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A widely-used theory of the photoacclimatory response in pytoplankton has, until

now, been solved using a mathematical approximation that pis strong limitations

on its applicability in natural conditions. We report an exa, analytic solution for the
chlorophyll-to-carbon ratio as a function of the dimensioless irradiance (mixed layer
irradiance normalized to the photoadaptation parameter fo phytoplankton) that is

applicable over the full range of irradiance occurring in iaral conditions. Application

of the exact solution for remote-sensing of phytoplankton arbon at large scales
is illustrated using satellite-derived chlorophyll, swate irradiance data and mean
photosynthesis-irradiance parameters for the season asgned to every pixel on the basis
of ecological provinces. When the exact solution was comparm with the approximate

one at the global scale, for a particular month (May 2010), thresults differed by at least
15% for about 70% of Northern Hemisphere pixels (analysis veaperformed during the

northern hemisphere Spring bloom period) and by more than 5% for 24% of Northern

Hemisphere pixels (approximate solution overestimates éhcarbon-to-chlorophyll ratio

compared with the exact solution). Generally, the divergere between the two solutions

increases with increasing available light, raising the qgéon of the appropriate timescale
for specifying the forcing irradiance in ecosystem models.

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

1. INTRODUCTION

When quantifying the standing stock of marine phytoplanktarite rate of change, various metrics
can be used, depending on the application envisaged. The gdadshbinclude cell count, cell
volume, carbon content, nitrogen content and chlorophylcentration. Primary production (rate
of production of organic material by phytoplankton through plogtynthesis) is typically measured
in carbon units, a convenient measure in studies of the dlekhebon cycle. It is also a practical
unit in calculations of uxes of material through the food aim or through the water column.
On the other hand, chlorophyll-a concentration is by far thesh commonly-used measure of
phytoplankton abundance. There are many reasons for thiscehalso, including its principal
role in the photosynthetic apparatus and in primary productiots presence in all types of
phytoplankton, either in its common form or as derivates sushda/inyl chlorophyll-a; and the
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ease with which it can be measured at a variety of scales, from Monthly, climatological Photosynthetically  Available
single cells in the laboratory to ocean-basin scales ugingpte  Radiation (PAR) data from SeaWiF&rouin et al., 200Rare
sensing by satellites. used for demonstrating an application of the new solution at

The carbon-to-chlorophyll ratio, necessary to converttegw  large scales (http://oceancolor.gsfc.nasa.gov/cmsfzdbd/We
these two common measures of phytoplankton biomass, igsed monthly composites to minimize data gaps. Climatoldgica
a dynamic, and highly-variable property of phytoplankton.mixed-layer depth (MLD) was obtained frode Boyer Montégut
Phytoplankton growing in high-light environments need to et al. (2004)and also re-gridded onto a 9 km grid to match the
absorb only a small fraction of the available light, and theynput PAR data.
adapt to the ambient light eld by reducing their pigment quota  We used mean values of photosynthesis-irradiance
resulting in a high carbon-to-chlorophyll ratio. The opposite parameters (the assimilation numbelf*‘,?1 and the initial
true in low-light conditions, for example in deep chlorophyll slope B, where the superscripB indicates normalisation to
maxima in the ocean gyres, where chlorophyll concentratiofiomassB, in chlorophyll units; seeTable 1) organized by
increases relative to the carbon concentratiaguilen, 1982, season and by ecological provinces (as de nedLbyghurst
2015; Morel and Berthon, 1989Estimating such changes in et al. 199) from Mélin and Hoep ner (2004) which were
carbon-to-chlorophyll ratio in response to variations in dahle  then re-gridded, with a 30 30 pixel smoothing Iter, to 9 km
light, i.e., due to photo-acclimation, is not a trivial taglt itis  resolution to match the PAR data. These parameters can be used
an essential step in many biogeochemical models. As reviewém calculate the chlorophyll-normalized productio®S) at any
by Halsey and Jones (2015hutrients can also play a role valuel of photosynthetic irradiance (PAR), in the absence of
in carbon-to-chlorophyll variations, although the sign diet photoinhibition, as described bylatt et al. (1980)
change depends on the nutrient in question, with some nutsen
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 th&he PE and B values allow the calculation of the
works ofPlatt and Jassby (197andGeider (1987)Subsequently, photoadaptation parametei,, de ned as P8= B. Surface
Geider et al. (1996, 199developed a mechanistic model of Chl-a concentration from the Ocean Colour Climate Change
photo-acclimation that has become commonly used to assighitiative (OC-CCIl) dataset, Version 2.0 (European Space
the chlorophyll:carbon ratio of phytoplankton populations in Agency, available online at http://www.esa-oceancol@iiery/)
ecosystem modelsH{ckman et al., 2010; Dutkiewicz et al., and the spectral light-transmission model®dithyendranath and
2015; Laufkotter et al., 20L.5In a further development, Platt (1988)were used to comput&y, the di use attenuation
Geider et al. (1998)dealt with the possible variations in coe cient for photosynthetically-active radiation for thenixed
photosynthetic parameters with nutrients and temperaturelayer. The daily average irradiance in the mixed laygy) (vas
But the approximation used to derive the solution to thecomputed as
photoacclimation modelGeider et al., 199till limits the range B
of irradiance levels for which the solution holds. Some aush I D lo
have addressed this problem by a numerical solution to the ™ KgZm
Geider et al. (199 #nodel rather than the approximation (e.g, B
et al., 201)) while others have imposed a numerical upper limitwherelg is the daily (24 h) average PAR at the sea-surfac&Zand
on the C:Chl ratio Butenschén et al., 20).6o constrain model is the mixed-layer depthHlatt et al., 1991; Cloern et al., 1995
output. An in-situ bio-optical dataset of particulate organic carbon

Here, we present an exact solution that dispenses with thé®OC), chlorophyll, and photosynthesis-irradiance parameters
need for an approximation, removes the existing limitation(Sathyendranath et al., 200®as also used in this work. This
and is therefore universally applicable. We examine conatitio dataset lacked information on PAR and MLD, which were lled
under which the di erences between the approximate solutiorin using the climatological data mentioned above.
and the exact solution become signi cant, and discuss sofme o

the implications for implementation of the model to compute 3. EXACT SOLUTION FOR THE
carbon-to-chlorophyll  ratios under natural environmental CHLOROPHYLL-TO-CARBON RATIO ( )IN
conditions. We show that, in some instances, the di erences Lie GEIDER ET AL (1997) MODEL

between the exact and approximate solutions depend on the

assumptions in the model regarding the time scales on Whicl&ccording to Geider et al. (1997)the chlorophyll-to-carbon
photo-acclimation occurs in phytoplankton. ratio. . is a function of irradiance:

B

PEDPE 1 exp(ﬁl) . (1)

(1 exp( KgZm)). )

2. DATA D oma 1 exp -, 3)

To demonstrate some applications of the new solution, a warietwhere () is a prescribed model parameter, corresponding to
of datasets were used, which are described here brie y. the maximum attainable value of. The above equation is
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equivalent to equation A12 iseider et al. (1997)noting that Itisis also possible to calculate the sensitivity (relatife)to
there is a typographical error in the equation, such that thechanges (relative) ih ; and we nd
denominator of the argument to the exponential term should be

a, and not BI. For conditions of balanced growtigeider et al. _ exp( 1)2C1) 1
(1997)point out that their parametekgp,, which represents the i dil D 1, (9)
maximum proportion of photosynthesis that can be directed to ' 1 exp(1)

chlorophyll-a synthesis, would be equivalent to the paramete
m. We have applied the equivalence here, such that the solution

j such that the relative error in will not be greater than that ith .
would be valid only for balanced growth. The model developtnen g

also assumes that the speci c respiration rates of carbon arg 1. The Approximate Solution

chlorophyll are either negligible or equal to each other. . . . . .
. . Geider et al. (199frovided an approximate solution forusing
P( - B pC -
We note thata D Pr=( ©1), wherePy, is the carbon-speci c, the rst three terms of the Taylor expansion of exp =a/:

light saturated photosynthesis. By de nitioRS, D PE , such

thata D P2 =( BI). Substitution into Equation (3) gives: )

2
Dpal 1C- —
m a 2a?

(10)

= 4
P For comparison with the exact solution (Equation 7), we can

rearrange terms in the approximate solution, such that it goal

i i B_ B
Applying the equivalenck D Pp= ®, we get expressed as a function lof Following an initial simpli cation:

|
2 2
Dmal exp — ., (5) 2
D - — | D 1 — . 11
'k md 3 22 m 2a (1)
and settingl=ly = | , a dimensionless irradiance, the equation . 5. B
becomes We can then substitute fa D Py, =( ®l)to nd
|
2D m- 1 exp. 1/ (6) Dml > (12)

Solution for is obtained by simplitying the equation above: Geider et al. (199Moted that the approximation holds for only

" for I < 1. This limitation is overcome by the analytic solution
D T 1 exp. I/. (7) for (Equation 7), which is valid for all values bf.
The approximate solution (Equation 12) and the exact

The solution expresses as a function| , such that the solution (Equation 7) are identical and equal tg asl tends to

chlorophyll-to-carbon ratio can be calculated explicitly as &Cro- Butthe approxmwate solynonbecomes zero whein D 2 .

function of the dimensionless scaled irradiante).( Note that ar_1d be_comes negatlye for hlgh_er value_s. Hence the limitatio

the carbon-to-chlorophyll ratio D 1= . Asl tends to zero, the with using the approximate solution for high valueslof

exact solution (Equation 7) tends tg,. As| tends to in nity,

the solution tends to zero. However, this limit for high vefuof

| is approached very slowly, well beyond reasonable valdes of

that might be expected in the natural environment. The saati "% . B

remains well-constrained for plausible values of limitation and ambient temperature oRy, are accounted for, as
We note that the same solution is obtained when, instead ofP”OWS:

substitutingP$, D P2, we make the equivalent change ¢f D

C= . The key to solution is consistency: both parameters have
to be normalized to the same quantity, carbon or chlorophyll,

does not matter which. The solution is indi erent to the cheic wherePﬁaf is the maximum C-speci c rate of photosynthesis at a

as (apart from ) it contains only the dimensionless quantity.  reference temperaturd, is the ambient temperaturé(T) is the
However, ecosystem models are often formulated to use narboarrhenius function,N is the nitrate concentration ankly is the
normalizedP;, as input, along with B, in which case, Equation 7 half saturation constant for nitrate uptake.

3.2. Effects of Nutrients and Temperature
We see from the exact solution (Equation 7) thatepends o,
through I. In the Geider et al. (199&nodel, e ects of nutrient

N
C
PmDPfCefNCKN

f(T), (13)

becomes (see alsoet al., 2011 PE, de ned asF§, , therefore contains implicitly the
e ects of temperature and nutrients on photosynthetic rates.
D ((mPH=1 B )@ exp(( I ®)=PL)). (8) Consequently, Equation 7 accounts for their e ects otirough

PE. SincePE is more readily measured in the eld thaf;, the
In this context, can be retrieved from the above equationnew solution facilitates the study of C:Chl ratio in the nalr
iteratively. environment.
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TABLE 1 | De nitions of symbols. instancel D Iy=lx. Of the valid ocean pixels ifigure 2F),
. , 70.3% in the Northern hemisphere (which at the time would
Symbol De nition Units be the hemisphere of greater phytoplankton growth due to the
Chiorophyll-a:Carbon ratio dimensionless spring bloom) havé values greater than 0.8, such that for these
" Maximum Chiorophyll-a:Carbon ratio  dimensionless pixels the di erence between the approximate and exact solstion
Carbon:Chlorophyll-a ratio dimensionless would be greater than 15%. The error in the approximate
B Chiorophyll-a concentration mg Chl-am 3 solut_ion is gr_eater tha_n 50% in some 24% of_ the_ Northern
Ky Downwelling attenuation coefcient  m 1 _hemlsphere pixels. D_urlng November a similar situation oscur
Z Mixed layer depth m in the Sothern hemisphere, with values greater than 0.8 in
Co Phytoplankton Carbon mg Cm 3 61.5% of pixels (results not shown). .
POC  Particulate Organic Carbon mg C m3 This demonstrates that phytopl_ankto_n in the surfac_e oceans
. Mean dally irradiance in the mixed layer Wir? are frequently expo_sed to conditions in _wh|ch the _d| erence
- ) . 2 between the approximate and exact solution fas signi cant,
lo Mean daily surface irradiance Wm .
Ik Photoadaptation parameter wm 2 and worth accounting for.
I Dimensionless scaled irradiance dimensionless
! Iradiance wm 2 4.2. Computation of Phytoplankton Carbon
PE ;’;\T,smllat-lo-n. nlur1|1ber mg((::mg((::l;llihv\j . in the Ocean
. curve Intial slope o Mo (1 m =) In this section, we rst impliment the analytic solution using
i Carbon speci ¢ assimilation number mac moc h the in situ bio-optical data to compute phytoplankton carbon
R Respiration loss of Chiorophyll-a d at the observation points. Since it is known thaf varies with
RC  Respiration loss of Carbon at phytoplankton type Geider et al., 1997 we assigned values of
Growth Rate d? m according to phytoplankton size classes. First, based on the
Cost of Biosynthesis gCoN * work of Brewin et al. (201Q)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
4. RESULTS Sathyendranath et al. (200€9r di erent phytoplankton types
41, Comparison between Exact and Saorgglfd in.the natural envir(.)nmentm was set to 0.05, 0.0.2,

. . . or micro-, nano- and pico-phytoplankton, corresponding
Apprommate SO|UtI0n$ to a minimum C:Chl ratio of 20, 50 and 125 for each size class.
4.1.1. Theoretical Comparison These values are consistent with values reported byseider
The approximate solution (Equation 12) and the exact solutionst 5. (1997)for various phytoplankton species in culture and
(Equation 7) for = D are shown inFigure 1 for three 50 pyLi et al. (2010)in the natural marine environment.
values of y: 0.005, 0.01 and 0.02 (corresponding to carbonThe ., for the populations was then computed as a weighted
to-chl ratios of 200, 100, and 50). For low valueslofthe  sym of the three components of the population. Ag dictates
exact and approximate solutions are practically indistingalde 5 maximum Chl:C ratio, it also sets a minimum C:Chl ratio.
from each other. But a$ approaches and exceeds 0.8, therpe photosynthesis-irradiance parameteP$ (and B) in the
deviation between them becomes signi cant. Forclose to 2.0 §atabase were then used to complitg(in situ) and the daily

the approximate solution for tends to zero and the inverse of average for the mixed layer, given the daily averagefor the
(the carbon-to-chlorophyliratio, ) tends to in nity, whereas the |gyer.

exact solution remains stableigure 1A shows that the absolute  Fqr each sample in thén situ dataset taken at a depth
error is dependent on both, and | . However, the relative \ithin the climatological mixed-layer depth (410 samples}, w
error (Figure 1B) is independent of . The approximation cajculated the C:Chl ratio usingl and m, and then multiplied
overestimates the carbon-to-chlorophyll ratio by aroundd5  py the chlorophyll concentration measurédsitu to estimate
whenl D 0.8, by 50% at D 1.235and by 100% &t D 1.478.  total phytoplankton carbon Q). Figure 3 shows measured

POC plotted against computed phytoplankton carb@i). The
4.1.2. A practical example model imposes no upper limit on the C:Chl ratio. Therefore,
To see whether the dierences between the exact and the model parameters were incorrectly assigned, it could
approximate solutions are likely to be signicant underlead to manyC, values being greater than the measured POC,
conditions encountered in the natural environment, we madewhich would clearly indicate an overestimation of phytoplaorkt
some calculations at the global scale, using a combinatfon carbon, since it should not exceed POC concentration. The
satellite andin situ data. The sequence of imagesHigure2 C, estimated using the analytical solution and estimatgg
shows the input data elds (daily mean irradiance at theexceeds total POC in only 4 of the 410 points. Most of the
surface, mixed-layer depth, photoadaptation paraméteand C,:POC ratios lie in the range of 10-70% with a mean of
chlorophyll-a concentration) and resultant daily mean tiance  31%, which is consistent with existirig situ measurements
in the mixed layer kn) and | for May 2010, where in this from the Atlantic and Paci ¢ oceansMartinez-Vicente et al.,
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FIGURE 1 | (A) The divergence of the approximate (gray) and exact (blue) kion estimates of the C:Chl ratio as a function ok. Solid, dotted and dot-dash lines are
for m values of 0.005, 0.01, and 0.02 respectively. The exact solion is clearly stable across the full range of values, while the approximate solution is not(B) The
relative difference between the approximate and the exactalutions as a function oflx.

2013; Gra et al.,, 2015 suggesting that values are not examples, the C:Chl ratio decrease toward the Southern Ocean
grossly underestimated either. The results using the apprate  The similarities in patterns are encouraging. However, tkece
solution are signi cantly higherl( > 0.8 and dierence>  solution provides a lower range for the C:Chl ratio globallizew
15%) in 130 of the 41t situ measurements. The di erences compared with the outputs from the method 8fthyendranath
when using thein situ Iy values were greater than when theet al. (2009) This is to be expected as the averaginglof
calculations were performed using the province-based aeeragy province and by season removes extreme values, as well as
I values, demonstrating that sometimes, the errors from thany small-scale variability that might otherwise be presera
approximate solution are reduced when using broadly-averageti/namic assignment df. On the other hand, we recognize that
elds of Iy, since averaging eliminates extreme values. the method ofSathyendranath et al. (2001) purely empirical
As the calculations yielded plausible values of phytoplanktoand was designed to provide something of an upper limit to
carbon when compared with measured POC values, we appli¢de carbon-to-chlorophyll ratio, whereas ti&eider et al. (1997)
the method to thel map and the satellite-derived chlorophyll model has a strong mechanistic basis and is able to account
eld shown in Figure 2 to produce global maps of C:Chl for the e ects of photo-acclimation on. Clearly, more work is
ratio and Cp. The results are compared with the approximaterequired to reconcile the di erences between the empirical an
solution to the Geider et al. (1997)model and with the theoretical approaches.
method of Sathyendranath et al. (200€8eeFigure 4), which
implemented the equatio@, D 648%63 where B is Chlorophyll- 4.3. Application in Marine Ecosystem
a concentration (see theifigure 1B). As expected, the C:Chl Models
ratios from the exact solution are lower than those from thejn addition to the remote-sensing applications demonstrated
approximate solution, with the largest di erences occurrimg i apove, theGeider et al. (1997model is also used extensively
regions of highl . The corresponding, values are also lower iy marine ecosystem models qufkatter et al., 2095 But to
for the exact solution. The distribution df, values using the estimate the impact that the exact solution might have on
analytical solution appears more natural than those using thghe calculated elds of carbon-to-chlorophyll ratio, we hatee
approximate solution, with fewer arti cial boundaries presém  consider the time scales over which light is averaged, befor
the output elds. carbon-to-chlorophyll ratio is computed in the models. For
The exact solution fo€, is also closer (smaller mean absolute-example, in the European Regional Seas Ecosystem Model
dierence) than the approximate one to the results from the(ERSEM), the instantaneous light eld is used to compute
empirical approach ofsathyendranath et al. (200%ut some at each time step of the modeBijtenschon et al., 20%.6The
of the similarities have to be attributed to the use gf values common time step for ERSEM is 15 min. But other models,
from Sathyendranath et al. (2008 this work. Both the exact such as the “Darwin” model developed at MIT, perform these
solution and the method oBathyendranath et al. (2008how  calculations at longer time step®\(tkiewicz et al., 2005 A
the anticipated increase in C:Chl ratio toward the subtropicamodel with a 24 h time step might use daily-averaged lightseld
gyres (associated with the dominance of pico-plankton in ¢hesCalculations that use short time-steps would have a greatgfera
areas), although the magnitudes di er. Similarly, in bottetie in | values, relative to those that use daily averages.
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FIGURE 2 | Map showing the input data and resultingl 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 (le Boyer Montégut et al., 2004, (C) OC-CCI v2.0 monthly composite of chlorophyll-a,

(D) Biogeochemical-province basedl, (Mélin and Hoepffner, 2009, (E) daily-mean mixed-layer irradiance, andF) daily-mean mixed-layer dimensionless irradiance.
Values oflk around 0.8 or greater (yellow and warmer colors) will give a@gni cant difference between the approximate and exact soltions for C:Chl.

An example of a calculation of done at a 2-h time-step is 5. DISCUSSION AND CONCLUSION

shown inFigure 5 where results are plotted for optical depths of
zero (surface) to 4. Note that one optical depth is the depth alin this paper we have presented a new, exact solution for
which light is reduced to Ze of the initial value, and that only the Geider et al. (1997model for estimating the C:Chl ratio
1% of the surface value remains at an optical depth of 4.6. & thin phytoplankton as a function of a dimensionless irradiance
examp|e, we used a xelg value of 50 Watts mz, and a noon- scaled to the photoadaptation parametéy, The result is
time maximum value of at the surface of 400 W n?, and set directly applicable to remote-sensing and modeling of marine

m D 0.01. The total daily irradiance was allowed to vary, ovefcosystems, as demonstrated here, but nds further applicatio
a 12-h day, as described by a sine function. At ndoryalues in modeling phytoplankton physiological properties, growth
of 1.0 or greater occur even down to the rst Optica| depth andrates and Stoichiometrﬂathyendranath et aI., 2009; Dutkiewicz
the errors in the approximate solution are high in the surfaceet al., 2015; Laufkotter et al., 2Q1Bsing anin situ bio-optical
waters for a large portion of the day. The value of irradiancélatabase and the model, we have computed phytoplankton
averaged over 24 h at the optical depth of 1 (dashed lines show@rbon, and shown that the derived ratios of phytoplankton
for comparison) is well below the peak values seen at noon; arf@rbon to POC were plausible.

as expected, the di erence between the exact and approximate The Geider et al. (1997nodel was initially conceived to be
solutions is reduced, though still signi cant (over 20%y; fois  implemented withP$, and B as inputs. The work presented
case. Even in this instance, the errors would increase twahere provides a new exact solution to the model. The advantage
the surface, as average light increased. This is consistiémt ©Of the solution is that it allows thé&eider et al. (1997inodel

the ndings of Moore et al. (2006that for surface populations, t0 be implemented in any instance where there are direct

the peak irradiance can be signicantly higher than themeasurements orindirect estimatedpfSo the starting point for
measuredy. implementation of the new solution would be estimated,obr
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FIGURE 3 | Comparison of phytoplankton Carbon estimates using the apmximate and exact solution within situ k data from around 400 samples, mostly from the
N.W Atlantic region.(A) Calculated Phytoplankton Carbon ( B) in relation to POC measured for the BIO samples using the exasolution. Red, orange, yellow and
green lines correspond to phytoplankton carbon equalling @0, 75, 50, and 25% of POC respectively. The i values are calculated using an estimate of the
community size structure calculated using the method oBrewin et al. (2010) (B,C) show the absolute and % difference between results from theact and

approximate solutions.

FIGURE 4 | Maps comparing the C:Chl andCp, estimates using the original approxmiate solution, the newxact solution, and the method ofSathyendranath et al.
(2009) globally for May 2010. Thel- and Chl input elds can be seen inFigure 2.
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FIGURE 5 | Variation inl and resultant C:Chl ratios through the a diurnal cycle at vayus optical depths in a simple optical model. The value sebf I, (50.0 W n12)
was taken as a reasonable value from the elds seen ifrigure 2. Both Iy and m (0.01) were assumed uniform within a mixed layer extending the euphotic depth.
Dashed red lines show the value for the rst optical depth whercalculations are performed using a daily mean (24-h time spg. Missing values in the nal panel are
due to values oflx exceeding the limit of the Taylor expansion.

PE and B. In this regard, the new solution takes tiesider et al. Geider etal. (1999ive two solutions for the Chl:C ratio, both
(1997)model in a new direction. However, in ecosystem model$or balanced growth. One of them assumes that the chlorophyll
that are implemented with wittP$, and B as inputs, the value a losses due to respiration are zef@®( D 0) or that the

of can be found from the exact solution iteratively (note that chlorophyll-a speci c degradation has the same dependence
et al., 201have also proposed a numerical solution). The extran speci c growth rate as cellular carbon specic respiration

computation required for an iterative solution would certi (RB D R D , where is growth rate and is the
be worth the e ort, especially for > 0.8, when errors in the cost of biosynthesis). This is the option that has been pursued
approximate solution begin to be greater than 13®g(re 1). here, since it would be appropriate for use in models of gross

Irradiance is a fundamental driver of phytoplankton growth, primary production using photosynthesis-irradiance parameters
and phytoplankton employ a suite of strategies in response to thiaat have already been corrected for respiration. If, indteee
range of irradiance conditions in the global oceans. Somaggs were to use the model for the case where carbon respiration
of cyanobacteria have genetically diversi ed into “higdgat” and ~ was not zero, an equivalent solution would exist, provided that
“low-light” variants (Vioore et al., 1998taking advantage of the a correction term were applied to,, as suggested b$eider
stable irradiance conditions in the central gyres. Inmoyaamic et al. (1997) But, given the uncertainties iny,, and given
regions it is essential for algae to be able to respond to dmngthat the correction term is typically found to be small, we can
in the light environment. Here we have presented a re nemengassume that the model discussed here is su cient to covehsuc
of the Geider et al. (1997mechanistic model of carbon-to- conditions as well, under our current state of knowledge. A
chlorophyll ratio allowing a smooth response in phytoplanktonmore pertinent question is at what time scales the conditién o
C:Chl ratios across a greater range of irradiance condstidimis  balanced growth might be met. In fact, acclimation from ot
allows a more accurate calculation of model results acrosslevel to another will take place over a nite period, witheider
complete range of spatial and temporal scales. et al. (1986)and Raven and Geider (2003uggesting that the
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appropriate time scale for acclimation is of the order of hoursbe related to that appropriate for balanced growth, as discusse
to days, implying that balanced growth would hold on daily&m above.
scalesMoore et al. (2003, 2006ave provided examples where  TheGeider et al. (19971hodel presented here is re-formulated
photoacclimation timescales were longer than those foram@f as a function ofl , which requires only the photosynthesis
mixing, and Talmy et al. (2013highlighted the importance of parametet for implementation, in addition to data on available
surface irradiance, depth of mixing, and light attenuaticging light. Bearing in mind the body of data on photosynthesis-
a resource allocation based model of photoacclimation.dtds irradiance parameters that exists, and the relative ease with
apparent that when numerical models are run at short time stepwhich these parameters can be measured, compared with direct
(less than an hour), it will be increasingly important to aagodb  measurements of phytoplankton carbon in the eld (seesey
in some manner for non-balanced growth during the trangitio et al., 2013; Gra et al., 20),5these results open up the
phase. possibility of signi cant augmentation of the informationalse
The solution for C:Chl can produce both high C:Chl valuespn carbon-to-chlorophyll ratio in the marine environmentuB
in line with those exceeding 300 observed in culturé®é¢rn  when photosynthesis-irradiance parameters, available &gl
et al., 199% and the low values (25-70) observed in oceamphytoplankton carbon are measured concurrently, we also have
samples RRiemann et al., 1999 That said, a suitablen, is  the possibility to estimate the parametgy, about which we have
essential to obtain the correct result. In the example presnt so little information from the eld.
here Figure 3), a three-component model of phytoplankton size
classes is used in the assignment af Although this allows a AUTHOR CONTRIBUTIONS
dynamic estimation of , it is still derived from xed values for
each group. Re nements in the estimation gfwould also result  SS conceived the problem. TJ, SS, and TP worked jointly to nd
inimproved estimates of the realized C:Chl values. an analytical solution. TJ made all calculations and gufse
Our application of the model at large scales using remotepreparation of the manuscript was led by TJ with all authors
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