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An Exact Solution For Modeling
Photoacclimation of the
Carbon-to-Chlorophyll Ratio in
Phytoplankton

Thomas Jackson ™, Shubha Sathyendranath ™2 and Trevor Platt’

" Plymouth Marine Laboratory, Plymouth, United Kingdom, 2 National Centre for Earth Observation, Plymouth Marine
Laboratory, Plymouth, United Kingdom

A widely-used theory of the photoacclimatory response in phytoplankton has, until
now, been solved using a mathematical approximation that puts strong limitations
on its applicability in natural conditions. We report an exact, analytic solution for the
chlorophyll-to-carbon ratio as a function of the dimensionless irradiance (mixed layer
iradiance normalized to the photoadaptation parameter for phytoplankton) that is
applicable over the full range of irradiance occurring in natural conditions. Application
of the exact solution for remote-sensing of phytoplankton carbon at large scales
is illustrated using satellite-derived chlorophyll, surface irradiance data and mean
photosynthesis-irradiance parameters for the season assigned to every pixel on the basis
of ecological provinces. When the exact solution was compared with the approximate
one at the global scale, for a particular month (May 2010), the results differed by at least
15% for about 70% of Northern Hemisphere pixels (analysis was performed during the
northern hemisphere Spring bloom period) and by more than 50% for 24% of Northern
Hemisphere pixels (approximate solution overestimates the carbon-to-chlorophyll ratio
compared with the exact solution). Generally, the divergence between the two solutions
increases with increasing available light, raising the question of the appropriate timescale
for specifying the forcing irradiance in ecosystem models.

Keywords: photoacclimation, phytoplankton, carbon-to-Chlorophyll, photo-physiology, primary production

1. INTRODUCTION

When quantifying the standing stock of marine phytoplankton or its rate of change, various metrics
can be used, depending on the application envisaged. The possibilities include cell count, cell
volume, carbon content, nitrogen content and chlorophyll concentration. Primary production (rate
of production of organic material by phytoplankton through photosynthesis) is typically measured
in carbon units, a convenient measure in studies of the global carbon cycle. It is also a practical
unit in calculations of fluxes of material through the food chain or through the water column.
On the other hand, chlorophyll-a concentration is by far the most commonly-used measure of
phytoplankton abundance. There are many reasons for this choice also, including its principal
role in the photosynthetic apparatus and in primary production; its presence in all types of
phytoplankton, either in its common form or as derivates such as divinyl chlorophyll-a; and the
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ease with which it can be measured at a variety of scales, from
single cells in the laboratory to ocean-basin scales using remote
sensing by satellites.

The carbon-to-chlorophyll ratio, necessary to convert between
these two common measures of phytoplankton biomass, is
a dynamic, and highly-variable property of phytoplankton.
Phytoplankton growing in high-light environments need to
absorb only a small fraction of the available light, and they
adapt to the ambient light field by reducing their pigment quota,
resulting in a high carbon-to-chlorophyll ratio. The opposite is
true in low-light conditions, for example in deep chlorophyll
maxima in the ocean gyres, where chlorophyll concentration
increases relative to the carbon concentration (Cullen, 1982,
2015; Morel and Berthon, 1989). Estimating such changes in
carbon-to-chlorophyll ratio in response to variations in available
light, i.e., due to photo-acclimation, is not a trivial task, but it is
an essential step in many biogeochemical models. As reviewed
by Halsey and Jones (2015), nutrients can also play a role
in carbon-to-chlorophyll variations, although the sign of the
change depends on the nutrient in question, with some nutrients
being utilized for the production of pigments and others for
photosystem reaction centers.

The links between carbon-to-chlorophyll-a ratios,
photosynthesis and photo-acclimation are discussed in the
works of Platt and Jassby (1976) and Geider (1987). Subsequently,
Geider et al. (1996, 1997) developed a mechanistic model of
photo-acclimation that has become commonly used to assign
the chlorophyll:carbon ratio of phytoplankton populations in
ecosystem models (Hickman et al, 2010; Dutkiewicz et al.,
2015; Laufkotter et al, 2015). In a further development,
Geider et al. (1998) dealt with the possible variations in
photosynthetic parameters with nutrients and temperature.
But the approximation used to derive the solution to the
photoacclimation model (Geider et al., 1997) still limits the range
of irradiance levels for which the solution holds. Some authors
have addressed this problem by a numerical solution to the
Geider et al. (1997) model rather than the approximation (e.g., Li
et al., 2010), while others have imposed a numerical upper limit
on the C:Chl ratio (Butenschon et al., 2016) to constrain model
output.

Here, we present an exact solution that dispenses with the
need for an approximation, removes the existing limitation
and is therefore universally applicable. We examine conditions
under which the differences between the approximate solution
and the exact solution become significant, and discuss some of
the implications for implementation of the model to compute
carbon-to-chlorophyll ratios under natural environmental
conditions. We show that, in some instances, the differences
between the exact and approximate solutions depend on the
assumptions in the model regarding the time scales on which
photo-acclimation occurs in phytoplankton.

2. DATA

To demonstrate some applications of the new solution, a variety
of datasets were used, which are described here briefly.

Monthly, climatological — Photosynthetically  Available
Radiation (PAR) data from SeaWiFS (Frouin et al., 2002) are
used for demonstrating an application of the new solution at
large scales (http://oceancolor.gsfc.nasa.gov/cms/atbd/par). We
used monthly composites to minimize data gaps. Climatological
mixed-layer depth (MLD) was obtained from de Boyer Montégut
et al. (2004) and also re-gridded onto a 9 km grid to match the
input PAR data.

We used mean values of photosynthesis-irradiance
parameters (the assimilation number PZ and the initial
slope o, where the superscript B indicates normalisation to
biomass B, in chlorophyll units; see Table 1) organized by
season and by ecological provinces (as defined by Longhurst
et al. 1995), from Mélin and Hoepffner (2004), which were
then re-gridded, with a 30 x 30 pixel smoothing filter, to 9 km
resolution to match the PAR data. These parameters can be used
to calculate the chlorophyll-normalized production (P?) at any
value I of photosynthetic irradiance (PAR), in the absence of
photoinhibition, as described by Platt et al. (1980):

.
PP =pP (1 - exp(i;)xB I)) . (1)

m

The P2 and of values allow the calculation of the
photoadaptation parameter Iy, defined as PZ/aB. Surface
Chl-a concentration from the Ocean Colour Climate Change
Initiative (OC-CCI) dataset, Version 2.0 (European Space
Agency, available online at http://www.esa-oceancolour-cci.org/)
and the spectral light-transmission model of Sathyendranath and
Platt (1988) were used to compute Ky, the diffuse attenuation
coeflicient for photosynthetically-active radiation for the mixed
layer. The daily average irradiance in the mixed layer (I,,) was
computed as

" KyZm

L (1 — exp(=KgZp)), (2)

where Iy is the daily (24 h) average PAR at the sea-surface and Z,,,
is the mixed-layer depth (Platt et al., 1991; Cloern et al., 1995).

An in-situ bio-optical dataset of particulate organic carbon
(POCQC), chlorophyll, and photosynthesis-irradiance parameters
(Sathyendranath et al., 2009) was also used in this work. This
dataset lacked information on PAR and MLD, which were filled
in using the climatological data mentioned above.

3. EXACT SOLUTION FOR THE
CHLOROPHYLL-TO-CARBON RATIO () IN
THE GEIDER ET AL. (1997) MODEL

According to Geider et al. (1997), the chlorophyll-to-carbon
ratio, 0, is a function of irradiance I:

0% = 0,ya <l—exp (—%)) , (3)

where (6,,) is a prescribed model parameter, corresponding to
the maximum attainable value of 6. The above equation is
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equivalent to equation A12 in Geider et al. (1997), noting that
there is a typographical error in the equation, such that the
denominator of the argument to the exponential term should be
a, and not &PI. For conditions of balanced growth, Geider et al.
(1997) point out that their parameter k., which represents the
maximum proportion of photosynthesis that can be directed to
chlorophyll-a synthesis, would be equivalent to the parameter
Om. We have applied the equivalence here, such that the solution
would be valid only for balanced growth. The model development
also assumes that the specific respiration rates of carbon and
chlorophyll are either negligible or equal to each other.

We note that a = P,(; /(aBI), where P,(;, is the carbon-specific,
light saturated photosynthesis. By definition, P$, = PZ#, such
thata = Pfﬂ /(BI). Substitution into Equation (3) gives:

5 OaB1
0° =0pa|l—exp ~7Bg . (4)

Applying the equivalence I = P /a8, we get

(e

and setting I/I; = I, a dimensionless irradiance, the equation
becomes

0% = emlg (1 —exp(—1)) . (6)

Solution for 6 is obtained by simplifying the equation above:

Om
0= T (1 — exp (—I*)). (7)

*

The solution expresses 6 as a function I, such that the
chlorophyll-to-carbon ratio can be calculated explicitly as a
function of the dimensionless scaled irradiance (I.). Note that
the carbon-to-chlorophyll ratio x = 1/6. As I, tends to zero, the
exact solution (Equation 7) tends to 6,,. As I, tends to infinity,
the solution tends to zero. However, this limit for high values of
I, is approached very slowly, well beyond reasonable values of I
that might be expected in the natural environment. The solution
remains well-constrained for plausible values of L.

We note that the same solution is obtained when, instead of
substituting P$ = P56, we make the equivalent change of ap =
«©/6. The key to solution is consistency: both parameters have
to be normalized to the same quantity, carbon or chlorophyll, it
does not matter which. The solution is indifferent to the choice
as (apart from 0) it contains only the dimensionless quantity L.
However, ecosystem models are often formulated to use carbon-
normalized PS, as input, along with &%, in which case, Equation 7
becomes (see also Li et al., 2010):

0 = ((0,P5)/(1%0))(1 — exp((~IP6)/PS)). (8)

In this context, 6 can be retrieved from the above equation
iteratively.

It is is also possible to calculate the sensitivity (relative) of 6 to
changes (relative) in I,; and we find

<1, )

‘<d9/d1)‘ _(ewma 41 -1)

6 L (1 — exp(—I*))
such that the relative error in 6 will not be greater than that in I,.
3.1. The Approximate Solution

Geider et al. (1997) provided an approximate solution for 6 using
the first three terms of the Taylor expansion of exp (—6/a):

(10)

For comparison with the exact solution (Equation 7), we can
rearrange terms in the approximate solution, such that it is also
expressed as a function of I,.. Following an initial simplification:

0% = O o_0 o=, (1-2 (11)
T \a 2a2) " 2a) "
We can then substitute for a = Pf;ﬂ /(B to find
I
9=9m<1—5*). (12)

Geider et al. (1997) noted that the approximation holds for only
for I, < 1. This limitation is overcome by the analytic solution
for 6 (Equation 7), which is valid for all values of I,.

The approximate solution (Equation 12) and the exact
solution (Equation 7) are identical and equal to 6,, as I, tends to
zero. But the approximate solution 6 becomes zero when I, = 2,
and becomes negative for higher values. Hence the limitation
with using the approximate solution for high values of L.

3.2. Effects of Nutrients and Temperature
We see from the exact solution (Equation 7) that 8 depends on sz
through Ix. In the Geider et al. (1998) model, effects of nutrient
limitation and ambient temperature on P2 are accounted for, as
follows:

N
NS

Pt = Pfef (13)

m

where Prcef is the maximum C-specific rate of photosynthesis at a
reference temperature, T is the ambient temperature, f(T) is the
Arrhenius function, N is the nitrate concentration and Ky is the
half saturation constant for nitrate uptake.

PB. defined as PS, x 0, therefore contains implicitly the
effects of temperature and nutrients on photosynthetic rates.
Consequently, Equation 7 accounts for their effects on 6 through
PB. Since PE is more readily measured in the field than PS, the
new solution facilitates the study of C:Chl ratio in the natural
environment.
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TABLE 1 | Definitions of symbols.

Symbol Definition Units

0 Chlorophyll-a:Carbon ratio dimensionless

Om Maximum Chlorophyll-a:Carbon ratio  dimensionless

X Carbon:Chlorophyll-a ratio dimensionless
Chlorophyll-a concentration mg Chl-a m—3

Ky Downwelling attenuation coefficient m~!

Zm Mixed layer depth m

Cp Phytoplankton Carbon mg Cm=3

POC Particulate Organic Carbon mg C m—3

Im Mean daily irradiance in the mixed layer Wm—2

Io Mean daily surface irradiance Wm—2

I Photoadaptation parameter wm—2

I+ Dimensionless scaled irradiance dimensionless

/ Irradiance Wm=2

P,"% Assimilation number mgC mgChI*1 h=1

of PI curve initial slope mgC mgChI*1 (\Nm*2)*1 h=1

PS Carbon specific assimilation number ~ mgC mgC~1h~1

RB Respiration loss of Chlorophyll-a a1

RC Respiration loss of Carbon d-!

w Growth Rate a1

& Cost of Biosynthesis gCgN—!

4. RESULTS

4.1. Comparison between Exact and

Approximate Solutions

4.1.1. Theoretical Comparison

The approximate solution (Equation 12) and the exact solution
(Equation 7) for 1/ = x are shown in Figure1l for three
values of 6,,: 0.005, 0.01 and 0.02 (corresponding to carbon-
to-chl ratios of 200, 100, and 50). For low values of I, the
exact and approximate solutions are practically indistinguishable
from each other. But as I, approaches and exceeds 0.8, the
deviation between them becomes significant. For I, close to 2.0
the approximate solution for 6 tends to zero and the inverse of 6
(the carbon-to-chlorophyll ratio, x) tends to infinity, whereas the
exact solution remains stable. Figure 1A shows that the absolute
error is dependent on both 6, and I.. However, the relative
error (Figure 1B) is independent of 6,,. The approximation
overestimates the carbon-to-chlorophyll ratio by around 15%
when I, = 0.8, by 50% at I, = 1.235 and by 100% at I, = 1.478.

4.1.2. A practical example

To see whether the differences between the exact and
approximate solutions are likely to be significant under
conditions encountered in the natural environment, we made
some calculations at the global scale, using a combination of
satellite and in situ data. The sequence of images in Figure 2
shows the input data fields (daily mean irradiance at the
surface, mixed-layer depth, photoadaptation parameter I and
chlorophyll-a concentration) and resultant daily mean irradiance
in the mixed layer (I,) and I, for May 2010, where in this

instance I, = I,/I. Of the valid ocean pixels in Figure 2F),
70.3% in the Northern hemisphere (which at the time would
be the hemisphere of greater phytoplankton growth due to the
spring bloom) have I values greater than 0.8, such that for these
pixels the difference between the approximate and exact solutions
would be greater than 15%. The error in the approximate
solution is greater than 50% in some 24% of the Northern
hemisphere pixels. During November a similar situation occurs
in the Southern hemisphere, with I, values greater than 0.8 in
61.5% of pixels (results not shown).

This demonstrates that phytoplankton in the surface oceans
are frequently exposed to conditions in which the difference
between the approximate and exact solution for 6 is significant,
and worth accounting for.

4.2. Computation of Phytoplankton Carbon

in the Ocean

In this section, we first impliment the analytic solution using
the in situ bio-optical data to compute phytoplankton carbon
at the observation points. Since it is known that 6,, varies with
phytoplankton type (Geider et al., 1997), we assigned values of
O according to phytoplankton size classes. First, based on the
work of Brewin et al. (2010), the chlorophyll-a concentration at
each data point was used to estimate the proportions of the three
phytoplankton size classes (micro-, nano- and pico-plankton)
present in the sample. Next, based on the C:Chl ratios given in
Sathyendranath et al. (2009) for different phytoplankton types
sampled in the natural environment, 6,, was set to 0.05, 0.02,
0.008 for micro-, nano- and pico-phytoplankton, corresponding
to a minimum C:Chl ratio of 20, 50 and 125 for each size class.
These values are consistent with 6,, values reported by Geider
et al. (1997) for various phytoplankton species in culture and
also by Li et al. (2010) in the natural marine environment.
The 6,, for the populations was then computed as a weighted
sum of the three components of the population. As 6, dictates
a maximum Chl:C ratio, it also sets a minimum C:Chl ratio.
The photosynthesis-irradiance parameters (P5 and o®) in the
database were then used to compute Ij (in situ) and the daily
average I, for the mixed layer, given the daily average I,,, for the
layer.

For each sample in the in situ dataset taken at a depth
within the climatological mixed-layer depth (410 samples), we
calculated the C:Chl ratio x using I, and 6,,, and then multiplied
x by the chlorophyll concentration measured in situ to estimate
total phytoplankton carbon (Cp). Figure3 shows measured
POC plotted against computed phytoplankton carbon (C;). The
model imposes no upper limit on the C:Chl ratio. Therefore,
if the model parameters were incorrectly assigned, it could
lead to many C, values being greater than the measured POC,
which would clearly indicate an overestimation of phytoplankton
carbon, since it should not exceed POC concentration. The
Cp, estimated using the analytical solution and estimated 6,
exceeds total POC in only 4 of the 410 points. Most of the
Cp:POC ratios lie in the range of ~10-70% with a mean of
31%, which is consistent with existing in situ measurements
from the Atlantic and Pacific oceans (Martinez-Vicente et al.,

Frontiers in Marine Science | www.frontiersin.org

September 2017 | Volume 4 | Article 283


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Jackson et al.

Modeling Carbon-to-Chlorophyll Ratio of Phytoplankton

103

10%°

Carbon to Chlorophyll ratio ()

FIGURE 1 | (A) The divergence of the approximate (gray) and exact (blue) solution estimates of the C:Chl ratio as a function of /+. Solid, dotted and dot-dash lines are
for 6m values of 0.005, 0.01, and 0.02 respectively. The exact solution is clearly stable across the full range of /- values, while the approximate solution is not. (B) The
relative difference between the approximate and the exact solutions as a function of /+.
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2013; Graff et al, 2015), suggesting that 6 values are not
grossly underestimated either. The results using the approximate
solution are significantly higher (I, > 0.8 and difference >
15%) in 130 of the 410 in situ measurements. The differences
when using the in situ I values were greater than when the
calculations were performed using the province-based average
I values, demonstrating that sometimes, the errors from the
approximate solution are reduced when using broadly-averaged
fields of I, since averaging eliminates extreme values.

As the calculations yielded plausible values of phytoplankton
carbon when compared with measured POC values, we applied
the method to the I, map and the satellite-derived chlorophyll
field shown in Figure2 to produce global maps of C:Chl
ratio and Cp. The results are compared with the approximate
solution to the Geider et al. (1997) model and with the
method of Sathyendranath et al. (2009) (see Figure 4), which
implemented the equation C, = 64B¢?, where B is Chlorophyll-
a concentration (see their Figure 1B). As expected, the C:Chl
ratios from the exact solution are lower than those from the
approximate solution, with the largest differences occurring in
regions of high I,. The corresponding C, values are also lower
for the exact solution. The distribution of C, values using the
analytical solution appears more natural than those using the
approximate solution, with fewer artificial boundaries present in
the output fields.

The exact solution for C, is also closer (smaller mean absolute-
difference) than the approximate one to the results from the
empirical approach of Sathyendranath et al. (2009), but some
of the similarities have to be attributed to the use of 6,, values
from Sathyendranath et al. (2009) in this work. Both the exact
solution and the method of Sathyendranath et al. (2009) show
the anticipated increase in C:Chl ratio toward the subtropical
gyres (associated with the dominance of pico-plankton in these
areas), although the magnitudes differ. Similarly, in both these

examples, the C:Chl ratio decrease toward the Southern Ocean.
The similarities in patterns are encouraging. However, the exact
solution provides a lower range for the C:Chl ratio globally, when
compared with the outputs from the method of Sathyendranath
et al. (2009). This is to be expected as the averaging of Ii
by province and by season removes extreme values, as well as
any small-scale variability that might otherwise be present in a
dynamic assignment of I;.. On the other hand, we recognize that
the method of Sathyendranath et al. (2009) is purely empirical
and was designed to provide something of an upper limit to
the carbon-to-chlorophyll ratio, whereas the Geider et al. (1997)
model has a strong mechanistic basis and is able to account
for the effects of photo-acclimation on 6. Clearly, more work is
required to reconcile the differences between the empirical and
theoretical approaches.

4.3. Application in Marine Ecosystem
Models

In addition to the remote-sensing applications demonstrated
above, the Geider et al. (1997) model is also used extensively
in marine ecosystem models (Laufkétter et al., 2015). But to
estimate the impact that the exact solution might have on
the calculated fields of carbon-to-chlorophyll ratio, we have to
consider the time scales over which light is averaged, before
carbon-to-chlorophyll ratio is computed in the models. For
example, in the European Regional Seas Ecosystem Model
(ERSEM), the instantaneous light field is used to compute 0
at each time step of the model (Butenschon et al., 2016). The
common time step for ERSEM is 15 min. But other models,
such as the “Darwin” model developed at MIT, perform these
calculations at longer time steps (Dutkiewicz et al, 2015). A
model with a 24 h time step might use daily-averaged light fields.
Calculations that use short time-steps would have a greater range
in I, values, relative to those that use daily averages.
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FIGURE 2 | Map showing the input data and resulting /+ estimates at the global scale during May 2010. (A) SeaWiFS PAR product converted into W m—2 (Morel and
Smith, 1974) and averaged over the day (24 h), (B) MLD climatology (de Boyer Montégut et al., 2004), (C) OC-CCl v2.0 monthly composite of chlorophyll-a,

(D) Biogeochemical-province based /i (Méelin and Hoepfiner, 2004), (E) daily-mean mixed-layer irradiance, and (F) daily-mean mixed-layer dimensionless irradiance.
Values of I+ around 0.8 or greater (yellow and warmer colors) will give a significant difference between the approximate and exact solutions for C:Chl.

An example of a calculation of § done at a 2-h time-step is
shown in Figure 5, where results are plotted for optical depths of
zero (surface) to 4. Note that one optical depth is the depth at
which light is reduced to 1/e of the initial value, and that only
1% of the surface value remains at an optical depth of 4.6. In this
example, we used a fixed I value of 50 Watts m ™2, and a noon-
time maximum value of I at the surface of 400 Wm~2, and set
0m = 0.01. The total daily irradiance was allowed to vary, over
a 12-h day, as described by a sine function. At noon, I, values
of 1.0 or greater occur even down to the first optical depth and
the errors in the approximate solution are high in the surface
waters for a large portion of the day. The value of irradiance
averaged over 24 h at the optical depth of 1 (dashed lines shown
for comparison) is well below the peak values seen at noon; and
as expected, the difference between the exact and approximate
solutions is reduced, though still significant (over 20%), for this
case. Even in this instance, the errors would increase toward
the surface, as average light increased. This is consistent with
the findings of Moore et al. (2006) that for surface populations,
the peak irradiance can be significantly higher than the
measured I.

5. DISCUSSION AND CONCLUSION

In this paper we have presented a new, exact solution for
the Geider et al. (1997) model for estimating the C:Chl ratio
in phytoplankton as a function of a dimensionless irradiance
scaled to the photoadaptation parameter, . The result is
directly applicable to remote-sensing and modeling of marine
ecosystems, as demonstrated here, but finds further applications
in modeling phytoplankton physiological properties, growth
rates and stoichiometry (Sathyendranath et al., 2009; Dutkiewicz
et al,, 2015; Laufkotter et al., 2015). Using an in situ bio-optical
database and the model, we have computed phytoplankton
carbon, and shown that the derived ratios of phytoplankton
carbon to POC were plausible.

The Geider et al. (1997) model was initially conceived to be
implemented with P$ and o as inputs. The work presented
here provides a new exact solution to the model. The advantage
of the solution is that it allows the Geider et al. (1997) model
to be implemented in any instance where there are direct
measurements or indirect estimates of I. So the starting point for
implementation of the new solution would be estimates of I} or
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(2009) globally for May 2010. The /- and Chl input fields can be seen in Figure 2.
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PB and o8, In this regard, the new solution takes the Geider et al.
(1997) model in a new direction. However, in ecosystem models
that are implemented with with P$ and & as inputs, the value
of 6 can be found from the exact solution iteratively (note that Li
et al., 2010 have also proposed a numerical solution). The extra
computation required for an iterative solution would certainly
be worth the effort, especially for I, > 0.8, when errors in the
approximate solution begin to be greater than 15% (Figure 1).

Irradiance is a fundamental driver of phytoplankton growth,
and phytoplankton employ a suite of strategies in response to the
range of irradiance conditions in the global oceans. Some groups
of cyanobacteria have genetically diversified into “high-light” and
“low-light” variants (Moore et al., 1998) taking advantage of the
stable irradiance conditions in the central gyres. In more dynamic
regions it is essential for algae to be able to respond to changes
in the light environment. Here we have presented a refinement
of the Geider et al. (1997) mechanistic model of carbon-to-
chlorophyll ratio allowing a smooth response in phytoplankton
C:Chl ratios across a greater range of irradiance conditions. This
allows a more accurate calculation of model results across a
complete range of spatial and temporal scales.

Geider et al. (1997) give two solutions for the Chl:C ratio, both
for balanced growth. One of them assumes that the chlorophyll-
a losses due to respiration are zero (RE = 0) or that the
chlorophyll-a specific degradation has the same dependence
on specific growth rate as cellular carbon specific respiration
(RB RC u&, where p is growth rate and & is the
cost of biosynthesis). This is the option that has been pursued
here, since it would be appropriate for use in models of gross
primary production using photosynthesis-irradiance parameters
that have already been corrected for respiration. If, instead, we
were to use the model for the case where carbon respiration
was not zero, an equivalent solution would exist, provided that
a correction term were applied to 6,, as suggested by Geider
et al. (1997). But, given the uncertainties in 0, and given
that the correction term is typically found to be small, we can
assume that the model discussed here is sufficient to cover such
conditions as well, under our current state of knowledge. A
more pertinent question is at what time scales the condition of
balanced growth might be met. In fact, acclimation from one light
level to another will take place over a finite period, with Geider
et al. (1986) and Raven and Geider (2003) suggesting that the
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appropriate time scale for acclimation is of the order of hours
to days, implying that balanced growth would hold on daily time
scales. Moore et al. (2003, 2006) have provided examples where
photoacclimation timescales were longer than those for surface
mixing, and Talmy et al. (2013) highlighted the importance of
surface irradiance, depth of mixing, and light attenuation using
a resource allocation based model of photoacclimation. It is also
apparent that when numerical models are run at short time steps
(less than an hour), it will be increasingly important to account
in some manner for non-balanced growth during the transition
phase.

The solution for C:Chl can produce both high C:Chl values,
in line with those exceeding 300 observed in cultures (Cloern
et al, 1995), and the low values (25-70) observed in ocean
samples (Riemann et al., 1989). That said, a suitable 6, is
essential to obtain the correct result. In the example presented
here (Figure 3), a three-component model of phytoplankton size
classes is used in the assignment of 6,,. Although this allows a
dynamic estimation of 6,, it is still derived from fixed values for
each group. Refinements in the estimation of 6, would also result
in improved estimates of the realized C:Chl values.

Our application of the model at large scales using remote-
sensing data (Figure 2) utilized average estimates of I (by season
and province), whereas in reality the values would be more
variable. Dynamic assignment of parameters would lead to a
greater range of I, values, increasing the potential for errors when
using the approximate solution for 6. The concept of dynamic
estimates of photosynthesis parameters using environmental
variables, has been discussed by Platt and Sathyendranath (1993,
1995), Saux-Picart et al. (2013), and Silsbe et al. (2016).

The computed carbon-to-chlorophyll ratio depends strongly
on available light. It raises the question of what would be the
appropriate value of I to use in the calculations, given that
phytoplankton experience changes in available light over a variety
of time scales. These include changes at time scales of seconds, as
the sun rises and sets and as clouds pass, to seasonal scale changes
dictated by the Earth’s declination. In addition, phytoplankton
are at the mercy of vertical movement of the water column due
to, for example, turbulence, internal waves or upwelling. But
what would be the appropriate time scales for acclimation of
carbon-to-chlorophyll ratio? As noted above, previous studies
have indicated that it is of the order of 1 day. But further
information on this point would be valuable. A related matter,
from a modeling perspective is that the photosynthetic response
of phytoplankton to available light is instantaneous. So it is clear
that computation of photosynthesis within numerical ecosystem
models has to be driven by instantaneous light. If, along with
such calculations, we need light fields averaged over some yet-to-
be-defined time scale for computation of 6, simulation models
would have to be designed to keep track of at least two values
of available light, to be used as required. This time scale would
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