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Abstract--A model of the growth of a marine diatom (SAXSHAU¢ et al.. 1989, Limnology and 
Oceanography. 34. 198-205) is examined. One equation describes the relationship between 
chemical composition and growth rate as a function of irradiance and daylength. It is valid for both 
nutrient-limited and nutrient-saturated growth. The model equation is rearranged to describe 
photosynthesis normalized to chlorophyll. The new equation is essentially the same as several 
other models. Its mechanistic basis is the variation of quantum yield as a function of the number of 
excess photons absorbed by a photosynthetic unit during the time it takes to process one photon. 
The mechanistic interpretation of the model could be deceptive because the general equation 
describes a composite response and does not represent any one growth state. Nonetheless, the 
reformulated equation is important because it shows that at a given temperature, the adapted rate 
of photosynthesis normalized to chlorophyll is a function solely of growth irradiance. The equation 
can be used to describe primary production in the sea as a function of insolation and chlorophyll in 
the water column. For comparison, the model of RVrIIER and YENTSCtl (1957. Limnology and 
Oceanography. 2, 281-286) is modified and found to fit observations as well or better than other 
formulatkms. Sonic data sets are not at all consistent with general models, however. Discrepancies 
may be due to taxonomic differences, temperature and vertical structure of phytoplankton 
biomass. It is also possible that changes in the photosynthesis-irradiance relationship associated 
with unbalanced growth are extremely important in determining primary.production in perturbed 
e n v i r o n m e n t s .  

I N T R O D U C T I O N  

MORE than 30 years ago, RXerHER (1956) used experimental data to describe the photosyn- 
thesis of phytoplankton as a function of irradiance. His generalized model was used to 
develop a method for estimating primary production in the ocean from the chlorophyll 
content of the water, incident solar radiation, and the extinction coefficient of visible light 
in the water column (RVTHER and YEr~'rsca, 1957). Subsequently, numerous studies 
demonstrated that the photosynthetic characteristics of phytoplankton could vary greatly 
by depth, region, season and with growth conditions (e.g. CURL and SMALL, 1965; GLOVER, 
1980; FALKOWSKI, 1981; WELSCHMEYER and LORENZEN, 1981; RICHARDSON el al., 1983; 
HARRISON et al., 1985; KANA and Gt.mERT, 1987b). It was therefore easy to conclude that a 
general model of photosynthesis for marine phytoplankton was too much of an oversimpli- 
fication to be useful. More precise but less general experimental methods are now used to 
estimate productivity from observed distributions of chlorophyll and light (HARRISO~ et 
al., 1985). 
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Recent developments in remote sensing h;ive stimulated renewed interest in models of 
productivity as a function of irradiance and chlorophyll. Empirical (e.g. EPPLEV et al., 
1985) and theoretical (e.g. COLLtNS et al., 1986; PLArr, 1986) models have been developed, 
and refinements are being made continually (PLATTet al., 1988; PLArr and SATt-IVENDXA- 
NATrt, 1988; BALCH et al., 1989). In this paper, I examine new experimental data 
(SAKSHAUG et al., 1989) in the context of general models of photosynthesis for phytoplank- 
ton. The data show that at a given temperature, the adapted rate of photosynthesis 
normalized to chlorophyll is a function solely of growth irradiance. General models of 
photosynthesis as a function of irradiance should therefore be valid if phytoplankton in the 
ocean are well adapted to conditions at the depth of sampling. As an example, the general 
model of RY'rHER and YENTSCH (1957) is revived and modified. It compares well with 
recent efforts to describe primary productivity in the sea. In some environments, though, 
such simple models explain little of the variability in primary productivity. 

BACKGROUND" A MODEL OF PHYTOPLANKTON GROWTH 

SAKSHAUG et al. (1989) modeled the growth of a marine diatom with an equation that 
encompassed variable daylength as well as irradiance. It was intended to describe nutrient- 
limited as well as nutrient-saturated growth. An extensive set of data on growth rates at 
15°C under different light and nutrient regimes was used for validation. Growth rate is 
related to cellular light absorption as follows: 

(/~ + r) = Chl 1 - e (-'~t') 
--C - ' D ' t ° ' a e ' q ~ m ' x "  orl,, (l) 

The gross growth rate O~ + r) is the sum of specific growth rate and the specific rate of 
respiration (s-t).  For validation of the model, the rate of respiration is assumed to be 12% 
of the observed growth rate. The ratio of cellular chlorophyll to carbon [moi Chl (mol 
C)- t i, the specilic absorption coefficient of chlorophyll a [at,, m 2 (mol Chl)- i I, and ~m.',x, 
the maximum quantum yield [mol C (mol photons) -t]  are common terms in earlier 
models. Daylength, D, is the illuminated period as a fraction of the day (dimensionless) 
and 1o is quantum scalar irradiance (mol m -2 s-~), assumed to be constant over the light 
period (Sakshaug et al. used the symbol Eo). The mean absorption cross-section of the 
photosynthetic unit (PSU) is o [m 2 (mol PSU)-t].  The minimum turnover time of the 
rate-limiting photosystem is r (s). The model considers only photosynthetically active 
radiation. The units presented here (Table 1) differ slightly from the original presentation 
so that parameters from different models can be compared. 

The model is an energy budget (GEIDER et al., 1986) modified from that of KIEFER and 
MITCHELL (1983) by incorporating variation in daylength and by using a theoretically 
justifiable term for quantum yield. It includes features of the models of BAr~NIs'rER and 
LAWS (1980) and DUBINSrV et al. (1986) and is very similar to equations presented by 
GEIDER et al. (1986). The model of Sakshaug et al. is more general than earlier 
formulations (e.g. SHUTER, 1979; LAWS and BANNISTER, 1980; KI~:FEa and MrrCHELL, 1983; 
LAws et al., 1985) because it describes in one equation nitrogen-limited and nitrogen- 
saturated growth as a function of daylength and irradiance. Nutrition is not explicit in the 
model: essentially, the supply of nitrogen limits growth rate by restricting the synthesis of 
chlorophyll (i.e. light-harvesting systems; cf. PR~.ZELIN and MATLICK, 1983) rather than by 
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influencing the  efficiency of  light absorp t ion  or  photosynthes is .  T h e  day leng th  t e rm  in 
equa t ion  (1) is par t icular ly  impor t an t  because  it al lows pho tosyn the t i c  efficiency to  be  a 
funct ion of  ins tan taneous  i r radiance  whereas  g rowth  ra te  is largely d e t e r m i n e d  by total  
i r radiance ove r  the  day.  It  can be a rgued  tha t  the mode l  is valid at  o the r  t e m p e r a t u r e s  
(KaZZFER and ENNS, 1976), but  regardless ,  t e m p e r a t u r e  effects  can be  assessed (LANGDON, 
1988; BALCH et al . ,  1989). 

The  mode l  has a mechanis t ic  in te rpre ta t ion .  T h e  p roduc t  of  Chl /C and ap is equa l  to the 
absorp t ion  cross-sect ion of  cel lular  ca rbon  [m 2 (tool C) - t ]  (cf. FALKOWSKZ et a l . ,  1985). 
The  q u a n t u m  yield for  ab so rbed  light is descr ibed  as the m a x i m u m  q u a n t u m  yield,  Omax 
[mol C (moi  p h o t o n s ) - l ] ,  t imes the p ropo r t i on  of  ab so rbed  pho tons  that  will first s tr ike a 
PSU during its t u rnove r  t ime:  

first s t r ikes dur ing t u rnove r  t ime 1 - e c-°~/°) 
- ( 2 )  

pho tons  abso rbed  during t u rnove r  t ime crclo 

T h e  p roduc t  o r l  o is the m e a n  n u m b e r  of  pho tons  abso rbed  by the PSU dur ing its 
t u rnove r  t ime and [1 - e (-°~l°)] is the Poisson probabi l i ty  of  one  or  m o r e  str ikes pe r  PSU 
dur ing  that  per iod  [i.e. e ~-°Ti°) is the Poisson probabi l i ty  of  zero str ikes dur ing t ime r]. This  
t e rm correc ts  for  fruitless absorp t ion  of  excess pho tons  by a PSU dur ing the t ime it t akes  to 
process  one  abso rbed  pho ton .  It  is firmly based  on s tudies  of  the kinetics of  photosynthes i s  
(KoHN. 1936; MYEgS and GRAHAM, 1971; FALKOWSKi, 1981; LEY and MAUZERALL, 1982; 
DUmNSKY et al . ,  1986; PETERSON et al . ,  1987; EILERS and PEETERS, 1988). 

Table 1. SymboL~ and ,nit.~ 

Description Symbol Units Conversion 

Chlorophyll a Chl mol Chl mg Chl. 1.119 × 10 -~ 
CcUular carbon C tool C 
D.',yicngth D dimensionless h/24 h 
lrradiance I. lu mol m -2 s -I (tool m -2 d"t) • 1.157 x |0 -4 

tool m -2 d- '  (ly d -I ) .0.174 
pmol m -2 s- i W m -2. 4.15" 

Quantum yield Om,* tool C (tool photons)- I 
Absorption coefficient ap m" (tool Chl) -~ (m 2 (rag Chl)-t) • 8.93 x 105 
Photosynthetic unit PSU 
Absorption cross-section o m 2 (mol PSU)-t 

of PSU 
PSU size U tool Chl (tool PSU)-t 
Turnover time of PSU r s 
Growth rate p s "1 d - j .  1.157 x 10 -4 
Respiration rate r s -I d - l .  1.157 x 10 -4 
Photosynthesis (biomass pa g C (g Chl)- t h -  t 

specific) 
Photosynthetic efficiency a g C (g Chl)- t h-t (/zmol m -2 s- t)-I 
Photoinhibition term ,8 g C (g Chl) -I h -l (pmol m -2 s-t) -l 
Integrated production IP g C m -2 d-i  
Integrated biomass IB g Chl m -2 
Light utilization index qJ g C (g C h l ) -  i m 2 (mol photons)- t 

"Conversion for natural waters from MoaeL and SMrm (1974). 
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The gross specific growth rate is equal to the product of incidence irradiance, daylength, 
absorption cross-section of cellular carbon, and quantum yield. 

Measurements of growth rates and Chl/C for nutrient- and light-limited cultures of the 
marine diatom, Skele tonema costatum, were fit to equation (1) by least-squares regression 
with good results. The best fit yielded two composite "constants" in equation (11, 

and 

or = 4320 m z s (tool PSU)-I,  (3) 

ap  • ~ m a x  = 554 tool C m: (tool photons) - t  (mol Chl) -l .  (4) 

Predicted growth rate deviated from observed with a standard deviation of 4-0.1 d -  ~. 
The "constants" are products of two parameters and thus the value of any one variable 

cannot be specified (cf. FASHAM and PLArr, 19831. Nonetheless, the products in equations 
(3) and (4) compare favorably with direct measurements of the four component para- 
meters (SAKSHAU~ et al.,  1989). Turnover times (r) for photosynthetic oxygen evolution 
vary at least from about 0.002 to 0.04 s (FALKOWSgL 1981; FALKOWSK! et al., 1985). The 
absorption cross-section (a) for oxygen evolution in Chlorella vulgaris has been deter- 
mined to range from 0.38 to I. 10 nm 2 (LEv and MAOZEgALL, 1982). A typical value for or 
might be 3600 m" s (mol PSU)- l quite consistent with the fit of the model (equation 3). 
Because PSU size and turnover time can be inversely related to growth irradiance (MYERS 
and GaA~IAM, 19711, the product or may vary substantially. The quantum requirement for 
photosynthetic oxygen evolution has been hmnd to be 10_ I photons absorbed per 
oxygen molecule evolved (LEY and MAUZERALL, 1982; but see DUBINSKY et al., 1986). An 
assimilation quotient of 11.74 mol CO, absorbed per mol O2 produced should be used to 
relate fluxes of oxygen to carbon during growth on nitrate (MYERS, 1949, in Mo~ls,  1981 ; 
see also LArqGDON, 1988). Thus ~,,,,1~ would bc 0.074 mol C (tool photons)-J. The inferred 
value for at, from equation (4) is then 7486 m 2 (moi Chi) -1, or in more commonly used 
units, 0.0084 m 2 (rag Chl) -t ,  on the lower end of a range of estimates for specific 
absorption coefficient (KH~K, 1983), but extremely close to the average for 13 species of 
cultured phytophmkton reviewed by LANGDON (19881. 

The range of growth conditions studied by SAKSHAUG et al. (19891 was very broad. A lit 
to any kind of general model is a noteworthy accomplishment. Because growth has been 
described with a mechanistic model, the work deserves special attention. Further examin- 
ation uncovers interesting features. 

ANALYSIS OF TIlE MODEL" PHOTOSYNTHESIS AS A FUNCTION OF IRRADIANCE 

Knowledge of the growth rates of phytoplankton in the sea is of central importance in 
biological oceanography, but routine estimation of growth rates and testing of predictions 
is particularly problematic (EPPLE~', 19801. It is relatively easy to measure primary 
productivity and Chl a, however. The ratio of the two, pa [g C (g Chl) - l  h-I],  relates 
pigment biomass to primary productivity (e.g. HAt~RXSON and PLArr, 1980; FALKOWSKI, 
19811. Models of p a v s  irradiance (I) are essential elements of algorithms for remote 
sensing of primary production (EPPLE¥ et al.,  1985; PEARL 1986; CAMPBELL and O' REILLY, 
1988). I discuss here the model of SAKSHAUG et al. (1989) as a special case of a pUvs I 
model. 
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Equation (1) can be rearranged to describe pS as a function of irradiance: 

pn = (~u + r).  C = at," q~max . (1 --  e ( - ° r l ° ) ) .  ( 5 )  
D Chl o'r 

Here, the units of pB are mol C (mol Chl)- 1 s- t. Using values for ap- ¢)max and o'r from the 
best-fit of the model (equations 3 and 4), expressing 1 o as/zmol m-Zs - t, and converting pB 
to familiar units [g C (g Chl) -t h-l]: 

en  = 6.20(1 - e-°°°432t°). (6) 

The relationship described in equations (5) and (6) follows the formulation for pB vs I 
presented by WEBB et al. (1974). It is also comparable to an equation proposed by PLATr et 
al. (1980): pB = pB. (1 - e(-at/e~')) • ( e ( - a t / ~ ) ) ,  where pB is the instantaneous rate of 
photosynthesis normalized to chlorophyll at irradiance I [g C (g Chl) - t  h- t] ,  P~ is the 
maximum rate of photosynthesis if there were no photoinhibition [g C (g Chl) - t  h-t] ,  a is 
the initial slope of the pn vs I curve [g C (g Chl) - t  h - l  ~mol  m -2 s- t )  - t ]  and/~ is the 
parameter chosen to characterize photoinhibition [g C (g Chl)-t h-1 (umol m -2 s-t)-1].  
In the absence of photoinhibition (/~ = 0), the equation of PLArr et al. (1980)  is the same as 
equations (5) and (6). The formulation dates back to ARNOLD (1932) and KOHN (1936) and 
has recently been presented by DUmNSKY et al. (1986) and, scaled to maximum photosyn- 
thesis, by PErERSON et al. (1987). The data of SAKSHAUG et al. (1989) therefore can be 
legitimately presented and statistically analysed as a pU vs ! curve according to the 
equation 

P" = P~. (1 - e(-a*/~')). (7) 

The result is presented in Fig. l. 
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Fig. 1. Skeletonema costatum: adapted rate of photosynthesis as a function of growth irradiance 
for the data presented by SAKSHAUG el al. (1989), calculated according to the left side of equation 
(5). The line is a nonl inear  least-squares fit to equat ion (7). The  best-fit values 4. S.E. ,  were: 
Ps B -- 6.23 + 0.27 g C (g Chl)  - I  h - I ,  a -- 0.0202 4- 0.002 g C (g Chl) - !  h - !  (~mol m -2 s - !  ) - I .  
These values differ slightly from those obtained using equations (8) and (9) and the best-fit 
est imates of ap. ¢,n,x and or  from the original model of Sakshaug et aL (P~s = 6.20 g C (g Chl) - t  

h - t .  a = 0.027 g C (g Chl) - t  h - t  (,umol m -2 s - t ) - t ) .  
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It must be recognized that the model of SAKSHAUG et al. (1989) as presented in equation 
(7) is a composite of  adapted rates of photosynthesis at numerous steady states, whereas a 
conventional pa  vs I curve as commonly described by similar equations shows the 
photosynthetic response to perturbations from growth conditions and will differ in shape 
according to light history (FALKOWSKI, 1980, 1981; PERRY et al.,  1981; RICHARDSON et al.,  
1983; KANA and GLIBERT, 1987b) and nutrition (WELSCHMEYER and LORENZEN, 1981; 
OSBORNE and GEIDER, 1986; PRt~ZELIN and MATLICK, 1986; KOLBER et al.,  1988). Figure 2 
shows how adapted rates of photosynthesis can fit a pavs  I model even though the pavs  I 
relationship is strongly a function of growth irradiance. 

It is very instructive to examine the mechanistic basis of the pavS I model. By comparing 
equations (5) and (7), it can be seen that 

= (8) 
or 

and 

a = ap. ~0ma~- (9) 

The parameter of light saturation, lj, (/~mol m -z s - l ;  TALL|NG, 1957; PLArr et al., 1980), 
equals PBs/a, that is: 

1 
tk = - - .  (1o) 

OT 

Equations much the same its these have been prescntcd before (e.g. FALKOWSKI, 1980; 
GAt.t.EGOS et al.,  1981 ; DomNsrv et al.,  1986; SOKt':NIK et al., 1987): they are consistent with 
physiological interpretations of photosynthesis and arc useful for examining the utilization 
of light by phytophmkton. 

The parameters of the exponential modcl of P"  vs / (equations 8--10; PLAa'r et al., 1981)) 
can also be described in terms of the specific absorption of chlorophyll, PSU size and PS U 
turnover time. Let U equal the number of chlorophyll a molecules per photosynthetic unit 
[mol Chl (tool PSU)-I  I. The absorption cross-section can then be expressed as cr = U.  ap. 
Substitution into equations (5), (8) and (10) makes it fairly easy to assess the effects on 
photosynthesis of changes in PSU size and number (FALKOWSK|, 1980; Prf:ZeLIN, 1981; 
KANA and GILnERT, 1987b) and to resolve uncertainties about predictions of different 
models of photoadaptation (R|crlAROSON et al., 1983). The implication is that the rate of 
photosynthesis is determined by light absorption and the probability of multiple strikes of 
a photosynthetic unit during its turnover time. Such an explanation is reasonable for 
photosynthesis in flashing light (MYERS and GRArlAM, 1971) and has been extended to 
describe photosynthesis in continuous light (DOmNSKY et al.,  1986; PETErSON et al., 1987; 
EiLERS and PEETERS. 1988). 

From the model ofSArSHAUG etal.  (1989) reformulated to describe pa  (equation 7, Fig. 
1), the best-fit parameter estimates for adapted rates of pavs  I over a wide range of growth 
conditions are Ps a = 6.23 g C (gChl) -1 h -1, a = 0.020 g C (gChl) -1 h -1 (umoi m -2 
s-  t ) - ,  and lk = 308/~mol m -2 s-  1. The model values for p a and a are higher than average 
for natural populations, but certainly not atypical (HABmSON and PLATT, 1986). In fact, the 
value for a is close to the mean of 0.024 _.+ 0.005 g C (g Chl) -1 h -1 ~ m o l  m -~ s - | )  -I 
reported by LANODON (1988) for cultures. The photosynthetic parameters are also 
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Fig. 2. Relationships between pB and irradiance. The curves labeled Low, Medium and High are 
for cultures of the marine diatom Thalassiosira pseudonana (clone 3H) grown at 20, 100 and 2200 
/~mol m -z s - I ,  respectively (CuLtEN and LEwxs, 1988). Photosynthesis was determined by 
measuring the uptake of taC-bicarbonate during 20 min incubations (LEwis and SMrrx, 1983). 
Lines are the best fits to the model of PLArret ai. (1980). The three points correspond to pa at the 
growth irradiance. The model curve comes from the model of SAgSH^UG et aL (1989). as expres~d 
in equation (6). This presentation demonstrates that adapted rates of photosynthesis have a 
relationship with irradiance that is not characteristic of the P~ vs ! curve at any one growth 
irradiance. This point has been made repeatedly by Myers (cf. MYEas, 197(I; MYEaS and Ga^UI^M, 
1971) and hlts recently been illustrated by K^N^ and GLmEaT (1987b). The excellent correslx~n- 
dence between the measured rates and the growth model should not be accepted uncritic:dly 
because short-term measurements of  carbon uptake do not corrcsl'amd well to net cltrbon 

assimilation under all conditions. 

strikingly consistent with data and a model presented and discussed by LAws and 
BANNmTER (1980). An exception is that pa at high growth irradiance is undiminished 
despite severe nutrient limitation. The results of SAKSHAOG et ai. (1989) therefore indicate 
that the photosynthetic debilitation characteristic of nutrient starvation (WELSCHMEYER 
and LORENZEN, 1981) is not a feature of steady-state, nutrient-limited growth (OsBoRNe 
and GEIDEa, 1986; but see KOLBER et al., 1988). This seems to be one of the fundamental 
differences between balanced and unbalanced growth. 

A P P L I C A T I O N  OF T H E  M O D E L ;  R E M O T E  S E N S I N G  

The advent of sensing phytoplankton pigments from space has generated considerable 
interest in relating pigment concentration to integral primary productivity (EPPLEV et al., 
1985; PLArr and S^THYEND~r~ATH, 1988; BALCH et al., 1989). Phytoplankton production 
per unit area of sea surface (IP: g C m -z d - t )  has been normalized to total pigment 
biomass in the water column (IB: g Chl m-Z) and IPIIB has been described as a function of 
incident irradiance (Io: mol m -2 d - t )  (MALONE, 1976; FALKOWSKI, 1981; PLArr, 1986; 
CAMPaELL and O'REILLY, 1988). The slope of the relationship is ~ [g C (g Chl)-t m-2 (mol 
photons)- t], a parameter which has been shown to vary remarkably little in samples from 
a variety of environments (Pt.~rr, 1986; but see CAMPBELL and O'REILLY, 1988). If ~ is 
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known, integral primary production can be'estimated given data on chlorophyll concen- 
trations and solar insolation (MALONE, 1976; FALKOWSKI, 1981; PLA~r, 1986). PLAn (1986) 
has reported that ~ is usually about 0.4 g C (g Chl)-  l m 2 (mol photons)-  I. 

Integral productivity is best estimated using experimental determinations of pB vs I 
(PLATr and SATHYENDRANATH, 1988), but when appropriate data are lacking, it is 
instructive and useful to generalize the relationship (RYraEe and YE~rrsca, 1957; PLATr, 
1986). As a heuristic exercise, the model of SAKSaAUG et al. (1989) as reformulated here 
can be used to generate a general model of IP / IB  vs Io as a function of daylength (Fig. 3): 
integral primary productivity, normalized to chlorophyll, is estimated by using mean 
irradiance during daylight hours and averaging pS to the 1% light level (i.e. through 4.61 
optical depths) using equation (6). For any particular daily flux of sunlight, average 
quantum yield is lower for shorter days because more of the water column is at 
supersaturating irradiance in daylight. Daylength influences modeled relationships be- 
tween IP/ IB and Io on an annual scale (cf. RCTHER, 1956). For example, a value for ~ of 
about 0.64 g C (g Chl) - I m  2 (tool photons) -I  can be generated by connecting points for 
combinations of Io and daylength at mid-latitudes (Fig. 3). The slope of points from the 
summer months is about 0.4 g C (g Chl) - l  m 2 (mol photons) - l .  A non-zero intercept on 
the ordinate, consistent with regressions on data from the field (PLATr etal.,  1988), results 
from the nonlinearity of the pavs  t model. This intercept can be fairly large so that IP / IB  is 
not well described by ~u. 1o. Thus either the full regression equation with the intercept or a 
nonlinear pa vs ! model is preferable to the slope, ~u, for describing primary production as 
a function of integrated biomass and solar insolation. 

General models of pB vs I, with specified maximal rates, have played a small role in 
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Fig. 3. Phytoplankton production per unit sea surface area (gross production), normalized to 
chlorophyll as a function of solar insolation (i.e. IP / IB  vs !o). Results of the model of SAKSHAUG e! 
al. (1989) as expressed in equation (6). Uniform chlorophyll concentration with depth is assumed. 
The ordinate is the average value of pa from t~,e surface to the depth of 1%/,,. The lines represent 
the relationship between I P I I B  and 1o for different daylengths. The filled circles are representative 
combinations of daylength and ! o over a year for a temperate latitude (45°N): I o for each month 
from HAItlZISON and PLAI"r (1980), daylength from PLAI"r (1971). The regression of I P I I B  vs !o on 
the 12 points has a slope of 0.64 g C (g Chl) -t  m" (tool photons) - t .  This figure can be compared 

with Fig. 6 in RYI"HEt~ (1956). 
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Fig. 4. Phytoplankton production per unit sea surface area normalized to chlorophyll as a 
function of  solar insolation (i.e. IP / IB  vs 1o ). Models of  integrated primary production compared 
with data in the literature (cf. PLAn', 1986). Fil led circles are from the model of SAKSHAUG et al. 
(1989) as presented in Fig. 3. Open circles are results from the method of  RYrHEB and YEN'rscH 
(1957). modified as described in the text (equation 11) and applied to the same combinations of 
insolation and daylength. Dotted line is the regression presented by FALKOWSKt (1981) and the 

solid line is MALONE'S (1976) regression, in terms of surface insolation (MALONE, 1987). 
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Fig. 5. Phytoplankton production per unit sea surface area, normalized to chlorophyll as a 
function of solar insolation (i.e. 1P/1B vs lo). Data from the Southern California Bight survey, 
1974-1987, compiled by W. M. Balch and R. W. Eppley. There are 310 points and the correlation 

coefficient is 0.25 (6. I% of the variance explained). Data provided by W. M. Balch. 
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recent efforts to model primary production, presumably because years of research have 
shown how variable the pa  vs I relationship can be. The data of SAgSHAUt; et al. (1989) 
suggest that under steady-state conditions, the adapted rate of photosynthesis normalized 
to biomass is a function solely of irradiance and thus the concept of general pn vs I 
relationships has some newfound credibility. In this context, it is instructive to compare 
the relationship in the model of Sakshaug et al. to the p a v s  I relationship presented by 
RV'mER (1956) and Rrrr|ER and YENTSCH (1957). A major difference is that photoinhibi- 
tion is a prominent feature of the general p a v s / c u r v e  presented by Ryther, whereas pn is 
not depressed at high irradiance for the well-adapted cultures studied by SAKSHAO6 et al. 
(1989). Complete adaptation of cultures to high irradiance was not demonstrated in the 
early experiments carried out by Ryther, and there is reason to believe that with special 
precautions (KANA and GILBERT, 1987a) much higher rates would have been achieved 
under bright light. Parameters can be compared between models if the photoinhibitory 
part of Ryther's general model is ignored and the mathematical form of equation (7) is 
chosen to describe the saturation function. Maximum photosynthesis of 3.7 g C (g Chl) -t  
h-  i is given by Ryther and Yentsch. A saturation irradiance (I~) of 1400 foot candles solar 
irradiance (=270~mol m -2 s - l ;  conversion in M¢CREE, 1972) is determined by inspection 
of Ryther's Fig. 2. The parameter a is the ratio of pa to lk [a = 0.013 g C (g Chl)- l h -  t 

(/~mol m-'- S-I)-I].  It should be noted that Ryther and Yentsch calculated chlorophyll 
concentration on the basis of spectrophotometric equations (RICHARDS and THOMPSON, 
1952) which have since been shown to overestimate the concentration ofChl a (BANSE and 
ANDERSON, 1967; WAR'I'ENBURG, 1978). The error is likely to be about 30% (LORENZEN and 
JEFFREY, 1980), SO one should represent the parameters of the Ryther and Yentsch model 
as p~3 = 4.8 g C (g Chl) -j h -t  and a = 0.018 g C (g Chl) -t  h -t  (~moi m --~ s - ' )  -t .  The 
saturation parameter is unchanged. In simple form, the modified Ryther and Yentsch 
model is then: 

I 'a = 4.8(1 - e-°~x~45"t"), (1 !) 

where/,, is in/mlol m -2 s- I. The seasonal variation of IP/IB from the modified Rythcr and 
Ycntsch model can be compared with other models (Fig. 4). The slope of the regression 
(IF) is 0.44 g C (g Chl) -t  m2(mol photons) -t. 

Validation of analytical productivity models requires comparison with real data (cf. 
PLArr, 1986). Observations reported by FALKOWSKI (1981) seem to be about half what 
would be expected if the model of Sakshaug et al. applied, but are fairly consistent with the 
modified Ryther and Yentsch model (Fig. 4). Some data sets seem to bear no relationship 
to any simple model. CAMPBELL and O'REILLY (1988) found a poor correlation between 
IP/IB and 1o for a large set of determinations from the continental shelf off the northeast 
United States. Measurements from the Southern California Bight (Fig. 5; see also BALCH 
et al., 1989) likewise indicate that a stable relationship between IP/IB and Io does not exist, 
even though, for the average of many points from individual depths, there is a clear 
relationship between pa and 1 (EPPLEY and HOLM-HANSEN, 1986; their Fig. 5.8; see also 
BALCH et al., 1989). It is important to understand why a relationship works well in some 
regions and not in others. 

DISCUSSION 

Models o f  phytoplankton growth 

Many models of phytoplankton growth are based on similar principals, but it is difficult 
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to decipher the models and discern the important similarities and differences between 
them. For example, KIEFER and MrrCnELL (1983) showed that their model was in many 
ways similar to those of LAws and BANNISTER (1980) and SHtrrEa (1979). To discuss the 
models they had to introduce about 34 symbols. LAws et al. (1985) compared the 
predictive model of IgdEFEX and MITCHELL (1983) tO a modified version of a theoretical 
model by SHUTER (1979). Laws et al. effectively and informatively demonstrated that the 
two models made very similar predictions, but their discussion required the use of about 26 
different symbols. These rather complicated presentations dealt with important physio- 
logical processes which are inextricably linked to photosynthesis and growth; yet models of 
phytoplankton growth can be simplified to an extreme: the major features of growth can be 
described by a simple energy budget (cf. GEIDER et al.,  1986) using one of several 2- 
parameter functions that describe light dependence of gross photosynthesis (cf. JAssav and 
PLA'rr, 1976). Such a model can be constructed by using equations (8) and (10) to simplify 
equation (1): 

(~ + r) Chl a = -~ - .  D.  Ps • (1 - e(-I°/l')). (12) 

Here the parameters pa and lk refer to the adapted rate of photosynthesis as a function of 
irradiance, which has been shown in the data of SAKSHAUG et al. (1989) to be substantially 
independent of daylength or nitrogen limitation (Fig. l). ,The ratio of chlorophyll to 
carbon can be treated as one variable and described as a function of irradiance and 
temperature (GEtDER, 1987) as well as nutrition (LAws and BANNISTER, 1980), and possibly 
daylength (GEIoEa, 1987). 

Equation (12) describes growth simply and effectively, but it explains little. The 
explanations come from considering the processes that are represented in detailed models 
of light utilization and chemical composition of phytoplankton. 

Physiological implications 

General models of photosynthesis have been around for a long time (RrrnER, 1956). 
However, the p a v s  1 relationship described by the data of SAKSHAUC et al. (1989; 
equations 5-7; Fig. 1) is novel and significant because it is based on real data obtained 
under a wide variety of steady-state growth conditions, including nutrient limitation and 
variable daylength. That nutrient-limited cultures do not deviate from a general pavs  1 
relationship is especially noteworthy. Previous studies on photosynthesis during nutrient 
starvation (unbalanced growth) have indicated that photosynthetic efficiency declines 
substantially after nitrogen is depleted (Wm~LSCnMEYEa and LORE~ZEN, 1981). If this were 
true for steady-state cultures (balanced growth), pa at growth irradiance would be a 
function of nutrient-limited growth rate. For the cultures studied by SAKSHAUG et al. 
(1989), pa at growth irradiance is essentially the same, regardless of nitrogen-limitation of 
growth. In contrast, LAws and BANNISTEg (1980) showed that pa at growth irradiance was 
nearly constant only if nutrient-limited growth rate was above about 0.25 of maximal. It is 
not clear why the results of Laws and Bannister differ from those of Sakshaug et al. at low 
growth rates. Regardless, it seems possible that nitrogen-limited balanced growth is 
fundamentally different from nutrient starvation (unbalanced growth) in that photosyn- 
thetic efficiency does not differ much as a function of nutrient supply. 

An interesting product of this analysis is the comparison of the rearranged SAKSHAUt; et 
al. (1989) model (equation 5) with the well-established exponential equation for describ- 
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ing pavs  1 (WEan et al., 1974; PLArret al., 1980; DUINSKV et al., 1986). A mechanistic basis 
for exponential photosynthesis models is evident. The correction for multiple hits of the 
rate-limiting photosystem (equation 2) is the essence. This target theory is the basis for 
several descriptions of photosynthesis (ARNOLD, 1932; KOHS, 1936; MYERS and GRAHAM, 
1971; LEV and MAUZERALL, 1982; DUmNSrY et al., 1986; PL:'r~Rsor~ et al.. 1987; EILERS and 
PEErEss, 1988). A correction term governs quantum yield, so one might infer that ¢,,ax can 
be considered a constant. DualNsgv et al. (1986), however, have concluded that the 
maximum quantum yield is not constant as a function of growth irradianee, and KOLaER et 
al. (1988) state that the efficiency of photosynthesis declines under nitrogen limitation. In 
contrast, OSBOgNE and GLIDER (1986) determined that maximum quantum yield was not 
significantly different from the theoretical upper limit despite severe nitrate deficiency in 
continuous cultures. It is clear that some questions concerning the effects of nutrient 
limitation on photosynthesis have yet to be resolved fully. 

It must be recognized that the model p a v s  I curve (equation 7) does not necessarily 
represent the relationship between photosynthesis and irradiance for any of the cultures 
studied (Fig. 2). Rather, it can be viewed as a composite with one point, corresponding to 
the growth irradiance, contributed by each culture which has its own instantaneous pavs I 
curve (cf. MYERS, 1970). Even though a single pavs  I curve, specified by parameters with 
biophysical meaning, describes photosynthesis of a marine diatom over a very broad range 
of conditions, it cannot be concluded that certain properties of the photochemical 
mechanism of the diatom (i.e. the composite "constants", at, • ~m,,x and or; equations 3 and 
4) are invariant. Because par ct and 1~ are known to vary with growth conditions 
(HARRISON and PLA'Fr, 1980; RIC[IARDSON et al.. 1983; HARRISON and PLA'Fr, 1986; 
OSBORNE and GErDER, 1986), the products at,. ¢,,~,,x and or must also change (equations 
8--10; FALKOWSKt, 1981; GALLEGOS and PLArr, 1981; DUBINSKV et al., 1986). We arc 
presently studying how these changes of the photochemical machinery work in concert to 
produce one general pU vs I curve to describe adapted photosynthesis (CULLEN and 
KIEFER, in preparation). 

The biophysical interpretation of the general model of growth in Skeletonema is not as 
simple as it may seem at first inspection [see also FALKOWSKt et al. (1985) and DUB|NS~:V et 
al. (1986), for other considerations]. The utility of the model as a descriptive tool does not 
depend on our complete understanding, though. 

MYERS (1970) stated that the relationship between growth rate and light intensity is a 
genetic characteristic of an alga whereas the photosynthesis vs irradiance relationship is an 
adaptive characteristic (see also RICHARDSON et al., 1983). The data of SAKSHAUG et al. 
(1989), as presented here, suggest that the relationship between the adapted rate of 
photosynthesis (normalized to chlorophyll) and light is also a genetic characteristic of a 
species. The implications of this suggestion are quite important to biological oceanogra- 
phy. Specifically, the results indicate that for an alga grown at a given temperature the 
adapted rate of photosynthesis, pa is a function solely of growth irradiance~it is 
independent o f  growth rate. It will be interesting to determine if other species of 
phytoplankton conform to this strategy of photoadaptation (cf. RICHARDSON et al., 1983). 

Oceanographic implications 

Three decades ago, RV'rHER and YErcrscn (1957) proposed a method for calculating 
integral primary'production on the basis of chlorophyll and light data. Central to the model 
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was a general description of pB vS I for marine phytoplankton (RrrHER, 1956). Over the 
years it became clear, however, that p a v s  I is very responsive to growth conditions 
(MYE~. 1946; STEEMANN NIELSEN and HANSEN, 1959; MYERS and GRAHAM, 1971; 
BEARDALL and MORRIS. 1976; FALKOWSKI, 1980; HARRISON and PEAl"r, 1980; HARDING et 
al., 1987; CULLEN and LEwis, 1988). It would be reasonable to conclude that photosyn- 
thesis in the sea is much too complicated to describe with one formulation. Nonetheless, 
the availability of unprecedented quantities of data on pigment distributions in the ocean 
from remote sensing has stimulated a substantial effort to develop simple, general 
algorithms to relate pigment concentration to primary productivity (EPPLEY et  al., 1985; 
PERRY, 1986; PLA'rr, 1986; BALC8 et al., 1989). 

General models of p a v s  I can be used to estimate integrated primary productivity 
normlized to chlorophyll in the water column as a function of solar insolation. The data 
presented by SAKSHAUG et al. (1989) lend legitimacy to such formulations, at least with 
respect to adapted rates of photosynthesis. The model describing those data is an 
improvement on other descriptions of phytoplankton growth because it has been validated 
by comparison with growth rates under a very broad range of conditions. When the model 
is reformulated to describe photosynthesis, the results are similar to early models 
(RYIHER. 1956) and are consistent with the analysis of several sets of data by PLAIT (1986). 
A remarkable agreement between RrrHEa and YENTSCH (1957) and PLAI-r's (1986) 
analysis is demonstrated (Fig. 4). It appears that the photosynthetic performance of 
natural phytoplankton is often similar to steady-state cultures. 

The model does not describe photosynthesis in all parts of the ocean. The poor 
relationship in Fig. 5 and similar results presented by CAMPBELL and O'REILLY (1988) 
attest to that. Why would a model work sometimes and not others? Taxonomic differences 
are certainly a consideration (LANGDON, 1988), especially because tile general patterns of 
photoadaptation may differ between species (Rlcl~IARDSON el al., 1983). Factors not 
considered here, such as variation in the relative rate of respiration, may also be important 
(FALKOWSKI etal. ,  1985). The potential effects of temperatt, re arc not fully resolved (Pt.Arr 
and SATtlVENDRANATH, 1988), but corrections can be made with some success (Bat.C~! et 
al., 1989). Vertical structure of chlorophyll (CULLEN, 1982; HAVWAaD and VENRICK, 1982; 
PLA'rr and HERMAN, 1983) is an added complication, but it can be dealt with (PLATr et al., 
1988; PLAI"r and SAT~lVENORANAT~I, 1988; BAL¢tl et al., 1989). It is also possible that the 
nature of steady-state growth is central to an explanation. Phytoplankton adapted to the 
light and nutrient regime at the depth of sampling should conform to the general model 
whereas fluctuations in light and nutrient supply would lead to unbalanced growth and, 
possibly, large changes in the relationship between pn and 1 (Fig. 2; see also KASA and 
GLlaEaT, 1987b). The Southern California Bight (source for the data in Fig. 5) is a dynamic 
region with considerable admixture of water masses (EPPLEY, 1986). Steady-state growth 
may not be common. The fundamental differences between steady-state and unbalanced 
growth must be appreciated before the consequences of light and nutrient limitation of 
phytoplankton growth can be fully understood. The better we understand steady-state 
growth, the easier it will be to discern how unbalanced growth differs. 

CONCLUSIONS 

Many models of photosynthesis and growth of phytoplankton have been developed and 
most have performed well in describing aspects of their subject. The number of equations 
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and symbols generated in this pursuit is staggeringly high and probably not matched by a 
corresponding level of comprehension among biological oceanographers. The growth 
model presented by SAKSHAUG et al. (1989) is simple, yet powerful. It describes aspects of 
growth (nutrient-limited under different photoperiods) that were left out of many earlier 
models. The formulation of the model is theoretically justifiable and the parameters are 
not only real but measurable. The model could be deceptive, though, because the best-fit 
values for the parameters are composites, and probably not representative of any one 
growth state. Nonetheless, careful consideration of the model is fruitful, as possible 
mechanisms underlying the relationship between photosynthesis and irradiance are 
exposed in the process (DUBINSKY et al . ,  1986; PETERSON et al. ,  1987). 

When modified to describe the adapted rate of photosynthesis as a function of 
irradiance, the model does remarkably well in complementing the analysis by PLArr (1986) 
and renewing interest in the general p a v s  l models such as RCTHER and YENTSCH (1957). 
Simply, the data of SAKSHAUG et al. (1989) validate the idea that under certain conditions, 
one model of  photosynthesis vs irradiance can describe primary productivity in the water 
column. Although positive results are worthy of note, the failures of models to fit some sets 
of observations (Fig. 5; CAMPBELL and O'REILLY, 1988) demonstrate that much is yet 
unexplained. 
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