+ K 2I 2)^ 3>1

where K is a proportionality  fraction  defining the shape of the curve, 

representing some a rb it ra r i ly  selected proportion of Pm Ta iling  

(1957a,b) reduced the a rb itra ry  q u ality  of the K parameter by setting  

K=Ij<, where 1^ is as previously defined. With T a ilin g 's  modification, 

the Smith model becomes:

P = I  Pm/ I k( l  + I 2/ ! 2)15 3.2

The curve generated by the Sm ith-Tailing model is hyperbolic, a fact 

which is in accordance with biological re a lity  in the sub-photoinhibi- 

tory region. Recently Jassby and P la tt (1956) have taken cognizance of 

th is  point and have provided an a lte rn ative  sim plified  expression:
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Figure I I I . 2. Various classes of photosynthetic response 
models. Class I ,  Light Saturation, assumes no photoinhibitory 
effects . Class I I ,  Asymptotic In h ib itio n , assumes that under 
photoinhibitory lig h t in ten sities  photosynthetic response 
approaches zero asymptotically. Class I I I ,  Total In h ib ition , 
assumes that photosynthetic response under photoinhibitory lig h t  
in tensities  drops to zero a t some f in ite  in tensity .
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P=Pm tanh ( I / I .  P,,,) 3.3m km

The Smith-Tailing and Jassby-Platt models predict that P approaches pffl 

asymptotically with increasing lig h t in tensity. While th is  ignores 

photoinhibition e ffec ts , the curves generated by these models are quite 

sim ilar to those observed in the laboratory (c f. Myers and Burr 1941, 

Qasim e t a l. 1972, and Dunstan 1976). Jassby and P la tt have evaluated 

each of these curves with data from the natural environment and have 

found that th e ir  own model produces a somewhat better simulation than 

that of the Smith-Tailing model.

Asymptotic In h ib itio n  Models 

Idso and Foster's second class of models are those in which the 

entire  curve is simulated, but i t  is  assumed that in the supraoptimal 

region P decays asymptotically with lig h t in tensity  (curve I I  of figure  

I I I . 2 ). Steele (1962) appears to have been the f i r s t  worker to attempt 

to incorporate a photoinhibitory e ffec t at high lig h t in ten s ities . The 

model which he employs abandons the hyperbolic curve in favor of an 

exponential curve generated according to the relation:

P = ( I / Im) e ( _ I / I m)Pm 3,4

Jassby and P la tt extended th e ir analysis of lig h t curve models to 

include that of Steele, considering only the suboptimal and saturation  

region for the curve generated by equation 3.4. Their findings show 

that the Steele model does not provide a good simulation in th is  region.
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Vollenweider (1965) provides the following relationship:

P = P0I  (1 + 12/ l | ) _3s( l  + a2I 2) _n/2 3.5

The Vollenweider model has the advantage of retaining the widely 

accepted hyperbolic form of the lig h t response curve. Indeed, i t  is 

equivalent to the Smith-Tailing model when n=o, since PQ is related to 

Pm according to Fee's (1969, 1973) relationship:

The Vollenweider model has had widespread acceptance in the lite ra tu re ,  

and has been applied in phytoplankton production model contexts in a 

number of instances, (e .g .,  Vollenweider, 1965; Fee, 1963, 1973; Lewis, 

1974; Bannister, 1974a, b; and Winter et a l. 1975). Unfortunately, the 

parameters a and n presently lack biological meaning (Ganf, 1975), 

thereby reducing the general a p p lic a b ility  of the model.

Idso and Foster (1975) provide yet another approach to simulating 

the lig h t response curve, w riting:

3.6.

P=Pm sin (3.12tt I )  m

P=Pm (.64  + 0.36 sin (3.12rt I ) 0 .16<I<0.32

K 0.16 3.7a

3.7b

P=Pm (0.64 e m
-6.24  ( I - .0 3 2 ) ) I> 0 .32 3.7c
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Where the numerical lim its  are em pirically  determined values in units of 
-2  -1cal.cm min . This use of specific  values severely reduces the gen

e ra lity  of the model making i t  inconvenient to apply i t  in other con

tex ts , though the authors have found i t  of great use in th e ir  own work.

Total In h ib itio n  Models 

At the present time, our understanding of the photoinhibitory por

tions of the PS-LI response curve seems incomplete. Asymptotic models 

described in the lite ra tu re  perhaps have been adopted as a matter of 

convenience, or possibly in conformance with the well known curves 

published by Riley (1957). Given the re la tiv e  paucity of data points at 

extreme in ten s ities  scrutiny of R iley 's  orig inal data (Figure I I I . 3) 

suggests that an asymptotic curve is not p a rtic u la rly  appropriate. From 

an in tu it iv e  point of view i t  is d i f f ic u l t  to conceive how carbon syn

thesis could pers ist a t extreme in ten s itie s , which is  the case implied 

by the asymptotic models. Further, the data from Kok (1955) (fig u re  

I I I . 4) demonstrates the existence of an in tensity  at which oxygen evolu

tio n  (hence carbon synthesis) does drop to zero.

The foregoing suggests that a to ta l in h ib itio n  model would be the 

most appropriate choice for incorporation into a photosynthetic model 

(curve I I I  of figure I I I . 2). In  so fa r  as I  am aware the only model of 

th is  type extant in the lite ra tu re  is th a t proposed by Idso and Foster 

(1975):

P = Pm sin (3 .1 2nl) 3.8
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Figure I I I . 3. Photosynthetic response as a function of lig h t  
in tensity  based on Ryther's (1956) data. Curve A corresponds to 
Ryther's asymptotic in terpretation . Curve B corresponds to a to ta l 
in h ib itio n  in terpretation .
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Figure I I I . 4. Photosynthetic oxygen evoution as a function 
of lig h t in tensity  (so lid  lin e ) . Dashed line  represents zero 
oxygen production or consumption. Values of oxygen evolution on 
plus (+) side of dashed line  indicate oxygen production. Values 
on minus ( - )  side of dashed line  indicate oxygen consumption. 
Based on Kok (1956).
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Since the Idso-Foster to ta l in h ib itio n  model generates an endless sine 

wave (fig u re  I I I . 5) i t  is  necessary to specify boundary conditions with 

other models being employed to describe the sub-photoinhibitory region 

of the PS-LI response curve.

A Wavelength Sensitive Model

In the present section a model suitable fo r generating monochro

matic photosynthetic lig h t response curves w ill be presented. Rela

t iv e ly  l i t t l e  work has been done in this area as the necessary empirical 

studies upon which to base such models are uncommon. Certain theore

t ic a l characteristics of these curves are, however, generally accepted. 

In p a rtic u la r, a t saturating lig h t in ten sities  i t  is thought th a t the 

response becomes independent of wavelength, and is a function only of 

to ta l in ten sity . This point is c lea rly  shown in the work of P ickett and 

Myers (1966), who provide monochromatic curves fo r several wavelengths, 

(figu re  I I I . 6 ). McCleod (1961) has reported that at lig h t saturated 

in ten s ities , a certain degree of action spectrum structure is  retained, 

and the curves are not to ta lly  f l a t ,  but the degree of departure from 

theoretical expectations is small, and w ill be ignored. Inspection of 

Pickett and Myer's curves suggests that they can be adequately modeled 

by means of lig h t saturation type formulations as long as the to ta l 

l ig h t in tensity  is less than I . .  Since the Jassby-Platt model provides 

a closer approximation of real world responses in th is  region of the 

polychromatic curve, i t  w ill  be used as the basis fo r present work. The

necessary parameters fo r the Jassby-Platt analog are 1, I.  and P .
k rn

Analogous terms in a monochromatic context would be I .  , I . ,  and P . .a kA mA
1  ̂ is , of course, obtained from the atmospheric and hydrospheric
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Figure I I I . 5. Photosynthetic response as a function of lig h t  
in ten s ity , assuming Idso and Foster's (1975) to ta l inhib ition  
model.
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Figure I I I . 6. Photosynthetic response as a function of lig h t  
in tensity  using quasi-monochromatic lig h t. Curve a = 450 nm; curve 
b = 525 nm; curve c = 575 nm; curve d = 630 nm; curve e = 650 nm; 
curve f  = 680; curve g = white lig h t.
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submodels of ambient lig h t regime. 1 ^  and Pffl̂  are related to 

em pirically determined values of 1^ and P . Since P ^  is  essentia lly  

independent of wavelength i t  is convenient to set i t  equal to unity. 

Under these circumstances i t  is c lear that 1 ^  must be a function of the 

photo-synthetic action spectrum, otherwise the curves in I I I . 5 could not 

be produced. I t  is now convenient to define a function f^ such that

f  = P /P 3 9

where Pr , and P  ̂ represents the photosynthetic responses of a specific  

organism a t some low in tensity  fo r the wavelength of in terest, r ,  and a 

reference wavelength, r . P̂  can be selected from a lim ited number of 

values fo r specific wavelengths given by P ickett and Myers. Measurements 

of P  ̂ at low lig h t in tensities  are available in the lite ra tu re  for a 

variety  of divisions (see Haxo 1960). A purely empirical re la tio n  can 

be shown appropriate for re la ting  and 1 ^ :

I  = I  / f  ( 2 / 3 )
k k  kr \  3.10

Figure I I I . 7 compares the values obtained by th is  relationship with 

those provided by P ickett and Myers' data. The f i t  seems quite 

reasonable. That such a relationship can be w ritten  allows the 

Jassby-Platt model to be rewritten so as to take advantage of th is  fact:

P = Pm\ t a n h ( I / IkX ^  > 3-U a
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Figure I I I . 7. The re lation  between photosynthetic action 
spectrum and 1 ^ . Solid line  represents data from Pickett and 
Myers (1966). Dashed lin e  represents theoretical values according 
to equation 3.10.
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or, with = 1.0

P = tanh ( I / I ^ )  3.11b

Equation 3.11 a,b can be employed to generate the monochromatic photo

synthetic response curve fo r any wavelength in the photosynthetically 

active range up to 1=1^. Because P approaches Pm asymptotically a 

s lig h t discontinuity in the response curve exists at 1^, though this  

should have no practical consequence fo r simulating real world res

ponses.

A d iffe re n t model is required i f  photoinhibition is to be simu

lated. I t  is convenient, i f  es th etica lly  unappealing, to u t i l iz e  3.11 

a,b in the sub- and optimal regions, and a second analog in the photo- 

inh ib itory  region. At the present time, there seems to be no tru ly  

d e fin itiv e  study of photoinhibition in algae, so that the selection of 

an appropriate model in th is  region is somewhat a rb itrary . Asmyptotic 

in h ib ition  seems unreasonable on theoretical grounds previously discus

sed. Idso and Foster's concept of to ta l in h ib ition  seems much more 

acceptable, but the model which they employ is somewhat unsatisfactory, 

as i t  predicts a lternating positive and negative response over the 

entire  photoinhibitory region. Therefore, in the absence of a suitable 

model in the extant lite ra tu re  i t  w ill be assumed that photoinhibition 

follows the relationship:

F" = l > ( I - I t ) ] 2 3.13
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where F" is an in h ib itio n  function active between I .  and I .  such that:1 U

P = PF" 3.14
IT)

Below I .  equation 3.12b applies, and above I .\ v

P = 0.0 3.14b

Thus the monochromatic lig h t in tensity  response curve is completely 

defined by equations 3.12b, 3.14a, and 3.14b.
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System Parameters

Photosynthetic Wavelengths 

Photosynthetic models in the extant lite ra tu re  employ to ta l lig h t  

irradiances in the range of 400 to 700 nannometers. This is  usually 

considered to be the photosynthetically active range of wavelengths, but 

work by McCleod (1958), McCleod and Kanwisher (1962), and Hall dal (1968) 

shows that carbon assimilation is  s ig n ifican t in diatoms and d inoflagel- 

lates down to 300 nannometers. There are also indications in the l i t e r 

ature that photosynthesis extends upward into the near in fra-red  as fa r  

as 730 nm, (Haxo, 1960; Mann and Myers, 1968; H allda l, 1968; and Iverson 

and Curl, 1973). I t  is therefore necessary to include the en tire  range 

of wavelengths from 300 to 730 nannometers in the PAR.

Photosynthetic Action Spectrum 

A c r it ic a l aspect of the photosynthetic model is the action spec

trum selected. Differences in photosynthetic efficiency at d iffe re n t  

wavelengths have long been noted. Haxo and Blinks (1950) demonstrated 

that division specific action spectrum differences existed among the 

algae by providing extensive measurements of photosynthesis a t short 

wavelength in terva ls . There are now numerous studies in the lite ra tu re  

providing action spectra fo r the Chlorophycophyta, Phaeophycophyta, and 

Rhodophycophyta, (Haxo and Blinks, 1950; Yoccum and Blinks, 1954; Haxo, 

1960; Fork and Amesz, 1967; and H allda l, 1969). Despite the great im

portance of diatoms and d inoflagellates in the marine ecosystem there 

has been re la tiv e ly  l i t t l e  work with these groups as fa r as action 

spectra are concerned.
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With respect to the diatoms much of the work that has been done is 

lim ited to a very few wavelengths (Dutton and Manning, 1943; Wassink and 

Kersten, 1946; Mcleod and Kanwisher, 1962; and Bishop, 1967), or the 

experimental conditions are so specialized as to make the study useless 

for present purposes (Emerson and Rabinowitch, 1960). Potentially use

fu l action spectra are available from the work of Tanada (1951), Mann 

and Myers (1968), and Iverson and Curl (1973), (figure  I I I . 8 ). The 

curves from, the la s t two authors are quite sim ilar but d iffe r  strongly 

from the Tanada curve. The Tanada curve is frequently referenced in the 

lite ra tu re  (Rabinowitch, 1951; Parsons and Takahashi, 1975; Steeman- 

Nielsen, 1975). Its  most d is tin c tive  feature is the re la tiv e ly  f la t  

high response in the 500-700 nannometer range. This high level response 

over such a broad range is rather surprising, since pigment absorption 

studies (Tanada, 1951; Margulies, 1970) show minimal ligh t absorption 

between 500 and 625 nannometers. A f la t  response of this sort suggests 

the p o ss ib ility  that Tanada1s lig h t in tensities  were inadequately 

controlled and that saturating levels were employed. For th is  reason, 

the Tanada curve is rejected for present use.

With respect to the d inoflagella tes, the only useful studies giving 

photosynthetic e ffic ienc ies  over a broad range of wavelengths, and at 

f a ir ly  t ig h t in terva ls , are those of Haxo (1960) for Gonyaulux polyedra, 

and of Halldal (1968) for symbiotic algae of the massive coral Favia sp. 

(figu re  I I I . 9 ). The two curves are quite sim ilar suggesting that they 

represent reasonable depictions of the d inoflagella te  photosynthetic 

action spectrum.

In lig h t of Steeman-Nielsens (1975) view that action spectrum 

differences between the diatoms and dinoflagellates should not be
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Figure I I I . 8. Photosynthetic action spectra fo r diatoms. 
Curve A based on Tanda (1951). Curve B based on Mann and Meyers 
(1968). Curve C based on Iverson and Curl (1973).
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Figure I I I . 9. Photosynthetic action spectra fo r dinoflagel
la tes . Curve A based on Haxo (1960). Curve B based on Halldal 
(1968).
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ecologically s ig n ifican t, extreme cases have been concentrated upon for 

comparative purposes. For th is  reason the diatom action spectrum 

obtained by Iverson and Curl (1973) and d inoflagellate  action spectrum 

obtained by Halldal (1968) have been employed. These two curves are 

d ire c tly  compared in figure I I I .  10. I t  must be noted that the only 

information available on photosynthesis in the near u ltra v io le t range is  

that given by Halldal for the Favia symbionts. Iverson and Curl's data 

has been extended into this same range by normalization with Halida's 

n e a r-u ltra -v io le t data.

Light Curve Constants

The constants P ^ , 1 ^ ,  I . ,  and I t  are c r it ic a l to defining the

shape of the photosynthetic lig h t in tensity  curve. Since i t  is  not

necessary to determine absolute carbon synthesis, the saturated rate of

synthesis can be set equal to unity. The parameter 1 ^  is determined by

equation 4 .11, which depends in part on the parameter 1 ^ . This la t te r

parameter is here derived from Pickett and Myers data, and is taken
-2 -1equal to .0287 cal.cm min. , with 680 nm being the reference 

wavelength.

While Ryther's data suggests that 1  ̂ is division specific , i t  is 

desirable to employ the same value fo r diatoms as for the 

dinoflagellates. Otherwise, the effects due to differences in action 

spectrum could not be isolated from effects due to differences in lig h t  

in tensity  requirements. At any ra te , recent studies (Dunstan, 1973, 

Maclsaac, 1978) suggest that there are no real differences in the lig h t  

in tensity  requirements for these two groups.

With respect to the photoinhibitory parameters, selection of 

specific values is somewhat a rb itra ry . While division specific values
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Figure I I I . 10. Photosynthetic action spectra for diatoms and 
dinoflagellates as used in the present study. Photosynthetic res
ponse measured in re la tiv e  units. Data fo r diatoms based on 
Iverson and Curl (1973). Data for d inoflagellates based on Halldal 
(1968). Photosynthetic responses for diatoms, a t wavelengths less 
than 400, based on Hall da l's  (1968) d inoflagellate  data, equal 
area normalized to Iverson and Curl's (1973) data.
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for 1^ and I m are known, or at least accepted in the lite ra tu re  (Ryther, 

1956; but compare Dunstan, 1970; and Maclsaac, 1978) the comparable 

values for I.. and 1̂ . are not known. From the data of Kok (1956), i t  

would appear the in it ia t io n  of photoinhibition is  somewhat dependent on 

environmental parameters. For present purposes i t  w ill be assumed that 

photoinhibition is  in it ia te d  a t I .  = 2 1^, and that i t  is complete by

Action Spectrum Constancy 

Photosynthetic action spectra are not e n tire ly  constant even w ith in  

the same species, le t  alone the same division. There is ample evidence 

in the lite ra tu re  supporting the view that certain chromomutagenic pro

cesses exist and influence photosynthesis. I t  is known, fo r example, 

that the pigment concentration of a species is subject to change depen

dent on the overall lig h t in tensity  to which i t  is exposed (Myers and 

Kratz, 1955; Brown et a l . ,  1967; Jorgensen, 1969; Calabrese, 1972; Man- 

d e l l i ,  1972; and Calabrese and F e lic in i, 1973). This has obvious impor

tance in governing the overall rate of photosynthesis. More c r it ic a l  

are studies which have shown that pigment composition i ts e lf  is subject 

to some degree of variation  depending upon maturation state , (Carreto 

and Catoggio, 1971) and lig h t q u a lity , (Brody and Emerson, 1959; Jones 

and Myers, 1965 ;Fork and Amesz, 1967; O'Quist, 1969; Kirk and Reade, 

1970; Wallen and Geen, 1971a,b,c; Mandelli, 1972; Bennett and Bogorad, 

1973; Guerin-Dumartrait e t a l . ,  1973; and Waaland e t a l . ,  1974). This 

is demonstrated by changes in both absorbance and action spectra. While 

there are numerous studies showing this q u a lita tive  e ffe c t, the degree 

of d e ta il which they show is in su ffic ien t to ju s t ify  attempting to cor

rect action spectra according to prevailing lig h t quality .
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CHAPTER IV 

RESULTS

Introduction

In order to evaluate the capab ilities  of the model with respect to 

the hypothesis being tested, a series of runs were executed. Each run 

represented a variation in perspective and/or parametric valuation. In  

the following sections these runs w ill be given in d e ta il. These 

outputs fa l l  into three major c lassifications: 1) atmospheric lig h t

regime, 2) hydrospheric lig h t regime, and 3) biological responses.

Light Regime Responses

Atmospheric Light Regime 

Solar Elevation. In terms of model capab ilities  the dominant 

factors controlling the atmospheric lig h t regime are solar elevation and 

atmospheric aerosol load. Considering f i r s t  the influence of solar 

elevation, figure IV -1 shows the global monochromatic irradiances 

predicted by the model fo r a moderate aerosol load (0 = 0 .1 ), a t various 

solar a ltitu d es. Superimposed (open c irc le s ) are monochromatic global 

irradiances at selected wavelengths taken from Kimball's (1924) spectral 

distributions a t comparable a ltitu d es , normalized to 500 nm. Concordance 

between the two sets of data is quite s trik in g . The re la tiv e ly  greater 

departure observed at low solar a ltitudes is considered to be w ithin the 

range of environmental v a r ia b ility .
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Figure IV .1. Global monochromatic irradiances predicted by 
the model fo r a moderate aerosol load (p = 0 .1) at solar altitudes  
of 90° and 9°. Data from Kimball (1924) is  superimposed.
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The same two dominant trends are observed in Kimball's real world 

data, and in the model's predictions:

o Global monochromatic irradiance decreases with solar a ltitu d e .

o At low altitudes the peak in the spectral d istribution  sh ifts
toward the red end of the spectrum.

Aerosol Load. Figure IV -2 shows the influence of variation in 

atmospheric aerosol load on the lig h t regime, as predicted by the model. 

Two generalizations can be made on the basis of th is output:

o Global monochromatic irradiance decreases with increasing
aerosol load.

o This e ffe c t is  re la tiv e ly  greater above than below 400 mm.

Direct comparison of the model output with real world data is 

d if f ic u lt  because of the absence of real world measurements correlated  

with Angstrom tu rb id ity  measures. However, comparison of Kimball's data 

(1924) for clear and hazy day conditions (Table IV -1 ) reveals the same 

two trends as outlined in the previous paragraph fo r the computer model 

results.

Hydrospheric Light Regime

Hydrospheric lig h t regime outputs generated by the model can be 

influenced through variation in the following factors:
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Figure IV . 2. Influence of aerosol load on atmospheric lig h t  
regime. A value of p = 0.0 indicates absence of aerosols from the 
atmosphere. A value of p = .1 indicates a moderately turbid  
atmosphere.
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Average

Wavelength 14 May Cloudless 15 February

(nm) Sky Hazy Sky Sky Clear

397 123 153 165

413 165 185 205

431 173 186 187

452 176 206 210

475 193 216 238

503 199 217 225

535 189 205 202

556 200 200 200

574 192 200 197

591 194 201 200

624 192 202 191

653 187 194 189

686 181 192 177

720 166 177 160

Table IV-1. Atmospheric lig h t (re la tiv e  energy units) under high, 
medium, and low tu rb id ity  conditions, according to Kimball (1924).
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o atmospheri c i .nput

o depth in the water column

Other p o ten tia lly  relevant factors (such as sea state , optical water 

type, water column structure, and so fo rth ) are obviated by the pre

viously discussed assumptions. Some factors (such as sun angle and 

atmospheric aerosol load) in d irec tly  influence hydrospheric lig h t regime 

through th e ir  influence on the atmospheric lig h t regime. For present 

purposes i t  is convenient to assume atmospheric lig h t regime generated 

with the solar a ltitu d e  = 90°, and a moderate aerosol loading factor 

(0 = .1) .  The hydrospheric lig h t regime at varying depths associated 

with these conditions, as generated by the model, is shown in figure  

IV-3. The following trends with increasing depth are to be noted:

o an exponential reduction in monochromatic lig h t in tensity

o the lig h t becomes progressively more monochromatic, centering 

on the 410 to 490 mm range.’

Comparison of the results generated by the model with real world 

observations (figure  IV -4 ) for selected depths shows good agreement 

between the model and the real world.

Biological Response

Time-Depth Incrementation 

In computing the to ta l daily  rate of carbon synthesis over the 

depth of the water column and the course of the day, a f in ite  difference
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Figure IV .3. Hydrospheric l ig h t  regime as a function of
depth. (Depths in meters).
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Figure IV .4. Hydrospheric lig h t regime as a function of
depth. Based on Jerlov 1968.
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scheme is employed in the model. This involves the determination of a 

rate of carbon synthesis a t specified depth and time in terva ls , the 

determination of an average rate fo r each depth-time volume, and a de

termination of the overall rate by summation over depth and time. The 

absolute values obtained in th is  manner are sensitive to the increment 

size at which the in i t ia l  calculations are made. In general, greater 

accuracy is  to be obtained with the smallest step sizes; however, de

creasing step size increases computation time. There is , then, a 

tradeoff between accuracy and cost-effectiveness.

With respect to the selection of an appropriate time increment 

step, in i t ia l  runs were performed dividing the day into 10-step incre

ments. As a te s t a carbon synthesis rate for the day was computed on 1 

January a t the equator, f i r s t  with a 10-step increment, then with a 

20-step increment. No differences were found a t the 0.00001 le v e l, des

p ite  an observed doubling of computation time. For this reason a 1/10- 

day increment was selected as standard for a ll further computations.

A s im ilar analysis was performed for varying depth step incremen

tation . The results of th is analysis are presented in figure IV-5. I t  

is apparent that depth increment size does strongly influence carbon 

synthesis rates generated by the model. A step size of 10 meters was 

found to be a practical lim it  below which computer time became exces

sive. For th is  reason a 10-meter increment was accepted as standard.
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Figure IV .5. Photosynthetic response as a function of depth 
step size employed in the model.
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Depth-Altitude Dependence

Figure IV -6  depicts the results of a run in which the ra tio  of 

diatom to d inoflag ella te  carbon synthesis (40 was determined as a func

tion of a depth in the water column and solar a ltitu d e . A moderately 

turbid atmosphere was assumed (0 = 0 .1 ). The 1^ values were taken to be 

constant, with action spectra d ivision specific . The following trends 

are apparent:

o A strong s h ift  in 4* favoring the diatoms with increasing
depth.

o This s h ift  amounts to 11% to 22% comparing the 10 m and 200 m
leve ls , depending upon solar a ltitu d e .

o The sharpest fluctuations occur over most of the water column
when the sun is between zero and 10 degrees above the horizon.

o In the upper 30 meters the dinoflagellates are favored when
the sun is between roughly 5 and 30 degrees above the horizon.

o At deeper depths there is a progressive s h ift  toward increased
d inoflagella te  carbon synthesis when the sun is above 30 
degrees a ltitu d e .

Season-Latitude Dependence

Figure IV-7 shows the results of a computer run generating 4* ra tio  

at various latitudes over the course of the f i r s t  h a lf of the year. 

(Data fo r the second h a lf of the year is simply re fle x iv e .) In th is  run 

the 1  ̂ values for the diatoms and dinoflagellates are assumed to be con

stant; that is , i t  is assumed that they have the same lig h t in tensity  

response pattern. The respective action spectra are assumed to corres

pond to the extreme cases previously detailed; that is , the chromatic 

responses of the two groups are as diverse as can be ju s tif ie d . A mod

erate ly  turbid atmosphere (0 = 0 .1 ) is assumed. The following features 

are worth noting:
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Figure IV .6 . The ra tio  (t|>) of d inoflagella te  to diatom 
carbon synthesis as a function of depth and solar a ltitu d e .
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Figure IV .7. The ra tio  (41) of d inoflagella te  to diatom 
carbon synthesis as a function of la titu de  and season, at a 
moderate (p = 0 .1 ) aerosol load. Day number 91 = 1 January; Day 
number 281 = 1 July.
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o The s h ift  toward d inoflagellates occurs la te r  in the
year with increasing la titu d e .

o Near the equator the ra tio  is re la tiv e ly  constant over
the course of the year.

o The largest fluctuations in the ra tio  occur at the higher
latitudes over a short period in the spring and f a l l .

o At high latitudes the rate of carbon synthesis favors the 
diatoms during the spring and f a l l ,  and the d inoflagellates  
during the summer.

o The absolute magnitude of the fluctuations are small, being
never greater than 10%.

Sim ilar runs were performed a t other tu rb id ity  levels. Figure IV -8  

shows the responses for a very clean atmosphere (no aerosols, p = 0 . 0 , 

i .  e . , a Rayleigh atmosphere). Figure IV-9 shows the response fo r a 

very turbid atmosphere (extreme aerosol loading, p = 0 .2 ). These two 

cases represent what are probably u n rea lis tic  extremes; they do show, 

nonetheless, the profound influence which tu rb id ity  exerts on marine 

photosynthetic responses. Figure IV-10 is instructive in th is  regard, 

showing the influence of tu rb id ity  on the absolute daily diatom carbon 

synthesis achieved under various atmospheric tu rb id itie s . As is read ily  

apparent, tu rb id ity  plays a major ro le in governing absolute carbon 

synthesis. In the instance illu s tra te d  by the data in figure IV-10 

(corresponding to a mid-year date) the reduction in diatom carbon syn

thesis between a very clear and a highly turbid atmosphere amounts to as 

much as 45%.

From the perspective of season-latitude dependence, another run was 

performed u t iliz in g  identical system parameters, excepting that the 

values were taken as consonant with Ryther's (1956) curves, and the
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Figure IV .8 . The ra tio  (ijO of d inoflagella te  to diatom 
carbon synthesis as a function of la titu d e  and season at a low 
= 0 . 0) aerosol load.
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Figure IV .9. The ra tio  (i]j) of d inoflagella te  to diatom 
carbon synthesis as a function of la titu de  and season a t a high 
(P = 0 . 2) aerosol load.
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Figure IV .10. Daily carbon synthesis as a function of 
la titu d e  a t low (0  = . 0 ) ,  medium (0  = . 1) ,  and high (0  = . 2) 
aerosol loads.
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division specific action spectra were assumed to be identical to each 

other ( i . e . ,  that of the diatoms). Under worst case conditions (very 

clear atmosphere, p = 0 . 0) the variation in the ip ra tio  amounted to no 

more than 0.64%. This compares with a worst case v a r ia b ility  of 8.41% 

for runs with constant 1  ̂ and variable action spectra.

Carbon Synthesis Depth-Altitude Dependence

In its  present form the model assumes a unit value for the maximum 

rate of carbon synthesis. In re a lity , th is  parameter is a function in 

cluding nutrient s tate , temperature, s a lin ity , and other factors. In 

consequence i t  is not possible to employ the model to determine absolute 

carbon synthesis for comparison with real world observations. I t  is 

possible, however, to determine the re la tiv e  rates of carbon synthesis 

with respect to depth in the water column, and time of day/solar a l t i 

tude. Results of model runs generating th is  data are shown in figures 

IV -11 and IV -12. A moderately turbid atmosphere (p = 0.1) was assumed. 

Only diatom carbon synthesis is  shown; d inoflagella te  synthesis is very 

sim ilar.

Several trends are noteworthy:

o Carbon synthesis in the surface waters reaches a peak at
re la tiv e ly  low sun angles, and is severely depressed when the 
sun is near the v e rtica l.

o At increasing depth the peak in carbon synthesis is achieved
at progressively greater solar a ltitudes; below 20 to 30 
meters no depression is evidenced.

o Apart from the depression in the surface waters at large solar
a ltitu d es , carbon synthesis decays exponentially with depth.

These trends are q u a lita tive ly  consonant with real world observations on 

carbon synthesis in the ocean.
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Figure IV .11. Photosynthetic response as a function of solar 
a ltitu d e  and depth ( in  meters) in the water column. Insert shows 
comparable data from Ryther (1957), fo r depths where the lig h t in 
tensity  was equivalent to a certain fraction  of the surface inten
s ity , Io : A = Io , B = 50% Io , C = 25% Io , D = 10% Io , E = 1% Io.
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Figure IV .12. Photosynthetic response a t a solar a ltitu de  of 
90° as a function of depth (in  meters). Solid lin e  = model 
resu lts . Dashed lin e  based on data from Ryther (1957) with 
arb itra ry  depth units.
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CHAPTER V 

DISCUSSION

The results of the model runs detailed in the previous chapter 

strongly suggest tha t lig h t regime, and p a rtic u la rly  spectral composi

tio n , exerts an influence on the re la tiv e  a b il it ie s  of the diatoms and 

dinoflagellates to synthesize carbon. Assuming that the ra tio  between 

net and gross carbon synthesis is the same fo r both groups and other 

factors are equal, i t  would seem that such differences in synthesis 

rates would be d ire c tly  reflected in the re la tiv e  sizes of the respec

tiv e  population carbon pools. This being the case two questions arise: 

f i r s t ,  are the observed differences in synthesis rates su ffic ien t to 

exert a s ign ificant ecological e ffe c t; and second, i f  so, to what extent 

could these differences account fo r variations in the donoflage!late/ 

diatom ra tio  in the real world?

In response to the f i r s t  question, i t  should be borne in mind that 

i t  is not the specific value of the dinoflagellate/diatom  carbon syn

thesis ra tio  (ij>) which is s ig n ific an t, but the changes in that ra tio  

through time and space. This is because photosynthetic action spectrum 

is only one of several factors which in the real world must influence ty; 

since these factors are unaccounted for in the model, i t  is useless to 

discuss absolute values of t|» predicted by the model in assessing re a l-  

world processes. However, i f  these other factors are held constant 

through time and space, and are independent of action spectrum, the 

fluctuations in 41 predicted by the model can be considered meaningful.
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On the basis of the above, i t  is to be noted that the magnitude of 

fluctuation of is re la tiv e ly  s lig h t under the circumstances examined 

in the present study. For the most p art, these fluctuations were less 

than 10%, though under certain specialized circumstances differences of 

25% were observed. Not a ll  of the carbon synthesized can be d ire c tly  

converted into upgrowth of the population; a certain fraction  must be 

expended in metabolic processes and lo st through predation. I f  net 

carbon synthesis is set a t 50% of the gross, then the model predicted 

fluctuations in ip are ty p ic a lly  less than 5%, and never much more than 

12%. Even so, such s lig h t differences are probably ecologically s igni

fic a n t, as th e ir  e ffec t is cumulative and should follow the exponential 

growth model:

N. = N er t  5.1t  o

where Nq is  the in i t ia l  carbon pool, Nt  is the pool at time t ,  and r is 

the rate of carbon synthesis. I f  the in i t ia l  carbon pools fo r the dino- 

flag e lla tes  and diatoms are assumed equal, the respective gross synthe

sis rates are taken as r^ = 1.00 and ^  = .95 (5% d ifference), and the 

net rates are taken as r^ = .50 and = .475, the difference in carbon
f

pool size would amount to 50% a fte r  only 12.2 days. Thus, a re la tiv e ly  

small step fluctuation in carbon synthesis rate can have magnified 

e ffec t on carbon pools over a fa ir ly  short period of time.

I t  is thus seen that the re la tiv e ly  small differences in photo

synthetic action spectrum exhibited by the diatoms and dinoflagellates  

are s u ffic ie n t to impact s ig n ifican tly  the re la tiv e  sizes of the 

population carbon pools. This being the case, i t  is of in terest to
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consider the circumstances under which these differences might be 

expected to produce a successional e ffe c t. The operating assumption 

underlying the present study is  th a t such effects could be expected to  

some degree wherever gradients in lig h t regime were to be found. The 

model predicts variations in in each of the four dimensions along 

which gradients in spectral composition were expected:

o Depth in the water column (v e rtic a l)

o Time of day (d iu rna l)
o Time of year (seasonal)
o Latitude ( la t itu d in a l)

The diurnal variations in i|i predicted by the model are especially  

strong, amounting to as much as 20% in the surface layers, and at least 

5% as deep as 100 meters. I f  the ce ll division rates fo r the diatoms 

and d inoflagellates were very rapid (say 10 divisions per day) such 

differences in t|j might be expected to produce a diurnal successional 

pattern with diatoms dominating during the early morning and la te  even

ing, and d inoflagellates dominating during midday. However, the actual 

ce ll division rates are much slower than th is  (one or two per day), and 

th is  probably precludes a pattern of diurnal succession.

While a diurnal succession is u n like ly , the predicted variation  in 

t|) with time of day is s u ffic ie n tly  large to suggest that i t  cannot be 

without ecological significance. An in teresting  p o ss ib ility  is that the 

diurnal variation in ip represents a temporal resource partitio n in g  

mechanism. By iso lating  peak demands of the two groups fo r lim itin g  

resource pools, the difference in response to spectral composition may 

reduce d irec t competition, thereby perm itting continued coexistence.
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Variations in with respect to depth are perhaps even stronger 

than those observed with time of day, showing a maximum variation  

between 10 and 200 meters of over 22%. The minimum difference in t|i for 

these two levels is better than 10%, and 20% is  typ ica l. Such severe 

differences are po ten tia lly  of great s ignificance, p articu la rly  where 

vertica l mixing is re la tiv e ly  s lig h t. Under such conditions the 

communities of the upper and lower portions of the water column would be 

isolated and the cumulative effects  of a i() d iffe re n tia l would be quickly 

realized. This being the case i t  would be expected that variations of i|j 

with depth would be of p a rticu la r significance during the summer months. 

During the winter months, ve rtica l exchange of water (and hence 

intermixing of the upper and lower communities) would obviate the 

effects induced by response to the lig h t regime gradient. Given the 

re la tiv e  iso lation of the upper and lower communities i t  would appear 

that the sharp d iffe re n tia l in i|> predicted by the model would resu lt in 

the development of a near surface community, dominated by the dino- 

f la g e lla te s , and a deeper community dominated by diatoms. This c ir 

cumstance is  supported by findings suggesting th a t the diatoms in fac t 

dominate at deeper depths than the d inoflagellates (e .g ., R iley, 1957). 

This is precisely analogous to the well-known Green-Brown-Red algal 

sequence in the benthic l i t t o r a l .

Seasonal and la titu d in a l changes in tjj are not as strong as those

observed for time of day (so lar elevation) and depth in the water

column. At equatorial la titudes the annual fluctuation in ij), as pre-
•3dieted by the model, is  t r iv ia l  (<10 %). This suggests that changes in 

l ig h t regime a t the equator do not serve as a forcing function governing 

community composition. However, with increasing la titu de  the annual
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fluctuations in ijj become progressively more severe, reaching 8% at 90°N. 

Further, not only are these changes stronger, they are progressively 

compressed into shorter and shorter periods of time. Thus, a t 40°N the 

maximum fluctuation is  2% over 180 days, but at 90°N the fluctuation is 

8% over 23 days. Setting gross rates a t r^ = 1.00 and = .92, with 

net rates r^ = .50 and r ^  = .46 , the overall e ffec t on the community 

composition may be calculated by equation 5.1. When th is  is  done, i t  is 

seen that there is a s ix -fo ld  change in the re la tiv e  sizes of the diatom 

and d inoflagella te  carbon pools between 1 January and 1 July at 40°N. 

At 90°N there is only a 2 -1 /2 -fo ld  change, but th is  occurs over a 23-day 

period.

Under conditions of a moderately turbid atmosphere the seasonal *J> 

curves for mid and high latitudes are markedly saddle-shaped. This is  

very sim ilar to the diurnal ip curves fo r the upper reaches of the water 

column. The saddle slopes in each case coincide with conditions where 

the spectral composition of the atmospheric lig h t regime is strongly 

shifted toward the red end of the spectrum. When the photosynthetic 

action spectra for the two groups of algae are compared, i t  is apparent 

that the diatoms are strongly favored a t the fa r  ends of the photo- 

synthetical ly  active range of radiation; that is , in the blue and red 

regions of the spectrum. During the course of the day as the sun rises 

higher in the sky the peak of the spectrum of the atmospheric lig h t  

regime sh ifts  from the red into the green, blue-green, and f in a lly  into  

the blue regions (fig u re  V . l ) .  This sequence is mimicked in the hydro- 

spheric lig h t regime, at least in the upper portions of the water 

column. I t  is therefore to be expected th a t as the sun rises toward its  

zenith the diatoms w ill a t f i r s t  be favored, then the d inoflagellates,
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Figure V .l . Spectral d istribution  of the atmospheric lig h t  
regime as a function of zenith angle.
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and f in a lly  the diatoms again. As the sun sets the reverse sequence 

would be expected. This obviously leads to the saddle-shaped t|j curves 

observed in the present modeling e ffo r t .

In terms of the seasonal ijj curves the same explanation must apply. 

However, in th is  case the relationship is more obscure, as solar eleva

tion is not so strongly coupled with the time of year as with time of 

day. During the winter at high la titudes the sun never reaches as high 

an a ltitu d e  as i t  does in the summer. Consequently, as the seasons 

progress from midwinter to midsummer the peak of the daily  time averaged 

spectral composition sh ifts  from the red into the green and f in a l ly  into  

the blue regions in a manner exactly analogous to that observed during 

the course of a single day. Thus, at high latitudes a saddle-shaped 

seasonal ij> curve would be expected, as is , in fa c t, the case. At pro

gressively lower latitudes the red peak in the spectrum would be ex

pected to occur at progressively e a r lie r  dates. This would produce a 

broader "saddle" at the lower la titu d es . At very low latitudes a red 

peak in the da ily  time averaged spectrum would not be expected at any 

time during the year, as the sun is  generally high in the sky over most 

of the day. In fa c t, a t equatorial la titudes l i t t l e  seasonal variation  

in the daily  time averaged spectrum would be expected, so tha t the 

seasonal ip curve should be f la t .  This agrees with the model results. 

At temperate latitudes (ca. 40°) an intermediate situation should pre

v a il. The sun would never be low in the sky for a s u ffic ie n tly  pro

tracted period so as to produce a well defined peak in the red; yet 

there would be some degree of seasonal change in the position of the 

peak, sh ifting  between the green and blue regions. For this reason, a 

midwinter diatom preference might not be expected; rather, a midwinter

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78

preference fo r d inoflagellates could be anticipated. This again agrees 

with model results.

While model results with respect to la titu d in a l patterns of sea

sonal succession are understandable in terms of the photosynthetic 

capab ilities  of the two groups and seasonal changes in lig h t regime, the 

correspondence' with real-world observations is not consistently good. 

At equatorial latitudes algal seasonality is re la tiv e ly  s lig h t (Zane- 

veld, personal communication). This agrees with expectations and model 

results. S im ila rly , the winter dominance of diatoms at high latitudes  

agrees with expectations and model results. The fac t that s h ift  toward 

favoring dinoflagellates (cessation of the winter-spring diatom bloom) 

occurs a t progressively la te r  dates with increasing la titude agrees with  

real world results. C ertain ly, we know that the winter/spring bloom is  

delayed a t higher latitudes (January in the Chesapeake Bay, February in 

Narragansett Bay, April-May in the sub-Arctic, and June in the A rctic , 

Bogorov 1956). However, the model im plication that dinoflagellates  

should dominate the phytoplankton community at intermediate la titu d es , 

while conforming with expectations based on action spectra and lig h t  

regime patterns, is not supported by real-world observations. Rather, 

everywhere that seasonal patterns have been reported diatoms dominate 

the winter months and are replaced by dinoflagellates in the summer 

months.

This mid la titu de  discrepency between real-world conditions on the 

one hand, and theoretical expectations and model results on the other, 

is probably of minor significance. The mid-winter fluctuation in ijj is 

re la tiv e ly  s lig h t (2%) a t mid latitudes compared with that observed at 

90°N (10%). Such a s lig h t fluctuation could be masked by the effects  of
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non photic factors (such as division specific differences in nutrient 

requirements or tem perature/salin ity preferences). I f  th is is  the case 

the "discrepancy" is re a l, re flectin g  an unobservable real-world  

phenomenon. On the other hand, i t  is possible that the discrepancy is 

an a r t ifa c t  generated by certain assumptions in the model construction 

and execution. Of p articu lar in teres t in th is  regard is the p o ss ib ility  

th a t some of the atmospheric and hydrospheric lig h t regime variables 

were assigned inappropriate values. Figure IV-9 depicts the seasonal 

curves for a highly turbid (p = .200) atmosphere. Under these condi

tions the previously noted discrepancy is completely eliminated. While 

an atmospheric tu rb id ity  of th is  magnitude is u n rea lis tic , these results  

point up the fa c t that atmospheric conditions play a s ign ificant role in 

defining iJj. Since the p (aerosol load) parameter varies in nature as a 

function of la titu d e  (Angstrom 1961) i t  is possible that th is  v a ri

a b il i ty  had been accounted for in the model, the discrepancy would not 

have been observed.

When Figure IV-7 is examined in terms of la titu d in a l trends in »Ji a 

sim ilar discrepency between model results on real-world observations 

arises. S pec ifica lly , as a general trend on any given date iJj increases 

from the equator toward the poles. That is , the dinoflagellates tend to 

be favored with increasing la titu d e . (This is shown more c learly  in 

figure V-2 in which the data for IV-7 has been replotted with la titu de  

as the ordinate instead of time of year). This is  at variance with 

real-world conditions where diatoms seem to be favored with increasing 

la titu d e  (Moore 1966). However, the magnitude of the fluctuation in the 

la titu d in a l ip curves is generally small, seldom exceeding 3%. While a 

3% variation in daily  carbon synthesis might be sign ificant in i t s e lf ,
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Figure V.2. Variation in the ra tio  ( iJj )  of d inoflagellate  to 
diatom carbon synthesis as a function of la titu de  and day of the 
year. Day number 91 = 1 January. Day number 271 = 1 July.
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i t  is  again l ik e ly , as discussed above, th a t other factors could mask 

such a fluctuation. On the whole, i t  would seem that changes in spec

tra l composition of the lig h t regime along the la titu d in a l dimension can 

be discounted as a forcing function governing la titu d in a l succession 

patterns.
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CHAPTER VI 

SUMMARY AND CONCLUSIONS

The objective of the present study was to examine the role which 

division specific differences in photosynthetic action spectra play in 

governing the spatial and temporal d is trib u tio n  of the phytoplankton. In 

theory these differences adapt the various phytoplankton divisions to 

d iffe re n t portions of the spectral gradients in the water column. These 

gradients owe th e ir  origins to changes in the atmospheric lig h t regime 

due to changes in solar a lt itu d e , and to the d iffe re n tia l absorption 

properties of the water column. These effects should lead to changes in 

community composition along the v e rtic a l, la t itu d in a l, d iurnal, and 

seasonal dimensions.

In testing th is  hypothesis a numerical modeling approach has been 

taken. The atmospheric lig h t regime was defined u til iz in g  a rad iative  

transfer model incorporating both diffuse and d irect lig h t regime com

ponents. Aerosol loading and solar a ltitu d e  were the primary variables 

b u ilt  into the model. This permitted the lig h t regime incident on the 

sea surface to be defined for any time of day, la titu d e , or day of the 

year at various levels of atmospheric tu rb id ity . The hydrospheric lig h t  

regime was defined by means of an exponential decay model assuming 

Jerlov's (1965) Oceanic I I I  set of attenuation coeffic ien ts , and inputs 

from the atmospheric model.

Given the oceanic lig h t regime generated by the rad iative  transfer 

models the diatom and d inoflagella te  carbon synthesis rates were deter

mined at various depths by means of a spectrally  sensitive photosyn

th e tic  model. Total da ily  carbon synthesis was determined for a unit
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surface area through a f in ite  difference summation scheme. Differences 

in carbon synthesis between diatoms and dinoflagellates were obtained by 

incorporating th e ir  respective action spectra into the photosynthetic 

model. This was achieved by the application of an empirical re la tion 

ship defining 1^ in terms of action spectrum response.

In order to examine the e ffec t of spectral composition on community 

make-up the ra tio  between diatom and d inoflage!late  carbon synthesis ( i|j) 

was calculated along a ll  four dimensions. I t  was assumed that both 

groups contributed the same fraction  of synthesized carbon to th e ir  

respective population carbon pools. Therefore, variations in iJj were

viewed as re flec tin g  differences in adaptation of the two groups at

various points along a gradient.

Changes in i|> were detected along each of the four gradients con

sidered. The largest variations (up to 22%) were detected as a function 

of depth and solar a ltitu d e  (time of day). These variations suggested 

that the diatoms were best adapted fo r photosynthesis at re la tiv e ly  low 

sun angles (ea rly  morning and la te  afternoon), and with increasing 

depth. The converse was true of the dinoflagellates. These effects

appear to be due to the enhanced photosynthetic capab ilities  of the

diatoms over the dinoflagellates in the blue and red portions of the 

spectrum. (Blue lig h t is  re la tiv e ly  more important at increased depths, 

while red lig h t is re la tiv e ly  more important at low sun angles.) These 

findings correlate with findings suggesting that the diatom populations 

increase with increasing depth. However, i t  is  unlikely that the d if fe r 

ences in i|j as a function of time of day could lead to a pattern of 

diurnal succession; cell division rates are fa r too slow for these 

differences to be reflected in population sizes over the course of a
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single day. I t  may be tha t the diurnal changes in i|< are important in 

resource p artitio n in g , acting as a temporal isolation mechanism. As such 

the phenomenon may be relevant in terms of Hutchinson's paradox of the 

plankton, helping to explain the persistence of a multispecies community 

despite the inevitable differences in adaptive capab ilities .

Seasonal and la titu d in a l changes in i(< were found to be of smaller 

magnitude than those found along the vertica l and diurnal dimensions. At 

equatorial latitudes i]j was essentially constant over the course of the 

year, indicating the absence of a seasonal pattern of succession. At 

temperate latitudes changes in »jj suggested that the dinoflagellates are 

favored during the winter months, while diatoms are favored during the 

summer months. This does not correlate well with the real world obser

vation that diatoms dominate the winter community and dinoflagellates  

the summer community. However, th is  discrepancy is not considered 

serious. At high latitudes the fluctuations in tjj were re la tiv e ly  large 

(up to 10%) but were characterized by a seasonal s h ift  favoring the 

diatoms during the w inter, and the dinoflagellates during the summer. 

This correlates well with the real world observations of a s h ift  from 

diatom to d inoflagellate  community dominance with the passage from 

winter to summer.

Changes in ip as a function of la titu d e  suggest that at any given 

date increasing la titu de  favors the d inoflagellates. This is not con

sonant with real world observations that the diatoms are favored with 

increasing la titu de . However, changes in ip predicted by the model are 

again small (less than 3%) and the discrepancy is not considered 

sign ificant.

In summary, i t  appears that the division specific differences in 

photosynthetic action spectra between diatoms and dinoflagellates are of
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ecological significance. This is p a rtic u la rly  true in terms of the 

vertica l and diurnal gradients in spectral composition along which the 

changes in i|> were found to be the greatest. Changes in spectral com

position appear to favor the establishment of a vertica l succession from 

dinoflagella te  to diatom dominance in the water column with increasing 

depth. While diurnal changes in t]> were large i t  is f e l t  that they can 

not be relevant in establishing a diurnal succession pattern, though 

they may be s ign ifican t in other ecological processes. Seasonal and 

la titu d in a l changes in i|j were found to be less pronounced, and 

therefore less important in establishing successional patterns. 

However, at high latitudes the seasonal changes in i|> become larger, and 

are consonant with the real world pattern of seasonal succession. 

Latitudinal patterns of succession driven by differences in lig h t regime 

and action spectra are unsupported in the present study.

The model developed in the present study represents an advancement 

in the treatment of planktonic photosynthetic response in that i t  

permits the consideration of spectral e ffects . In th is instance con

sideration has been restric ted  to the examination of the role which 

spectral composition and division specific  photosynthetic action spectra 

play in governing community composition. A number of other topics could 

be equally well explored u t i l iz in g  the basic approach employed here. 

Some of these topics are outlined in the following paragraphs.

The hydrospheric lig h t regime depends in part on the set of attenu

ation coeffic ients employed. These coeffic ients define the optical 

water type present in the environment. In the present study consider

ation has been restricted  to coeffic ients  characterizing moderately 

turbid oceanic conditions. Selection of other sets of attenuation
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coeffic ients would permit consideration of photosynthetic responses 

under a fu l l  spectrum of marine environments ranging from highly turbid  

coastal conditions to extremely c lear mid oceanic conditions. I t  would 

be p a rtic u la rly  in teresting  to examine the e ffe c t of such manipulation 

on re la tiv e  responses of the diatoms and dinoflagellates.

The well known Green-Brown-Red benthic macroalgal zonation pattern  

has been tra d itio n a lly  interpreted in terms of both spectral and inten

s ity  gradients. Undoubtedly both factors play a role in governing 

vertica l d is trib utio n  patterns but the re la tiv e  importance of each is 

unclear. With appropriate modifications for benthic algal photo

synthesis, and the substitution of appropriate photosynthetic action 

spectra the present model could be employed in resolving th is  problem.

The present study has shown that changes in atmospheric tu rb id ity  

s ig n ifican tly  influence both to ta l d a ily  carbon synthesis and community 

composition. I t  would be of in teres t to examine th is  problem in some 

d e ta il. Since atmospheric tu rb id ity  varies as a function of season and 

la titu d e , its  influence on carbon synthesis may have some bearing on 

oceanic patterns of primary production, and on seasonal and la titu d in a l 

successional patterns. Also, as figure IV-10 shows, increased tu rb id ity  

depresses daily  carbon synthesis to a much greater extent a t high rather 

than a t low latitudes (49% versus 19%). This implies that atmospheric 

pollutants of an aerosol nature can be much better to lerated a t 

equatorial than polar la titudes. This has obvious implications for  

global in d u stria liza tio n  and e ffo rts  to protect the environment.

Changes in atmospheric ozone concentrations can be induced e ither  

through nuclear warfare or the build-up of atmospheric chlorofluoro

carbon compounds. Reduction of the ozine shield would resu lt in
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elevated u ltra v io le t radiation levels a t the earth 's surface. Since 

such radiation exerts an inh ib itory  e ffe c t on photosynthetic response 

severe consequences may be anticipated fo r marine primary production. 

This problem could read ily  be examined through the application of the 

present model by incorporating an u ltrav io le t-photo inh ib ito ry  function 

in the photosynthetic model, and extending the rad iative transfer model 

to cover wavelengths below 300 nannometers.
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