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Abstract 
We present a new dynamic model that uses a small number of prescribed parameters to predict the 

chlorophyll a:carbon ratio and growth rate of phytoplankton in both constant and varying irradiance. The 
model provides a self-contained description of energy and mass fluxes and regulation of partitioning of 
photosynthate during phytoplankton adaptation to irradiance. The kinetics and steady-state outcomes of 
photoadaptation are described in terms of changes in the rates of synthesis of three intracellular carbon pools. 
These pools account for the distribution of cell material between light-harvesting components, the biosynthetic 
apparatus, and energy storage compounds. Regulation of the flow of recent photosynthate to these pools is 
controlled by the ratio of realized to potential photosynthetic electron flow at a given instant. The responses 
of growth rate and Chl a:C to static and dynamic irradiance regimes can be adequately described by specifying 
four parameters: the initial slope of the photosynthesis-irradiance curve, the maximum growth rate, the 
maximum Chl a:C observed under light limitation, and the maintenance metabolic rate. The model predic- 
tions compared favorably with observations of the diatoms Thalassiosira pseudonana and Phaedactylum 
tricornutum. 

Photoadaptation, involving the down-regulation of pig- 
ment synthesis at high irradiance, is well documented in 
procaryotic and eucaryotic phytoplankton (Falkowski and 
La Roche 1991). The chlorophyll a: carbon ratio (0) and 
the chlorophyll a-specific light-saturated photosynthesis 
rate (PChl1) are two of the most widely used indices of 
the photoadaptive state of phytoplankton (Geider 1993). 
0 provides a link between phytoplankton growth rate (,u) 
and the commonly measured chlorophyll a-specific pho- 
tosynthesis rate pChl (i.e. ,u = pChl 0) (Eppley 1972). Since 
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chlorophyll a is the most widespread index of phyto- 
plankton abundance (Cullen 1982), photoadaptation of 0 
and pChl has significant implications for our understand- 
ing of phytoplankton ecology and biooptical modeling of 
primary productivity. Variability in 0 can lead to consid- 
erable uncertainty in both the biomass and specific growth 
rate of phytoplankton. Finally, our understanding of par- 
ticle dynamics in the upper ocean rests on our ability to 
describe and predict 0 and pChl. 

Oceanographers and limnologists have made signifi- 
cant progress in modeling balanced phytoplankton growth 
quantitatively. The models have a common basis in de- 
picting phytoplankton growth in terms of mass and energy 
fluxes (Geider 1993; Cullen et al. 1993) that describe light 
absorption and carbon assimilation for a cell with a spec- 
ified light-harvesting composition (i.e. 0). Despite the suc- 
cess of these models in providing an internally consistent 
description of phytoplankton growth, photosynthesis, and 
pigment content (Sakshaug et al. 1989), they are little 
more than accounting procedures because they cannot be 
used to simultaneously predict the light dependencies of 
both 0 and Iu. Specifically, the prediction of the light de- 
pendence of ,u requires specification of the light depen- 
dence of 0. Alternatively, prediction of the light depen- 
dence of 0 requires specification of the light dependence 
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of A. This circularity reduces the predictive power of these 
models of balanced growth. In this paper, we relax this 
constraint by imposing biological regulatory rules that 
govern changes in the photosynthetic apparatus and dis- 
tribution of cell materials in response to irradiance. This 
approach provides a method for describing both steady- 
state (i.e. constant irradiance) and dynamic (i.e. fluctu- 
ating irradiance) responses in a unified conceptual frame- 
work and can thus be used in the context of real-world 
effects on phytoplankton exposed to changing light fields. 
Additionally, the formulation and testing of the regula- 
tory rules can provide insight into the regulation of pho- 
tosynthesis in diverse taxa. 

Photoadaptive responses have been observed in stably 
stratified water columns (Harrison and Platt 1986) and 
following manipulations of samples taken from the sur- 
face mixed layer (Lewis et al. 1984b). Investigations of 
bio-optical properties of particulate matter (Mitchell and 
Kiefer 1988) and single cell pigment content that use flow 
cytometery (Li et al. 1993) have demonstrated adaptation 
of pigment content in natural phytoplankton populations. 
However, the significance of photoadaptation in regulat- 
ing the rate of primary productivity in the sea has been 
difficult to evaluate because irradiance fluctuates over a 
wide range of time scales that cannot be adequately mim- 
icked by conventional experimental techniques. Although 
vertical mixing has been shown to modulate primary pro- 
ductivity (Marra 1978; Gallegoes and Platt 1985), eval- 
uating the quantitative significance of vertical mixing in 
nature requires explicit models incorporating a descrip- 
tion of physical mixing and physiological responses (Ka- 
mykowski et al. 1994). Many of these models have fo- 
cused on photosynthetic responses that occur on the rel- 
atively short time scales of minutes to hours. Photoad- 
aptation of pigment content on the longer time scales of 
hours to days is associated with cell growth and division 
and is also likely to be important. It is this latter scale of 
response that is the subject of our dynamic model of 
photoadaptation. 

Photoadaptation kinetics are typically modeled with 
empirically determined first-order rate constants, al- 
though expressions other than first-order rate equations 
may be more appropriate (Cullen and Lewis 1988). Gei- 
der and Platt (1986) provided a mechanistic basis for 
establishing the first-order rate constants for photoad- 
aptation from mass budgets for cell carbon and Chl a. 
They showed that the first-order description was a special 
case of a more general behavior. Cullen and Lewis (1988) 
have compared various formulations of the kinetics of 
photoadaptation. In this paper, we describe a dynamic 
model of phytoplankton growth and photoadaptation un- 
der nutrient-replete conditions that extends the analysis 
of Geider and Platt (1986). The key feature of the model 
is an explicit description of the regulation of the biosyn- 
thesis of light-harvesting pigments by the ratio of pho- 
tosynthesis to light harvesting. One can think of this ratio 
as a measure of the oxidation-reduction status of the pho- 
tosynthetic electron transfer chain. The model shows how 
photoadaptation can arise out of the dynamics of parti- 
tioning of carbon among intracellular pools and specifies 

both balanced growth and transient responses to changes 
of irradiance. The model is unique in that the same pa- 
rameters that determine Iu and 0 in balanced growth also 
predict the transients that occur following changes of ir- 
radiance. 

Theory: A dynamic model of phytoplankton growth 
and photoadaptation 

For simplicity, we assume that cellular macromolecules 
fall into one of three categories: pigments and proteins 
whose abundances are light regulated, macromolecules 
whose abundances are not light regulated, and energy 
reserve carbohydrates and lipids. To the best of our 
knowledge, there is no single data set that allows the light 
dependencies of all three of these classes of cell compo- 
nents to be illustrated for an alga. However, it is possible 
to provide examples of the different light dependencies 
of these three classes of macromolecules by combining 
data from several sources (Fig. 1). The down-regulation 
of light-harvesting components as irradiance increases is 
illustrated by the light dependence of several components 
of the thylakoid membranes in Dunaliella tertiolecta (Fig. 
1 B). Under low light conditions, the sum of pigments, 
light-harvesting complex 2, and electron transport chain 
proteins and associated lipids can equal 30% of cell car- 
bon in D. tertiolecta. Examples of catalysts whose abun- 
dances are not light regulated are provided by RNA in 
Thalassiosira weisflogii (Fig. 1 C), the Calvin cycle enzyme 
Rubisco (ribulose 1,5-bisphosphate carboxylase-oxygen- 
ase) in D. tertiolecta (Fig. 1 B), and residual carbohydrates 
in Thalassiosira pseudonana (Fig. 1A). Finally, an ex- 
ample of the dependence of energy reserve polymers on 
growth irradiance is provided by the increase of hot-wa- 
ter-extractable carbohydrates with increasing irradiance 
in T. pseudonana (Fig. 1A). 

Like the models of Shuter (1979) and Lancelot et al. 
(1991), our model considers the phytoplankton cell to 
consist of a number of functional, structural, and storage 
pools. Our model is based on the flow of carbon to three 
intracellular pools (Fig. 2). It combines the treatment of 
energy and mass fluxes (i.e. photon absorption and chang- 
ing pool sizes) with the description of regulation (i.e. sig- 
nal transduction and regulation of biosynthesis). Signif- 
icantly, the model is formulated in such a way that pho- 
toadaptation is regulated by the energy and mass fluxes. 
Thus, the model is self-contained, with energy-mass flux- 
es providing the information that regulates the synthesis 
of the components that catalyze these fluxes. 

Intracellular carbon is distributed among the light-har- 
vesting apparatus (designated L), the biosynthetic appa- 
ratus (designated E), and an energy storage reserve (des- 
ignated R). Although abstractions, these pools can be as- 
sociated with fundamental aspects of energy transduction 
and storage (Fig. 1). L consists of the photosynthetic pig- 
ment-protein complexes and supporting membranes, to- 
gether with the reaction centers and electron transfer chain. 
In the jargon of photosynthetic units, we assume constant 
photosynthetic unit composition and stoichiometry (i.e. 
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Fig. 1. Variation of biochemical composition with growth irradiance in microalgae illus- 

trating light-regulated components, light-independent components, and storage components. 
A. Proportion of cell C accounted for by total (0) and residual (0) carbohydrates in Thalas- 
siosira pseudonana (Geider 1984). The difference between total and residual carbohydrates is 
attributable to hot-water-extractable energy reserve polymers. Carbohydrates are assumed to 
be 40% C by weight. B. Cumulative proportion of cell C in Rubisco and thylakoid membrane 
components of Dunaliella tertiolecta. Rubisco (0) plus pigments (0) plus light-harvesting 
complex 2 proteins (5) plus photosynthetic electron transfer chain components (LI) plus thy- 
lakoid lipids (A). The sum of these components (A) underestimates the total C in thylakoid 
membranes because it does not include contributions from light-harvesting complex 1 com- 
ponents, the ATP synthase complex, and mobile electron carriers. Cellular concentrations of 
Rubisco, photosynthetic pigments, and light-harvesting complex 2 proteins were obtained 
from Sukenik et al. (1987). Rubisco is assumed to have a molecular weight of 560 kDa 
(Miziorko and Lorimer 1983), 50% of which is attributed to C. Photosynthetic electron transfer 
system components were calculated from photosystem 1, photosystem 2, and cytochrome b6/f 
concentrations reported by Sukenik et al. (1987) and the following molecular weights for the 
thylakoid membrane complexes: 280 kDa for the photosystem 2 complex (Erickson and 
Rouchaix 1992), 98 kDa for the cytochrome b6/f complex (Hope 1993), and 280 kDa for the 
PS1 complex (Ikeuchi 1992). Protein is assumed to be 50% C by weight. Thylakoid membrane 
lipid is assumed to equal 19% of protein in the integral membrane complexes (Raven 1984), 
and lipid is 74% C by weight. D. tertiolecta is assumed to have a cell C content of 29 pg cell- 1, 
independent of irradiance (Falkowski and Owens 1980). C. Proportion of cell C in RNA of 
Thalassiosira weisflogii. RNA: C ratios for T. weisflogii (mean of 0.15 gRNA g-I C) were 
obtained from Laws et al. (1983). The amount of cell C associated with RNA was calculated 
as 59% of the RNA: C ratio based on the assumptions that RNA is 35% C by weight, that 
ribosomes account for 90% of cellular RNA, and that ribosomes are 35% protein and 65% 
RNA by weight (Whittmann 1982). 

a constant ratio of pigments to reaction centers 1 and 2 
and photosynthetic electron transfer chain components). 
We do not consider possible changes of pigment-protein 
composition and photosynthetic unit size (Falkowski and 
La Roche 1991) that may be observed in phytoplankton. 
E can be considered to consist of the enzymes involved 
in carbon fixation and in the elaboration of fixed carbon 
into new cells. E thus includes the machinery of biosyn- 
thesis and cell replication. It also includes the Calvin cycle 
enzyme, Rubisco, which does not seem to be light reg- 
ulated in chlorophytes (Sukenik et al. 1987; Fisher et al. 
1989; but see Orellana and Perry 1992 for an example of 
light regulation of Rubisco content in a diatom). R is 
considered to consist of those polysaccharides and lipids 
that serve as energy storage reserves. 

The present model of photoadaptation is strictly ap- 

plicable to photoadaptation only under nutrient-sufficient 
conditions. In addition, we limit our description of model 
behavior to changes of Chl a and particulate organic C 
because these are the variables for which data are most 
readily available. It will be possible to evaluate more 
elaborate models with increased availability of quanti- 
tative data on the concentrations of photosynthetic pro- 
teins (including Rubisco, light-harvesting complex pro- 
teins, and electron transfer chain proteins) and other mac- 
romolecules or macromolecular assemblages, such as ri- 
bosomal RNA. For the present, we must be content with 
the more limited description of changes in Chl a and C 
that the available database can support. However, even 
this primitive description of phytoplankton photosyn- 
thesis provides insights into photoadaptation, phyto- 
plankton growth, and productivity. 



4 Geider et al. 

' 

\4,4 Light- 
, K- harvesting 

X apparatus 

t L A Biosynthetic 
l _ _ ~apparatus 

Energy E 
storage 
reserves 

HIGH IRRADIANCE 

"s "s "s LOW IRRADIANCE 

\\ ', \\ '\ 

\ \\.\.\.\. 

Fig. 2. Diagrammatic representation of the dynamic model of 
phytoplankton growth and photoadaptation. The three intra- 
cellular pools are identified in the top panel. The solid arrows 
and circle in the upper panel illustrate the flux of excitation 
energy into a control point and of photosynthate out of the 
control point. The middle panel illustrates the small size of L 
and the large size of R in high light-adapted cells. The solid 
arrows illustrate the high flux of excitation energy into the con- 
trol point and allocation of photosynthate among the intracel- 
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lular pools. The bottom panel illustrates the large size of L and 
small size of R in low light-adapted cells. The flux of excitation 
energy into the control point is markedly reduced relative to 
high light-adapted cells. The proportion of photosynthate al- 
located to synthesis of L is greater in low light-adapted cells, 
although the absolute amount may actually be smaller because 
of light limitation of photosynthesis. 

The link between photon flux and mass flux is provided 
by the photosynthesis-irradiance (PI) curve (Eq. 1). Note 
that the rate of photosynthesis is expressed relative to the 
C content of the biosynthetic pool and is designated pE, 
where the superscript E refers to the biosynthetic appa- 
ratus. (A list of notation is provided.) 

PE= PE[ (P ex I)] (1) 

I is irradiance, E the C content of the biosynthetic ap- 
paratus, L the C content of the light-harvesting apparatus, 
pE the rate of C fixation normalized to the size of the 
biosynthetic apparatus, PEm the maximum value of pE, 

and o- the functional cross-section of the light-harvesting 
apparatus. a- can also be considered the L-specific initial 
slope of the PI curve, operationally defined as the product 
of the Chl a-specific light absorption coefficient (desig- 
nated a*ch), the maximum quantum efficiency for pho- 
tosynthesis (designated Om), and the ratio of Chl a to C 
in L (Chl a: L). We make the simplifying assumption that 
OU, PEm and Chl a: L are independent of growth irradiance, 
which is broadly consistent with observations (Geider 
1993). As formulated here, the model applies only to 
constant temperature. However, temperature dependence 
can be readily incorporated into the model (Geider et al. 
in prep.) through specification of the temperature depen- 
dence of PEm, assuming also that a*chi and Om are inde- 
pendent of temperature (but see Raven and Geider 1988). 

Note that the rate of C fixation (Eq. 1) is determined 
by size of both the biosynthetic (E) and light-harvesting 
(L) pools. The relative importance of each pool in con- 
trolling the rate of C fixation depends on irradiance. Light- 
limited photosynthesis is controlled by L, but light-sat- 
urated photosynthesis is controlled by E. Both pools are 
important in the transition from light limitation to light 
saturation. The L: E ratio varies as a consequence of pho- 
toadaptation (Fig. 2), and thus the photoadaptive state 
of the phytoplankton is explicit in Eq. 1. 

We assume that recent photosynthate can have three 
fates (Fig. 2). It can be used in the synthesis of new L, E, 
or R. The net rate of synthesis of L, E, or R is determined 
by the difference between production and degradation as 
follows: 

dL dL = PLPEE - rmL, (2) 

dE dE = PEPEE - rmE, (3) 
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Notation 

I Irradiance, mol photons m-2 d-l 
E Biomass of the biosynthetic machinery, g C m-3 
L Biomass of the photosynthetic apparatus, g C m-3 
R Biomass of the storage pool, g C m-3 
a Initial slope of the PI curve, g C (mol-I photons) m2 g-' Chl a 
0 Chl a: C, g Chl g-' C 
Chl: L 0 in the photosynthetic apparatus, g Chl g-I C 
PCm Maximum C-specific rate of photosynthesis, d-l 
PE E-specific rate of photosynthesis, d- I 
PEm Maximum E-specific rate of photosynthesis, d-l 
a *Chl Chl a-specific light absorption coefficient, m2 g-' Chl a 
rm Maintenance metabolic coefficient, d-l 
u Functional cross-section of the L, m2 mol-' photons 
KL Maximum proportion of biosynthate allocated to synthesis of L, dimensionless 
KE Proportion of biosynthate allocated to synthesis of E, dimensionless 
kL Maximum rate of ML synthesis, d-l 
kE Maximum rate of ME synthesis, d-l 
kt Time constant for ML, ME, and MR degradation, d- I 
PL Proportion of photosynthate allocated to synthesis of L, dimensionless 
PE Proportion of photosynthate allocated to synthesis of E, dimensionless 
PR Proportion of photosynthate allocated to synthesis of R, dimensionless 
ML Signal coding for L synthesis, relative units 
ME Signal coding for E synthesis, relative units 
MR Signal coding for R synthesis, relative units 
MT Sum of ML + ME + MR, relative units 

and 

dtpRPEE-rmR. (4) 

PL, PE, and PR designate the proportions of photosynthate 
directed to synthesis of L, E, and R. The degradation of 
all three pools is described by a first-order rate process 
governed by the parameter rm. We have assumed that rm 
is the same for all three classes of macromolecule and 
that it is independent of growth rate. 

These simplifying assumptions can be criticized on sev- 
eral grounds. Dark respiration is typically linearly related 
to growth rate in algae, although the slope of a regression 
of respiration rate on growth rate can vary by a factor of 
five among species (Geider 1992). Dark respiration is 
likely to continue in the light, although whether it con- 
tinues at rates greater than, less than, or equal to the rate 
of darkness is a matter of contention (Geider 1992). In 
addition, turnover of carbohydrate energy reserves may 
occur at much faster rates than turnover of pigments and 
proteins. A more realistic description of the relationship 
between biosynthesis and respiration would require that 
we specify additional parameters that are largely uncon- 
strained by available data. Although we could have in- 
corporated more realistic descriptions of respiration into 
the model, we have found that the solution of the model 
for conditions of balanced growth is largely unaffected by 
reasonable descriptions of the interdependence of bio- 
synthesis and respiration (Geider et al. in prep.). We con- 
sider some of the limitations of our parameterization of 
respiration during the transient conditions following 
changes of irradiance in the discussion. 

A key component in developing a dynamic model of 

photoadaptation is to specify the rules used by a cell to 
allocate recent photosynthate among the intracellular 
pools. Regulation enters the model through the specifi- 
cation of PL, PE, and PR. We assume that the reduction 
state of a component of the photosynthetic electron trans- 
fer chain acts as a signal controlling allocation of pho- 
tosynthate (Escoubas et al. 1995). We arbitrarily para- 
meterize this signal by the ratio of C fixation to light 
harvesting [i.e. (PEE)/(aIL)]. We will judge the success of 
this parameterization by the fit of the model to obser- 
vations. Note that (PEE)/(aIL) equals the ratio of realized 
to maximum quantum efficiency of photosynthesis and 
is related to the rate of electron transfer to NADPH rel- 
ative to the rate of photon supply to the photosynthetic 
apparatus. This ratio can also be viewed as a balance 
point around which the cell adjusts its light harvesting to 
match its ability to utilize photosynthate (Kana and Gli- 
bert 1987). This ratio decreases during a shift-up in light, 
providing a cue for down-regulating synthesis of L. A 
biological basis for this ratio is found in the regulation of 
an energy balance within the light reactions of photosyn- 
thesis and will be discussed more fully elsewhere (Kana 
et al. in prep.). 

We specify PL, PE, and PR as follows: 

PEE ( PEE\ 
PL KL IL; PE KE; PR KL IL) (5) 

KL is the maximum proportion of photosynthate directed 
to synthesis of the light-harvesting component, and KE is 
the constant proportion of photosynthate directed to syn- 
thesis of the biosynthetic apparatus. Both KL and KE are 
dimensionless coefficients, and conservation of mass re- 
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quires that KL + KE = 1.0. The rate of change of the total 
phytoplankton carbon pool is given by the sum of the 
rates of change of the three intracellular pools in Eq. 6: 

dC = dL dE dR 
dt dt dt dt m 

Equations 2 and 5 set the rate of synthesis of L equal 
to the product of three terms: the maximum proportion 
of photsynthate devoted to synthesis of L at limiting ir- 
radiance (designated KL), the rate of photosynthesis (given 
by PEE), and the regulatory parameter (PEE)/aIL). Since 
the ratio (PEE): (oIL) decreases as irradiance is raised, the 
model requires down-regulation of the synthesis of L rel- 
ative to synthesis of E at high light. Equations 3 and 5 
set the rate of flow of recent photosynthate to E to a 
constant proportion (KE) of the instantaneous rate of pho- 
tosynthesis. Thus, the proportion of photosynthate allo- 
cated to synthesis of E is independent of irradiance (i.e. 
E is not light regulated), although the absolute rate of 
synthesis of E depends on irradiance through the PI curve 
(Eq. 1). Equations 4 and 5 specify that R increases in size 
only when photosynthate is diverted away from synthesis 
of L (thus, PL + PR = KL). In other words, photosynthate 
is increasingly directed to storage as the instantaneous 
rate of photosynthesis approaches light saturation (Fig. 
2), consistent with observations (Morris 1981; Li and 
Platt 1982). Photoadaptation occurs through variations 
in ratio L: E, with synthesis of L down-regulated relative 
to synthesis of E as irradiance increases. Inspection of 
Eq. 2 and 5 shows that the maximum size of L is obtained 
as irradiance approaches zero and is given by L/C = KL. 

The upper limit on the size of R is achieved as irradiance 
becomes very large and approaches the limit R/C = KL. 

The storage pool should be capable of supporting con- 
tinued flow of carbon to both E and L in the event that 
photosynthesis declines due to a reduction of irradiance. 
Accumulation of carbohydrates during the day and mo- 
bilization at night have been reported for several algae 
and cyanobacteria (Foy and Smith 1980; Cuhel et al. 
1984; Lancelot and Mathot 1985). In addition, carbo- 
hydrates may be preferentially respired during the day 
(Li and Harrison 1982; Lancelot and Mathot 1985). In 
contrast to these observations, we have assumed that the 
energy reserve pool is not preferentially mobilized in or- 
der to avoid making ad hoc assumptions regarding the 
parameterization of mobilization of energy reserve prod- 
ucts. Despite this limitation, the model provides a robust 
description of photoadaptation, indicating that the reg- 
ulatory term (PEE)/(aIL) captures an essential feature of 
phytoplankton photophysiology. 

The model (Eq. 2-4) requires that we specify four pa- 
rameters a, PEm, KL, and rm. a is the light absorption cross- 
section for L; PEm is the maximum rate of photosynthesis 
normalized to the size of the biosynthetic pool; KL gives 
the maximum proportion of photosynthate that can be 
directed to synthesis of L; rm is the maintenance metabolic 
rate. Note that the proportion of photosynthate directed 
toward synthesis of E is given by KE = 1 - KL. Given 
values for the four parameters, the model predicts the 

time-dependent evolution of the sizes of L, E, and R. The 
allocation of photosynthate among these pools is regu- 
lated by the ratio (PEE): (oIL), which determines the re- 
alized and potential fluxes of photons, electrons, and car- 
bon through the cell. We now turn to an evaluation of 
the numerical values of these four parameters and then 
to the application of the model to balanced growth in the 
diatoms Phaeodactylum tricornutum and T. pseudonana. 

Selection of parameter values 

The light absorption cross-section-a- is related to the 
Chl a-specific initial slope of the PI curve through Eq. 7: 

a- = ae Chl: L = a*Chl Om Chl: L. (7) 

a is the initial slope of the PI curve and Chl: L is the 
ratio of Chl a to C in the photosynthetic machinery. We 
have chosen a value for a of 10. The value is consistent 
with a typical maximum quantum efficiency for photo- 
synthesis of Om = 0.08 3 mol C mol-I photons and typical 
in vivo light absorption coefficient of a*chl = 10 m2 g1- 
Chl a (Langdon 1988; Geider 1993). It remains to esti- 
mate the Chl a: C ratio of the photosynthetic apparatus 
(Chl: L). There is conflicting evidence on this ratio. Raven 
(1984) calculated a Chl a: C ratio for the thylakoid mem- 
branes of 0.33. In contrast, Friedman and Alberte (1984) 
and Owens and Wold (1986) present data that suggests a 
much lower ratio of 0.10-0.15 for the thylakoid mem- 
branes of P. tricornutum. However, it is difficult to rec- 
oncile these lower ratios with the observed maximum Chl 
a : C ratio (Oma,) of 0.08 for whole cells (Geider et al. 1 986; 
Cullen and Lewis 1988). We have chosen a value of Chl: 
L = 0.2, although we recognize that this value is subject 
to considerable uncertainty and is deserving of further 
measurements. Given a = 10 g C (mol-' photons) m2 
(g- Chl a) and Chl: L = 0.2, we calculate that a = a Chl: 
L = 2.0 m2 mol-1 photons. 

Proportion ofphotosynthate directed to synthesis of L- 
In the limit as irradiance approaches zero, Chl a: C ap- 
proaches a maximum value (Omax) (Geider 1987). In this 
limit, the ratio of L to C is given by the dimensionless 
constant, KL. Using a value of Omax = 0.08 obtained under 
extreme light limitation in P. tricornutum (Geider et al. 
1986) and T. pseudonana (Cullen and Lewis 1988) and 
a Chl: L ratio for L of 0.2, we calculate KL = Omax/Chl: L 
= 0.4. 

Maintenance metabolic rate constant-rm can be esti- 
mated by extrapolation of respiration rate to ,u = 0. This 
exercise typically yields values for rm of <0.1 d'- (Geider 
1992), consistent with the low rate of protein turnover 
observed in nutrient replete Chlorellafusca (Richards and 
Thurston 1980)-the only microalgae for which reliable 
data are available. A low value for rm is also consistent 
with low rates of pigment turnover obtained from '4C- 
labeling experiments (Goericke and Welschmeyer 1992). 
We have chosen a value of 0.05 d-l. For diatoms, which 
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typically have high light-saturated growth rates, the res- 
piration term in our model becomes significant only at 
extremely low irradiances under conditions of balanced 
growth. Thus, the choice of rm values is not critical. The 
value chosen for rm may be more critical for modeling 
slowly growing phytoplankters. Parameterization of res- 
piration as a constant-independent of previous envi- 
ronmental conditions-may affect the fidelity of the mod- 
el during transients following a shift-down of irradiance. 
This point is addressed in the discussion. 

The maximum rate of photosynthesis-The value of 
PEm is intrinsically linked to the resource-saturated max- 
imum growth rate. At maximum growth rate, Eq. 6 be- 
comes 

1 dC E E 
Mm _ '= M- -rm C dt PmC m. (8) 

Rearranging, we obtain 

PEm = (Am + rm)_ = . (9) 
E KE 

In words, PEm can be determined from the maximum 
growth rate, the maintenance metabolic rate, and the ratio 
of C: E. the model requires that C: E = l/KE under all 
conditions, as inspection of Eq. 2-5 will verify. Since we 
have already determined that KL = 0.4 and thus that KE = 

(1 - KL) = 0.6, it follows that PEm = 1.66 (Am + rm). 
The parameter values used in a simulation must be 

tailored to the species under consideration. However, it 
is important to recognize that the parameters are not 
strictly independent. Changing the value of the relative 
maximum size of L (KL) has implications for the derived 
value of PEm if Am is constant. Similarly, changing the 
value of KL will affect the value of the functional cross- 
section (a) if Chl: L and Om,,x are constant. Laboratory 
observations have demonstrated that a*chl can vary by a 
factor of three within and between species (Falkowski et 
al. 1985) and that Mum can vary from <0.5 to >3 d-I 
among species and with temperature (Eppley 1972). 
Clearly, the assumption of constant a is inconsistent with 
variability of a*chl unless there are compensating changes 
ofOm, as is commonly observed (Geider 1993). Variations 
in the measured variables a*chl and Am can arise from 
differences in the allocation of resources to L and E among 
species (i.e. from a change in KL and KE) at fixed a and 
PEm, from variations in the catalytic efficiencies a and PEm 

(at fixed KL), or from some combination of effects. Ob- 
servations of growth rate and Chl a: protein ratios in 
diatoms and dinoflagellates are consistent with compen- 
satory changes in resource allocation and catalytic effi- 
ciencies (Chan 1978). 

Balanced growth: Comparison of predictions with ob- 
servations-The model can be solved analytically for bal- 
anced growth (Geider et al. in prep.) to yield the following 
expressions for the light dependence of 0 and ,u: 

Table 1. Parameter values used to model steady-state, nu- 
trient-saturated growth of Thalassiosira pseudonana and Phaeo- 
dactylum tricornutum. 

T. P. tricor- 
Parameter pseudonana nutum Dimensions 

af 2.0 1.0 m2mol-1 photons 
KL 0.4 0.4 Dimensionless 
KE 0.6 0.6 Dimensionless 
Chl:L 0.2 0.2 gChlag-1C 
PEm 5.55 2.4 d-I 
rm 0.05 0.05 d-i 

max 1 + (01aI)/(2Pcm) (10) 

A = Pcm[1 - exp(- aI0/Pcm)] - rm. (11) 

PCm is the C-specific light-saturated photosynthesis rate, 
PCm = (PEm E)/C = Am + rm, and a is the Chl a-specific 
initial slope of the PI curve. Note that the irradiance 
dependence of 0 can be predicted by specifying the values 
of three parameters. The value of 0 calculated from Eq. 
10 can be inserted into Eq. 11 to calculate the growth 
rate, provided that the respiration rate is also known. For 
completeness, we have presented the analytical solutions 
(Eq. 10 and 11) without derivation. The derivation and 
further discussion of the application of these equations is 
provided by Geider et al. (in prep.). 

The model predictions were compared with observa- 
tions for the diatoms P. tricornutum (Geider et al. 1985, 
1986) and T. pseudonana (Cullen and Lewis 1988). Using 
the parameter values given in Table 1, we obtained good 
agreement between predicted and observed growth rate 
(A) and pigment content (0). The balanced growth rate is 
a saturating function of irradiance (Fig. 3A, B). To ac- 
count for the differences in growth rate between P. tri- 
cornutum and T. pseudonana, we needed to specify dif- 
ferent values of a and PEm for the two species. Although 
the difference in Am is real, it remains to be determined 
whether the variation in a between these diatoms is due 
to interspecific differences in light absorption and energy 
conversion or to the differences in light sources and op- 
tical geometries used by Geider et al. (1985, 1986) and 
Cullen and Lewis (1988). Maximum values of 0 are ob- 
served at low light-limiting irradiances, with a sigmoidal 
decrease of 0 as log(I) increases (Fig. 3C, D). Both species 
appear to be characterized by similar values of Omax. 

Recent observations of regulation of photoadaptation 
in the chlorophyte D. tertiolecta bear on our parameter- 
ization of regulation by the term (PEE)/(IL). Escoubas 
et al. (1995) demonstrated that the redox state of the 
plastoquinone pool provides the signal regulating pho- 
toadaptation in D. tertiolecta. Following a shift from low- 
to high-light conditions, the plastoquinone pool is highly 
reduced, the synthesis of mRNA encoding the light-har- 
vesting complex proteins (cab mRNA) declines, and D. 
tertiolecta adapts by reducing the rate of synthesis of light- 
harvesting complex proteins. In contrast, following a shift 
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from high- to low-light conditions, the plastoquinone pool 
is highly oxidized, cab mRNA synthesis is enhanced, and 
the rate of synthesis of light-harvesting complex protein 
is also enhanced following a lag during which cab mRNA 
accumulates (Escoubas et al. 1995). One of the assump- 
tions of our model is that the variation of 0 with irradiance 
provides an index of the down-regulation of the rate of 
synthesis of L. Under conditions of balanced growth, our 
model requires that 0 = am (PEE)/(o IL). We anticipate that 
in the steady state, the oxidation-reduction status of the 
plastoquinone pool should parallel changes of 0. Specif- 
ically, the plastoquinone pool should be more reduced at 
high irradiance, and 0 should decline in parallel with the 
proportion of plastoquinone that is in the reduced form, 
although the relationship need not be linear. Using the 
recently developed fast-repetition-rate fluorescence tech- 
nique to assess the redox state of plastoquinone pool (Prasil 
et al. in prep.) will allow this assumption to be tested. 

Dynamics of photoadaptation: Comparison of pre- 
diction with observation 

The agreement of predicted and observed values of , 
and 0 in nutrient-saturated cultures maintained in bal- 
anced growth at a range of irradiances (Fig. 3) shows that 
the model captures essential features of photoadaptation. 
A more rigorous test of the dynamic model is the ability 
to predict changes of pigment and carbon content of cul- 
tures following changes of irradiance. Observations of 

particulate C and Chl a for T. pseudonana during recip- 
rocal step shifts in growth irradiance (Cullen and Lewis 
1988) allow this comparison to be made. The parameter 
values given in Table 1 were used in Eq. 2-5 to predict 
changes of 0 and the concentrations of carbon [C] and 
chlorophyll a [Chl a] for cultures of T. pseudonana sub- 
jected to irradiance shifts between 8.6 and 190 mol pho- 
tons m-2 d-l (100 and 2,200 Amol photons m-2 S-1). 
The dynamic model predicts the general shape of the 
responses of 0 during the transients following reciprocal 
shifts of irradiance (Fig. 4A). However, examination of 
the predicted and observed variations of [Chl a] and [C] 
show a divergence of prediction from observation (Fig. 
4B and C). The divergence is greater for the step-down 
(Fig. 4C) than the step-up (Fig. 4B) in irradiance. Spe- 
cifically, predicted Chl a and C accumulation rates are 
much greater than observed rates following the shift-down 
of irradiance. 

A possible explanation for the divergence between pre- 
dictions and observations is that phytoplankton possess 
photoprotective mechanisms that are not included in the 
model. These mechanisms could serve to modify a by 
affecting Om, thus altering the ratio (PEE): (oIL) in ways 
not accounted for by our model. Reversible changes in 
the functional cross-section of photosystem 2 associated 
with xanthophyll cycle activity (Olaizola et al. 1994) will 
modify the regulatory term (PEE)/(QIP) and the photo- 
synthesis rate. In addition, accumulation of photoinhi- 
bitory damage could account for a decrease in the rate of 
C fixation in cells shifted to very high irradiance but not 
predicted by the model. These explanations are not ap- 
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pseudonana during light shift experiments (observations of Cullen and Lewis 1988). A. Changes 
of 0 during reciprocal shifts between irradiances of 8.6 and 190 mol photons m-2 d-l contin- 
uous illumination. The predicted changes are based on Eq. 2-5 using the parameter values 
given in Table 1. Shift-up (0, ) and shift-down (0,- - -) are indicated. B. Relative changes 
of [Chl a] (0,- - -) and [C] (0,) during a shift-up of irradiance from 8.6 to 190 mol photons 
mi-2 s-. Predictions are based on Eq. 2-5. Data are expressed relative to the initial values. 
C. Relative changes of [Chl a] and [C] during the shift-down from 190 to 8.6 mol photons 
mi-2 s- (symbols as in panel B). Predictions are based on Eq. 2-5. Note that the predicted 
increase of Chl a is much more rapid than the observed increase. D. Changes of 0 during 
reciprocal shifts of irradiance (symbols as in panel A). The observations are as in panel A, 
and the predictions are based on the time-lagged model (Eq. 2-4 and 10-13). E. Relative 
changes of Chl a and C during a shift-up (symbols as in panel B). The observations are as a 
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a and C during a shift-down in irradiance. The observations are as in panel C, and the 
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plicable to the observations presented in Fig. 4 for T. 
pseudonana (see Lewis et al. 1984a), so we need to look 
elsewhere for an explanation of the divergence between 
prediction and observation. 

Coupling of information to material fluxes 

The dynamic model assumes that the allocation of pho- 
tosynthate to L and R responds instantaneously to changes 
of irradiance through a change in the ratio of photosyn- 

thesis to light absorption [i.e. (PEE)/(oIL)]. This assump- 
tion does not affect the solution of the model under con- 
ditions of balanced growth. However, an explanation for 
the deviation of observed and predicted behavior illus- 
trated in Fig. 4A, B, and C could arise from a limitation 
imposed on the dynamic model by this assumption. It is 
likely that signal transduction, resulting in a decline of 
pigment synthesis in high light or enhanced pigment syn- 
thesis in low light, operates with an intrinsic lag. One can 
hypothesize that the lag is associated with changes in the 
level of molecule signaling synthesis of light-harvesting 
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Fig. 5. Diagrammatic illustration of the coupling of signal transduction to biosynthesis 
during photoadaptation. Flows of energy and fixed C are illustrated by solid arrows; signal 
transduction is illustrated by dashed arrows. The signal mediating photoadaptation is deter- 
mined by the ratio of the rate of C fixation to the rate of photon absorption as parameterized 
by (PEE)/(QIL). (See text for details.) Panel A illustrates the instantaneous response, in which 
the redox state of a component of the photosynthetic electron transfer directly regulates the 
allocation of fixed C between synthesis of new L (AL), new E (AE), or R (AR). Panel B illustrates 
the role of signal pools (ME, ML, and MR) in mediating signal transduction. The allocation of 
photosynthate among AL, AE, and AR is assumed to be proportional to the abundances of 
ML, ME, and MR as described in the text. Thus, a time lag is introduced into the response. 

complex proteins. This molecule could be mRNA for 
light-harvesting complex proteins. La Roche et al. (1991) 
and Escoubas et al. (1995) have shown that mRNA en- 
coding the light-harvesting complex proteins of D. teri- 
olecta increases following a shift from high to low irra- 
diance. 

To examine the consequences of this hypothesis, we 
formulated a model of information flow to drive the al- 
location of photosynthate in the dynamic model. We as- 
sume that the rate of synthesis of each of the three com- 
ponents of the model phytoplankter (L, E, and R) is de- 
termined by a strict competition among signals coding 
for these components. To avoid unwarranted precision, 
we prefer to frame the model in terms of somewhat ill- 
defined "signals" rather than precisely defined mRNAs; 
however, we assume that the signals of our model are in 
many respects analogous to mRNA levels. We recognize 
that this assumption of strict regulation of relative rates 
of protein synthesis by mRNA pool sizes is not generally 
applicable. For example, chloroplast-encoded proteins 
show high degrees of translational control (Harris et al. 
1994). However, the translational control of chloroplast- 
encoded protein synthesis is exerted, at least in part, by 
nuclear-encoded proteins that must be synthesized and 
degraded-sequestered in order to regulate protein syn- 

thesis. Thus, the signals may be pools of regulatory pro- 
teins rather than pools of mRNA. 

Designating the signal levels for L, E, and R as ML, ME, 
and MR, we require that 

PL = ML/MT; PE = ME/MT; PR = MR/MT( 2) 
where MT = ML + ME + MR. We assume that the relative 
rates of ML and MR synthesis are determined by the reg- 
ulatory term (PEE)/aIL) as depicted in Eq. 13-15. We 
recognize that this treatment is grossly oversimplified. 
However, it is a convenient approach for introducing a 
time lag into information flow and cellular responses. 

Conceptual diagrams depicting the models of instan- 
taneous and lagged responses in allocation of photosyn- 
thate among intracellular pools (i.e. changes of PL and PR) 
are illustrated in Fig. 5. There are two control points in 
these diagrams. A signal is generated by comparing fluxes 
around the first control point. This signal is the imbalance 
between photon absorption and carbon fixation specified 
as (PEE)/(oIL). The allocation of resources between L, E, 
and R occurs at a second control point. For the instan- 
taneous response, synthesis rates of L, E, and R respond 
directly to imbalances in the ratio of light absorption to 
C fixation (Fig. 5A). A lag is introduced when the signal 
operates by modifying the relative concentrations of three 
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signal pools (Fig. 5B) which in turn influence the relative 
rates of synthesis of L, E, and R. 

The problem now becomes one of specifying the dy- 
namics controlling the signal levels ML, ME, and MR. We 
start with the requirement that Eq. 12 giving the values 
of PL, PE, and PR be identical to Eq. 5 for steady-state (i.e. 
balanced) growth. This limits the possible choices of the 
dynamic equations describing change of ML, ME, and MR 
and ensures that the regulatory term (PEE)/(oIL) appears 
in the equations describing changes of ML and MR. The 
changes in ML, ME, and MR can result from changes in 
the rates of synthesis and degradation of signal (Fig. 6). 
There is strong evidence for light regulation of the rate 
of transcription of mRNAs coding for light harvesting 
complex in higher plants and microalgae (La Roche et al. 
1991; Escoubas et al. 1995). An increase in the rate of 
transcription (synthesis of ML) can adequately account 
for the delay in net Chl a synthesis during a shift from 
high to low irradiance. In our formulation of signal trans- 
duction, the nearly immediate cessation of net Chl a ac- 
cumulation upon a transfer from low to high irradiance 
requires that the stability of ML decrease in high light. It 
is possible, however, that other mechanisms can account 
for a change in net pigment accumulation. These include 
down-regulation of pigment synthesis (Thompson and 
White 1991) or enhanced pigment turnover (Riper et al. 
1979). Chlorophyll synthesis has been shown to be es- 
sential for accumulation of pigment protein complexes 
in D. tertiolecta (Mortain-Bertrand et al. 1990). We have 
assumed that the down-regulation of synthesis of light- 
harvesting complex proteins (and associated pigments) 
occurring in response to increased irradiance is mediated 
by changing sizes of signal pools. We recognize that ex- 
perimental work is required to establish the relative im- 
portance of decreased signal stability, increased pigment 
turnover, and regulation of pigment synthesis (as related 
to regulation of light-harvesting protein synthesis) during 
adaptation to high light. 

We attempted a number of different formulations of 
the regulation of ML synthesis and degradation and settled 
on a formulation in which both down-regulation of syn- 
thesis of ML and increased degradation of ML occur in 
response to increased irradiance. We chose this formu- 
lation because assigning all of the regulation to control 
of ML and MR synthesis resulted in a significant overes- 
timate of Chl a concentrations from the observation dur- 
ing the shift-up. The regulatory term (PEE)/(TIL) is thus 
split between effects on synthesis and degradation of ML. 
The sizes of the signal pools are assumed to change with 
variations in the rates of signal synthesis and turnover as 
follows: 

dML = kL [(PEE)/(orIL)] 12- ktML (13) 

dMR= k [1 -P[(PEE)/(IL)]/ dt L 

ktMR 

1 - [(PEE)/( IL)]1-2' (14) 

and 

dME= ickE- ktME. (15) dt 
kL is the maximum rate of ML or MR synthesis, kE is the 
maximum rate of ME synthesis, and k, is the signal deg- 
radation time constant. We assume that kL = k, KL and 
kE = kt KE. In Eq. 13, [(PEE)/(oIL)]1/2 is multiplied by kL 
to account for the down-regulation of synthesis of ML, 
and kt ML is divided by [(PEE)/(aIL)] 1/2 to account for an 
increased degradation rate at high irradiance. 

Solving Eq. 13-15 for steady-state signal levels [i.e. (1/ 
M)(dM/dt) = 0], we obtain the values of PL, PE, and PR 
given in Eq. 5. Thus, the steady-state solution of a model 
specifying signal levels by Eq. 12-15 is identical to the 
solution of the original dynamic model (Eq. 2-5). How- 
ever, the predicted transient behavior changes signifi- 
cantly. We assumed arbitrarily that kt = 5 d-l, consistent 
with complex light-harvesting proteins of D. tertiolecta 
(Escoubas et al. 1995). Substituting the values obtained 
from Eq. 12 to 15 into the dynamic model (Eq. 2-4) yields 
predictions of the transient behavior following step 
changes of irradiance illustrated in Fig. 4D, E, F. Changes 
of [Chl a], [C], and 0 during the high to low shift occur 
more slowly when a time lag for information flow is in- 
corporated into the dynamic model, and the predictions 
agree more closely to observations (Fig. 4D, E, F). Pig- 
ment synthesis continues for a short time following the 
shift from low to high light, although the model slightly 
overestimates this effect (Fig. 4E). Inspection of all of the 
data provided by Cullen and Lewis (1988) suggests that 
Chl a synthesis stops abruptly following the low- to high- 
light shift. 

The effect of varying the signal synthesis and turnover 
rate constants on the proportion of photosynthate di- 
rected to biosynthesis of L (i.e. PL = ML/MT) is illustrated 
in Fig. 7. The decline of PL following a shift-up in irra- 
diance is rapid, approaching a step change. However, 
there is a small undershoot in PL relative to the new steady- 
state value (Fig. 7A). In contrast, the rate of increase of 
PL following a step-down in irradiance is much slower 
(Fig. 7B) and cannot be readily accommodated by the 
simpler model that assumes instantaneous up-regulation 
of synthesis of L upon a shift from high to low irradiance. 
Equations 13-15 predict an overshoot in PL that is con- 
sistent with observations of mRNA levels for light-har- 
vesting complex proteins in D. tertiolecta following a shift- 
down in irradiance (La Roche et al. 1991). The predicted 
asymmetry in the response of PL to increased and de- 
creased irradiance may have significant implications for 
phytoplankton growth and photoadaptation in the surface 
mixed layer. Specifically, the model predicts that adap- 
tation to high light will be much more rapid than adap- 
tation to low light. In addition, brief exposures to high 
irradiance will outweight much longer exposures to low 
irradiance in determining the photoadaptive state of the 
phytoplankton. This prediction of the model is consistent 
with observations that phytoplankton seem to be adapted 
to the highest irradiances experienced as they cycle through 
the mixed layer rather than to the average irradiance with- 
in the mixed layer (Vincent et al. 1994). In contrast, Cul- 
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Fig. 6. Diagrams indicating coupling of information flow to 
protein synthesis and growth. A. Arrows indicate rate constants, 
and arrow thickness represents the magnitudes of the rate con- 
stants. The size of the signal pool for ML, as a proportion of 
total signal, varied in response to changes in the rates of signal 
synthesis and degradation. The proportion of cell C in L changes 
as a result of protein synthesis and degradation. B. The steady- 
state low light condition in which a high rate constant for ML 
synthesis and low constant for ML degradation results in a large 
pool of ML. This in turn stimulates allocation of a large pro- 
portion of photosynthate to synthesis of L. Growth is low, how- 
ever, because irradiance limits photosynthesis. C. A decrease in 
tl4e rate constant for ML synthesis and increase in the rate con- 
stant for ML degradation occur immediately after an increase 
of irradiance. However, synthesis of L continues at a high rate 
until the ML pool is drained. The decline of ML can be quite 

rapid (see Fig. 7A). D. The steady-state high light condition in 
which ML is maintained at a low level by a low rate constant 
for synthesis and high rate constant for degradation. The rate 
constant for growth is high, however, because photosynthesis is 
light saturated. E. The rate constant for ML synthesis increases 
and the constant for ML degradation decreases immediately after 
a shift-down of irradiance. However, a delay arises before syn- 
thesis of L reaches the new steady-state level because of the need 
for ML to increase (Fig. 7B). 

len and Lewis (1988) concluded that adaptation to low 
light was more rapid than adaptation to high light. 

Mobilization of the energy reserve pool, respiration, 
and the cost of biosynthesis 

Our model focuses on regulation of pigment synthesis 
during photoadaptation. Respiration is simply treated as 
a constant and small maintenance metabolic rate. How- 
ever, it is likely that variations in the respiration rate 
associated with pigment and protein turnover and with 
mobilization of energy storage reserves will be a signifi- 
cant component of the response to a change in environ- 
mental conditions. In fact, examination of Fig. 4C and F 
shows zero net organic C accumulation in the culture 
shifted from high to low light, indicating that gross pho- 
tosynthesis is balanced by respiration in this experiment. 
Thus, one of the major limitations of the dynamic model 
as formulated in Eq. 2-4 is failure to include mobilization 
of the energy reserve pool. An increase in respiration not 
accommodated by our model accounts for at least part 
of the divergence of observed [C] from predictions in the 
irradiance step-down experiment (Fig. 3C, F). Energy re- 
serves are known to be mobilized in darkness to support 
continued synthesis of macromolecules (Foy and Smith 
1980; Cuhel et al. 1984; Lancelot and Mathot 1985). 
However, the respiration of organic carbon to CO2 will 
be substantially less than the rate of mobilization of car- 
bohydrate. Despite mobilization of carbohydrates and 
lipids during darkness, Falkowski and La Roche (1991) 
concluded that phytoplankton do not acclimate to shade 
at night, indicating that the signal regulating photoad- 
aptation is preserved during the dark period. 

Variations in the rate of turnover of macromolecules 
may play a role in photoadaptation following changes in 
environmental conditions. Protein turnover is difficult to 
detect in exponentially growing microalgae (Richards and 
Thurston 1980), consistent with the low maintenance 
metabolic rate of microalgae (Geider 1992). There are 
conflicting reports on the magnitude of chlorophyll a 
turnover in microalgae (Riper et al. 1979; Goericke and 
Welschmeyer 1992). Even if low rates of pigment turn- 
over under conditions of balanced growth are the rule 
(Goericke and Welschmeyer 1992), pigment degradation 
may be accelerated during transients following increases 
in irradiance or decreases in nutrient supply. Protein turn- 
over also increases to a rate as high as 0.7 d-l during 
unbalanced growth when Chlorella sp. enters stationary 
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and k, = 5 d-1. Dotted curves indicate the changes of PL for 2-fold greater values of KL, kE, 
and k,; dashed curves indicate the changes of PL for 2-fold lower changes of kL kE, and k,. 

phase (Richards and Thurston 1980). The constancy of 
chlorophyll a concentration in T. pseudonana following 
a shift-up in irradiance observed by Cullen and Lewis 
(1988) (Fig. 4C) could arise from a balance between syn- 
thesis and degradation of chlorophyll a or from a rapid 
decline in the gross rate of pigment synthesis following 
the shift-up in irradiance. 

Conclusions and future research 

A simple dynamic model of photoadaptation incor- 
porating material fluxes and an explicit description of 
regulation of pigment synthesis (Eq. 2-5) can describe 
essential features of phytoplankton growth and photoad- 
aptation in constant and fluctuating light. Consideration 
of time lags in information transduction (Eq. 12-15) in 
the dynamic model improves prediction of photoadap- 
tation of pigment content following step changes of ir- 
radiance. One consequence of our formulation of pho- 
tosynthesis (Eq. 1) and resource allocation (Eq. 2-5) is an 
ability to account for lagged responses (i.e. the "memory" 
of past environmental conditions, such as described by 
Jones 1978). In addition, explicit consideration of regu- 
lation may allow incorporation of other signals, such as 
circadian rhythms (Ernst et al. 1990), by specifying their 
effects on modulating rates of pigment and protein syn- 
thesis. The model provides a formal strategy for quan- 
titatively relating the molecular mechanisms of photoad- 
aptation to the ecophysiological responses. Although ca- 
pable of accounting for observed photoadaptation of pig- 
ment content and growth rate, the model has not been 
rigorously tested and remains largely heuristic. Rigorous 
testing is feasible because the model specifies that pho- 
toadaptation results from changes in the rates of mac- 
romolecule synthesis and degradation, with synthesis reg- 
ulated by resource availability (i.e. light and information 
flow, see Fig. 6). The regulatory component is based on 
changing signal levels. 

There are many limitations in our dynamic model that 
can only be redressed by focused experimental research. 

Among the areas that need to be addressed are the rules 
governing the mobilization of energy reserve polymers, 
the importance of photoinhibition in high light adapta- 
tion, nutrient uptake and limitation, the role of turnover 
(i.e. controlled degradation) of key macromolecules, the 
signal transduction pathways modulating the synthesis of 
key macromolecules, and the modulation of catalytic ef- 
ficiencies that occur independently of net pigment and 
protein synthesis. Despite these limitations, the model 
provides insights into the basic mechanism of photoad- 
aptation and a link between molecular, physiological, and 
ecological aspects of phytoplankton biology. 

Photoadaptation is a universal feature of algal physi- 
ology. Although there are many descriptions of photoad- 
aptation in laboratory and natural phytoplankton popu- 
lations, there have been few attempts to calculate the 
change in fitness that accompanies photoadaptation. Ul- 
timately, the success of a phytoplankton population in 
nature depends on achieving a positive balance between 
cell division and death. Photoadaptation presumably en- 
hances cell division; as such, it should contribute to the 
positive side of this balance. We anticipate that explicit 
consideration of physiological adaptation within the con- 
text of ecosystem models of planktonic food webs will 
allow us to address the relative importance of physiolog- 
ical responses vs. predation and physical transport on 
phytoplankton population dynamics and productivity. 
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