


but invariable light spectrum. Last, both in situ and deck
incubations employ end-point measurements, which pro-
vide the integrated production over the incubation period;
thus, they do not resolve the time dependence of the
productivity. Uncertainty in estimates of primary produc-
tivity due to vertical mixing is likely to be greatest when
phytoplankton are mixed through large light gradients.
Such conditions exist in a pre-spring bloom scenario in a
temperate shelf sea and in estuaries, for instance, where
strong vertical mixing due to tidal and wind-induced
turbulence rapidly cycles the phytoplankton through the
entire water column.

Figure 1 shows two example trajectories including the
associated light variability experienced by cells in two
different turbulence regimes in a modeled oceanic water
column. These results were obtained from a Lagrangian
random walk model applied to a fully mixed surface layer
using the method described in Ross and Sharples (2004)
and the exponential light absorption from Beer�Lambert�s
Law (e.g., Ross and Sharples 2007) with an absorption
coefficient of 0.09 m� 1. In the low-turbulence case, the
light received by the cells simply mimics the semidiurnal
variation of the solar irradiance incident upon the sea

surface because the vertical displacement of the cells is
slow. In contrast, cells that are subject to a highly turbulent
oceanic environment can travel from complete darkness to
near-surface irradiance levels and back within just 1 h.
Cells in estuarine water columns, where attenuation is
higher and the mixed depth shallower by an order of
magnitude or more, can undergo the same transition in
10 min or less (MacIntyre et al. 2000).

Primary productivity is commonly calculated from light
response curves using bio-optical formalisms (Platt et al.
1980). Under these �static� experimental conditions, the
effects of photo-inhibition may be overestimated in surface
waters and underestimated in deeper waters, with the errors
depending on the time scales of photo-protection, photo-
inhibition, and the turbulent displacement through the light
gradient (Lewis et al. 1984).

The photosynthesis-light (P-I) response curve, or pa-
rameterizations that can be reformulated in terms of a P-I
curve, are commonly used in bio-optical calculations of
primary productivity. The parameters of the P-I curve are
typically treated as �constants� in models used to compute
primary productivity. However, time-series observations
over varying incubation times often show that these
parameters are not constant (Marra 1980; MacIntyre et
al. 2002). Furthermore, the light dependence of photosyn-
thesis often differs in rising and falling light regimes
(MacIntyre et al. 2000). Variability in the light dependence
of biomass-specific photosynthesis in fluctuating light can
result from the interaction of photo-protection, photo-
inhibition, and photo-acclimation on discrete and/or
overlapping time scales (Harris 1978; Geider et al. 1998).

Phytoplankton possess various mechanisms for coping
with the wide range of PFDs to which they are exposed in
nature (Harris 1978; Raven and Geider 2003). These
include photo-protective mechanisms that either redirect
excitation energy away from photosystem II (state transi-
tions) or quench excitation energy to heat (Falkowski and
Raven 2007) and photo-acclimation via changes in cellular
pigment contents and, thus, light harvesting, operating on
longer time scales (Geider et al. 1996). When photo-
protection and photo-acclimation fail to provide adequate
protection, photo-inactivation of photosynthesis may occur
(Long et al. 1994).

It has been a long-standing goal of research in
phytoplankton ecophysiology to be able to describe and
predict the response of phytoplankton to fluctuating light
(Cullen and Lewis 1988). Of particular interest is develop-
ing a predictive understanding of the response to vertical
mixing (Lewis et al. 1984). The conceptual basis for this
understanding is clear: the time scale for PFD fluctuations
associated with vertical mixing depends on the depth of the
mixed layer, the light attenuation coefficient, and the rate
of vertical displacement through the resulting light
gradient. Nondimensional solutions to simple reaction�
diffusion equations describing phytoplankton responses to
mixing have been developed (Lewis et al. 1984), although
there are still open questions regarding the effect of
turbulence and its effectiveness at mixing phytoplankton
through vertical light gradients (Huisman and Sommeijer
2002).

Fig. 1. Example PFD variability experienced in a 150-m
surface mixed layer for two different vertical turbulent diffusivities
Kz, using the random walk method from Ross and Sharples
(2004). (a) shows an example particle trajectory in the SML for a
low- and high-diffusivity scenario. (b) shows the sinusoidal
variation of irradiance incident upon the sea surface, and (c) the
light received by the cells at the depths shown in (a).
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gently concentrated by gravity filtration to provide the
biomass necessary to yield the O2 signal. Chl a was determined
on 0.25 mL of concentrate as described above for unconcen-
trated samples. Calculation of U enabled determination of
chlorophyll- and carbon-normalized electron transfer rates
(ETRx, mmol e� (g X)� 1 s� 1) for each PFD as

ETRChl �
I s0

PSII

892

F 0
q

F 0
v
U� 1 ð3aÞ

ETRC � I s0
PSII

F 0
q

F 0
v
U� 1 � H � 1,120�5 ð3bÞ

where H is the Chl a-to-carbon ratio in units of g Chl a
(g C)� 1, U is the photosynthetic unit size (mol Chl a [mol
RCII]� 1) and the factor 1,120.5 accounts for the conversion of
mol Chl a to g Chl a (892 gChl a [mol Chl a]� 1), mol RCII to
mmol RCII and assumes 1 mol e� (mol RCII)� 1.

14C uptake, light absorption—Photosynthesis-light (PI)
response curves were determined for uptake of 14C via
incubations in a temperature-controlled photosynthetron
(Lewis and Smith 1983), essentially as described by
MacIntrye et al. (1996). Samples were illuminated for
40 min at PFDs between 10 and 1,700 mmol photons
m� 2 s� 1 using quartz-halogen lamps, filtered through a
2.5-cm layer of 10 g L� 1 CuSO4 (aq.). Chlorophyll-specific
and carbon-specific 14C uptake rates were normalized to
the Chl a and C concentrations measured in the initial
sample.

Light-absorption coefficients were calculated from
measurements of optical density on the concentrates of
each sample using a U-3000 spectrophotometer fitted
with an integrating sphere (w60; Hitachi). Growth
medium was used as a blank. Absorption was calculated
from optical density after correcting for path length and

residual scattering at 750 nm. An absorption coefficient
was determined as the mean absorption between 400 and
750 nm normalized to Chl a concentration (achl, m2 mg
Chl a� 1).

Results and parameter estimation from the FRRF
experiments�Table 3 summarizes the main parameters
and characteristics for the three different cultures. The
cultures show the typical pattern of acclimation of
photosynthetic unit size (U) and the Chl a-to-carbon ratio
(H ) to growth at different PFDs. Both U and H decreased
in response to growth at higher PFDs. However, the
carbon-specific light-saturated electron transfer rate,
ETR max

C , was largely independent of the growth PFD (cf.
Fig. 5c) while Q a

A declined by � 56% between the lowest
and highest growth PFDs (Table 3).

The carbon-specific initial slope of a plot of ETRC vs. the
fraction of the Qa that is reduced, which we denote k max

C ,
was also found to be largely independent of the growth
PFD (Fig. 5d), where Q red

A :Q a
A was calculated as

1� (F �
q:F �

v). The numerical value for k max
C was determined

from a least-squares regression of the initial data points
from the LL, ML, and HL experiments, yielding k max

C �
156.5 mmol e� (g C)� 1 s� 1 (r2 � 0.75). The electron transfer
rate ETRC is equivalent to the rate of exciton arrival
sIQ ox

A :892UH where we estimated Q ox
A as F �

q:F �
v (cf. Eq. 3).

ETR max
C was obtained by averaging the light-saturated

values of ETRC. for the LL and HL cultures yielding
ETR max

C � 15.75 mmol e� (g C)� 1 s� 1.
As the model is formulated on a reaction-center basis, we

need to convert the above values from a carbon to a
reaction-center basis. This was achieved by using the
measured Q a

A (mol RCII [mol C]� 1) from Table 3. The
relationship between ETR max

Q and ETR max
C is

ETRmax
C � ETRmax

Q
� Q a

A ð4Þ

The graphical result is shown in Fig. 5a and b and
the numerical values for k max

Q and ETR max
Q which are used

in Eq. 7c can be found in Table 3. Contrary to our
expectation that k max

Q would be independent of the accli-
mation state of the cells (seeFig. 2), we found that k max

Q in-
creased during acclimation to higher PFD (Fig.
5b) (Kan�a et al. 2002). The observed increase of ETR max

Q
with growth PFD is consistent with a decline in Q a

A with growth
PFD (Table 3) at constant ETR max

C (Fig. 5c). In our model,
we assumed that the rate of whole-chain linear electron
transfer (and thus ETR max

C ) is set by the rate of regeneration
of NADP� and ADP by CO2 fixation in the Calvin cycle,
consistent with results reported previously for D. tertiolecta
(Sukenik et al. 1987).

Model configuration and results—The model was initial-
ized with the values of U, H , and s� from Table 3 and
forced with the time course of the PFDs from the FRRF
measurements (cf. Fig. 4). ETR max

Q and k max
Q were deter-

mined from Fig. 5 as described in the previous section, and
b was chosen such that the model would reproduce the
amplitude of the maximum observed depression in s� : s
due to photo-protection (seebelow). The overall sensitivity

Fig. 4. Time course of the actinic photon flux density during
the FRRF experiments. After every 4 min of light exposure, the
cells are kept in the dark for 20 s to obtain measurements of s� .
Note that the ML and HL experiments reach slightly higher
maximum PFDs of � 1,250 mmol photos m2 s� 1.
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of the model to changes in these parameters is discussed
below. Considering that the model is a very simplified
representation of the photochemical processes in PSII, the
overall agreement between the model and the FRRF data is
very good (Fig. 6). The model needed very little tuning in
order to fit the data. In fact, the only two remaining
parameters that were chosen freely are the photo-protec-
tion parameter b and the time constant t i

s (cf. Table 1).
The value of the latter determines how quickly the cell can
activate photo-protective mechanisms in response to an
excess in light availability.

In some respects, it is not surprising that we obtained
good agreement between the model-derived ETR (Eq. 9)
and the ETR obtained from FRR fluorescence (Eq. 3b)
since the model was parameterized with the same FRR data
as were used in Eq. 3b. What the model provides is a
mechanism to account for the observations of the PFD
dependencies of Fq� : Fv� and s� (Eqs. 8, 12, 13) obtained by
FRR fluorescence during the generation of an ETRQ vs.
PFD curve.

One clear mismatch between our model and the
observations can be seen in the ML data set (Fig. 6b),
where the model overestimates Q ox

A at intermediate PFDs
of about 350�750 mmol photons m� 2 s� 1. This discrepancy
results from the way we have set up the model for this
particular figure, using the same value of ETRC for all three
cultures. The high ETRC values at intermediate PFDs in
the ML culture appear to be anomalous when compared to
the ETRC values for the LL and HL cultures. We do not
have an explanation for this anomalous behavior. Inter-
estingly, this anomalous behavior is not evident when
ETRC is compared with CO2 assimilation. We will return to
this issue in the Discussion.

The magnitude of k max
Q affects the balance between

Q ox
A and Q red

A at a given PFD (Eq. 8) within the range
where ETR is light-limited (i.e., where k* � k max

Q ). At
higher photon flux densities, the achieved reoxidation rate, k*,
is independent of k max

Q as it is set by the downstream
limitation (Fig. 6j�l). We found a linear relationship
between the degree of photo-protection applied in the
model, b (cf. Eq. 12), and the measured photosynthetic unit
size U (Fig. 7)

b � c1U � c2 ð5Þ

At a given PFD, cells that were acclimated to low light
showed a greater reduction in s� : s than cells that were
grown under higher light intensities (cf. Fig. 6). The value
for t i

s was chosen such that it would give a good
representation of the s� : s data in Fig. 6. The value that
is used in Fig. 6 comes from the upper end of the range of
possible values that deliver a good fit. Choosing a shorter
time scale for the induction of photo-protection (t i

s
� 180 s) will also produce good fits but larger values will
not.

Model sensitivity—We test the sensitivity of the model by
examining its response to 50% changes in the key model
parameters. The first two, k max

Q and ETR max
Q , were

determined directly from FRRF measurements (Fig. 5), while
the third, b, had to be set during the tuning procedure. Both
sources have uncertainties associated with them and this
section aims to elucidate how these could affect the model
behavior and to gauge how well these parameters are
constrained.

The first parameter to be examined is k max
Q . As men-

tioned previously, the magnitude of k max
Q affects the balance

between Q ox
A and Q red

A but only at low PFDs. This is shown
for the example of the LL and HL cultures in Fig. 8. If we
use a value for k max

Q that is 50% below the one determined
from Fig. 5, we find that the model slightly underestimates the
amount of reaction centers in the oxidized state (dashed curve
in Fig. 8a). Using a value for k max

Q that is 50% above the
chosen value, the effect is much smaller because most of
the reaction centers will be in the oxidized state at low light
intensities anyway. The ratio of s� : s and ETR max

Q (Fig. 8d, g)
are essentially unaffected by a 50% change in k max

Q .
In contrast, the model is much more sensitive to changes

in ETR max
Q . A 50% over- or underestimation leads to notice-

able discrepancies between the model output and data
(Fig. 8b, e, h). This value affects the amount of oxidized
centers, Q ox

A , which in turn affects the amount of photo-
protection (cf. Eq. 12) and, therefore, also the point at which
the downstream limitation comes into effect (Fig. 8k).

����� 	� Main parameters for the low light (LL), medium light (ML), and high light (HL)
FRRF experiments on Dunaliella tertiolecta. Values for s have been spectrally corrected. Seetext
on how ETR max

Q and k max
Q have been determined.

Experiment LL ML HL

Growth irradiance I g (mmol photons m� 2 s� 1) 18 80 300
Specific growth m (d� 1) 0.20 1.19 1.67
aCHL (400�700 nm) (m2 [g Chl a]� 1) 4.81 5.31 6.67
ETR max

Q (mol e� [mol RCII s]� 1) 121 159 280

Fv : Fm 0.55 0.51 0.53
k max

Q (s� 1) 1,215 1,595 2,805

Q a
A(mmol RCII [mol C]� 1) 1.54 1.16 0.67

s (m2 [mmol photons]� 1) 0.945 0.87 0.65
s(UaCHL)� 1(� ) 0.32 0.28 0.21
H (g Chl a [g C]� 1) 0.0849 0.0555 0.0247
U (mol Chl a [mol RCII]� 1) 741 638 498
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both the low- (LL) and high-light (HL) cultures did not
show any significant decrease in ETR at very high PFDs
during the short exposure times. However, by including
photo-inhibition, we can improve the fit to the data from
the medium light (ML) culture which showed higher values
of ETRmax at intermediate light intensities and a decrease
towards the high PFDs. If we thus apply a higher value of
ETRmax while allowing for photo-inhibition, the fit of the
model to the data is considerably improved (Fig. 9). It is
unclear, however, why the ML culture should exhibit
photo-inhibitory behavior while the LL culture does not.

Photo-protection—The amount of photo-protection, b, is
one of the two tuneable parameters of this model. Our
comparison of b with the acclimation state of the cells
expressed as the photosynthetic unit size U, yielded a
striking relationship (Fig. 7) which suggests that b may be
directly related to experimentally measured parameters. We
did not investigate the mechanism responsible for the light
dependence of s� in Dunaliella tertiolecta. It is possible that
a proportion of the reduction of s� with increasing PFD is
due to state-transitions, whereby excitation energy is
redirected from RCII to RCI (Allen 2002). This hypothesis
is consistent with the greater dependence of s� on PFD in
low-light than high-light acclimated conditions. Both the
ratio of Chl a-to-RCII (U) and the value of the effective
cross-section in darkness (s) are larger in LL- than in HL-
acclimated D. tertiolecta. Thus, there is greater potential
for state-transition quenching in the LL culture, which is
what we observe. Furthermore, both the PSII to PSI
transition and the PSI to PSII transitions are mediated by
the redox state of the PQ pool (Allen 2002). Similarly,

Garcia-Mendoza et al. (2002) observed that NPQ was
greater in low-light�acclimated Chlorella fusca than in
high-light�acclimated cells. Furthermore, they observed
that most of the NPQ in low-light cells was due to state
transitions rather than the xanthophyll cycle (e.g., NPQ
was little affected by dithiothreithol, an inhibitor of the
xanthophyll cycle).

Photo-acclimation—In D. tertiolecta, as in other phyto-
plankton, the ratio of Chl a-to-carbon declines in cells as
they acclimate to high light (Table 3). This reduces the rate
of light absorption and, thus, the excitation pressure on the
total pool of RCII. Reductions in light absorption relative
to the rate of photosynthesis reduces the potential for
photo-inhibitory damage (Melis 1999). The photosynthetic
unit size, defined as the ratio of Chl a to Q a

A , also declines
during acclimation to high light in D. tertiolecta (Table 3)
and other phytoplankton (Dubinsky et al. 1986). Again,
this can be seen as a strategy that reduces the excitation
pressure on RCII. The reduction of photosynthetic unit size
is mechanistically responsible for a reduction in the
effective cross-section of PSII (Table 3), and concomitant
with changes in the ratio Q a

A : C is an increase in both k max
Q

and ETR max
Q (Fig. 5).

A number of steps are required before our model can be
extended to include photo-acclimation of Chl a : C and
Q a

A : C. First, the dependence of the parameters s, k max
Q ,

and ETR max
Q on the state variables Q a

A : C and Chl a : Q a
A

need to be established. Our data suggest that such rela-
tionships exist. For example, the degree of photo-protec-
tion was linearly related to photosynthetic unit size (Fig. 7),
and s was linearly related to Chl a : Q a

A (Fig. 10) for D.

Fig. 9. Alternative model results to Fig. 6b, e, h, k where photo-inhibition has now been
turned on and a higher value for ETR max

Q is used (Y d � 1.6�10� 6 and ETR max
Q � 229 mol e� [mol

RCII]� 1 s� 1).

A model of photosynthesis 1847




