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a b s t r a c t 

Freshwater and marine algae can balance nutrient demand and availability by regulating uptake, accu- 

mulation and exudation. To obtain insight into these processes under nitrogen (N) and phosphorus (P) 

limitation, we reanalyze published data from continuous cultures of the chlorophyte Selenastrum minu- 

tum . Based on mass budgets, we argue that much of the non-limiting N and P had passed through the 

organisms and was present as dissolved organic phosphorus or nitrogen (DOP or DON). We construct a 

model that describes the production of biomass and dissolved organic matter (DOM) as a function of the 

growth rate. A fit of this model against the chemostat data suggests a high turnover of the non-limiting 

N and P: at the highest growth rates, N and P atoms spent on average only about 3 h inside an organism, 

before they were exuded as DON and DOP, respectively. This DOM exudation can explain the observed 

trends in the algal stoichiometric ratios as a function of the dilution rate. We discuss independent ev- 

idence from isotope experiments for this apparently wasteful behavior and we suggest experiments to 

quantify and characterize DON and DOP exudation further. 

© 2020 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The elemental stoichiometry (C:N:P ratio) of the algae at the

ase of aquatic food webs is of fundamental importance for

heir functioning, as it impacts the growth rates of zooplankton

 Plath and Boersma, 2001 ; Boyer et al., 2004 ; Hessen et al., 2013 )

nd bacteria ( Del Giorgio and Cole, 1998 ; Lønborg et al., 2011 ). Al-

hough the average C:N:P ratio of organic matter in the ocean is

elatively constant ( Redfield, 1934 ), the elemental stoichiometry of

lgae and organic particles varies significantly in space and time
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 Donald et al., 2001 ; Körtzinger et al., 2001 ; Martiny et al., 2013 ;

ingh et al., 2015 ). To capture such variations, we need to under-

tand how the elemental stoichiometry of algae is related to their

rowth rate and environment. 

Algal stoichiometry ultimately reflects the flow of nutrients

hrough the organisms. It has been known for a long time that

egulation of nutrient uptake and internal allocation of nutrients

re important in this regard ( Rhee, 1973 ; 1974 ) and these pro-

esses have been central in various algal physiological models

 Shuter, 1979 ; Geider et al., 1998 ; Pahlow, 2005 ; Smith and Ya-

anaka, 2007 ; Pahlow and Oschlies, 2009 ). In addition, exuda-

ion of dissolved organic matter (DOM) is known to be important

nd has been included in several phytoplankton models. In some

f these models, exudation is simply a fixed fraction of the up-

ake or biomass ( Fasham et al., 1990 ; Vallino, 20 0 0 ; Anderson and

ondaven, 2003 ; Pahlow et al., 2008 ; Grossowicz et al., 2017a ),
under the CC BY-NC-ND license. 
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e  
whereas it is related to the internal reserves or nutrient quota in

others ( Lorena et al., 2010 ; Ghyoot et al., 2017 ; Grossowicz et al.,

2017b ; Livanou et al., 2019 ). Flynn et al. (2008) fitted models based

on both types of formulations to batch culture data on several

algal species ( Biddanda and Benner, 1997 ; Clark, 1998 ), finding

that either formulation could describe the data well. Furthermore,

Flynn et al. (2008) estimated that 0–30% of the gross C and N up-

take is released as DOM, thus underlining the importance of exu-

dation from a mass-budget perspective. 

What could be the combined impact of nutrient uptake regula-

tion, internal allocation, and exudation on algal stoichiometry? To

gain insight into this question, we consider the canonical Elrifi and

Turpin (1985) chemostat experiments, in which the C:N:P ratios

of the green alga Selenastrum minutum were measured under se-

vere N and P limitation for a large range of dilution rates. The

Elrifi and Turpin (1985) experiments provided one of the most

comprehensive studies of cellular N and P responses to steady-

state nutrient limitation, but have proven difficult to model and

interpret. According to the Growth Rate Hypothesis (GRH), the P

content of algae and other organisms should increase with in-

creasing growth rate, because maintaining high growth rates re-

quires a high complement of P-rich ribosomes ( Elser et al., 1996 ;

Sterner and Elser, 2002 ; Vrede et al., 2004 ; Moody et al., 2017 ).

However, the N:P ratio under N limitation decreases with increas-

ing growth rate: exactly the opposite of would be expected from

the GRH ( Flynn et al., 2010 ). Such breakdowns of the GRH can oc-

cur, if ribosomal RNA accounts for only a small fraction of the to-

tal P quota of phytoplankton ( Moreno and Martiny, 2018 ). Under

N limitation and P oversupply, much P may accumulate into in-

tracellular pools other than RNA or DNA, such as polyphosphates.

Thus, the dynamics of non-limiting nutrients likely need to be rep-

resented in a model to reproduce and understand the Elrifi and

Turpin (1985) measurements. This is in contrast with the classi-

cal Droop (1968) model commonly used to interpret algal stoichio-

metric data, which considers the relationship between the limiting

nutrient quota and the growth rate of the organisms ( Flynn, 2008 ).

Here, we revisit the Elrifi and Turpin (1985) dataset with a

combination of mass budgets and chemostat modeling, interpret-

ing a fast, growth-rate dependent flux of non-limiting N or P and

then discuss the implications. Using the mass budgets ( Section 2 ),

we argue that a significant fraction of the non-limiting N and P

may have been in DON and DOP in these experiments. Therefore,

our model formulation ( Section 3 ) includes exudation of N and

P, as well as uptake regulation and allocation of N and P to pro-

tein and RNA. Previously, the Elrifi and Turpin (1985) data have

been fit with models using two different approaches ( Flynn, 2008 ;

Bougaran et al., 2010 ). The Flynn (2008) model used auxiliary vari-

ables, such as the P:C ratio at which P transport is repressed

(PC rep ). For a good fit to the N-limited chemostat measurements,

this variable needed to have a parabolic dependence on the N:C

ratio of the organisms. That is, as the N:C ratio became higher,

PC rep first increased and then decreased, without a clear biochem-

ical underpinning. Bougaran et al. (2010) did not include such aux-

iliary variables and focused on uptake regulation mechanisms. In

this model, N uptake was regulated by both the N and the P quota,

because N uptake requires ATP and cofactors containing P. By con-

trast, P uptake was regulated by the P quota alone and not by

the N quota, which seems consistent with observations ( Karl, 2014 ;

Lin et al., 2016 ). However, the Bougaran et al. (2010) model did not

achieve as good a fit as the Flynn (2008) model, in particular un-

der N limitation. Thus, it appears that the inclusion of uptake reg-

ulation mechanisms is not sufficient to model the N:P trends ob-

served by Elrifi and Turpin (1985) . In our model, we represent not

only uptake regulation but also exudation, a process that is known

to occur, which neither Flynn (2008) nor Bougaran et al. (2010) in-

cluded. This allows us to fit the data using fewer parameters than
ither Flynn (2008) or Bougaran et al. (2010) . In Section 4 , we use

ur model to estimate uptake and exudation rates of N and P for

he Elrifi and Turpin (1985) experiments. These estimated rates are

igh and increase with increasing growth rate. The parameter es-

imate suggests that at the highest growth rates, N and P atoms

pend on average only a few hours inside the organisms before

hey are exuded. Finally, we discuss various lines of empirical evi-

ence pertaining to exudation and turnover of N and P among phy-

oplankton and we discuss possible reasons for a high exudation

 Section 5 ). 

. Mass budgets 

In this section, we first provide a brief summary of the

lrifi and Turpin (1985) measurements, after which we perform

ass-budget calculations based on these measurements. We use

he inferences from these mass budgets to inform the structure of

ur model describing the cycling of N and P between the medium

nd the organisms ( Section 3 ). 

Elrifi and Turpin (1985) performed chemostat measurements

n the chlorophyte Selenastrum minutum under N and P limita-

ion. In such experiments, input medium containing known con-

entrations of nutrients is added at a certain rate, while the cul-

ure containing organisms and residual nutrients is diluted out at

he same rate. Since the culture is at steady state, the growth rate

f the organisms equals the dilution rate. In other words, both

he nutrient supply (and therefore the severity of nutrient lim-

tation) and the growth rate of the organisms are controlled by

he dilution rate. One problem in various chemostat experiments

as been that the algal cells tend to take up all the non-limiting

 or P as luxury consumption (e.g., Rhee, 1978 ; Healey, 1985 ;

erry et al., 1985 ). Elrifi and Turpin (1985) avoided this by us-

ng input medium with extremely high and extremely low N:P ra-

ios: 2 mM KNO 3 and 10 μM Na 2 HPO 4 , i.e., an N:P ratio of 200:1

P limitation) and 100 μM KNO 3 and 100 μM Na 2 HPO 4 , i.e., an

:P ratio of 1:1 (N limitation). The algae were unable to deplete

he non-limiting nutrient, because it was simply too overabun-

ant. Elrifi and Turpin (1985) measured particulate C, N, and P, to-

al chlorophyll, and residual nitrate and phosphate in the outflow

edium. 

The mass budgets are illustrated in Fig. 1 . At all dilution rates,

lrifi and Turpin (1985) found residual non-limiting nutrient con-

entrations in the range of 40–60 μM for phosphate or 1.25–

.50 mM for nitrate. These measurements were well above the

etection limit of the relevant assays (Elrifi and Turpin, personal

ommunication). In the N-limited experiments, the N:P ratio of the

articulate organic matter was ~2 at low dilution rates, increasing

o ~10 at the highest dilution rates. Assuming that all the 100 μM

 in the input medium was converted into biomass, this means

hat P in biomass amounted to ~50 μM at low dilution rates and

10 μM at the highest dilution rates. Since the total amount of P

qualed 100 μM, the residual phosphate (40–60 μM) and biomass

 (~50 μM) can together account for all the P at low dilution rates.

owever, there emerges a gap in the mass budget at high dilution

ates: the residual phosphate (40–60 μM) and biomass P (~10 μM)

dd up to only 50–70 μM, which implies that 30–50 μM P is un-

ccounted for. Similarly, there is a gap in the N budget at high

ilution rates under P limitation. Assuming that all the limiting

 was in biomass, the amount of non-limiting N in biomass was

0.15 mM at the highest dilution rates, because the N:P ratio of

he particulate organic matter was around 15 and the P in the in-

ut medium was 0.01 mM. This means that the biomass N and ni-

rate add up to 1.40–1.65 mM. Since the input medium contained

.0 mM N, 0.35–0.60 mM N is not accounted for. 

How could the gaps in the budgets of non-limiting N and P be

xplained? It is common for especially P in particular to disap-
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Fig. 1. The P budget under N limitation (a) and the N budget under P limitation 

(b). The P (a) and N (b) above the dashed line are accounted for by the residual 

phosphate (a) and nitrate (b); the P (a) and N (b) underneath the data points are 

accounted for by POM, under the assumption that all the limiting N (a) and limiting 

P (b) are in POM. The gap between the data points and the dashed line at the higher 

dilution rates may then be accounted for by DOM. 
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ear from microalgae growth media when precipitates form dur-

ng preparation. However, this depends (among other things) on

he major cations used in the experiments, which were Na + and

 

+ ( Elrifi and Turpin, 1985 ). Na 2 HPO 4 and K 2 HPO 4 are highly sol-

ble in water, up to 0.5 M and 3.5 M, respectively ( Eysseltova and

irkse, 1988 ): about 4 orders of magnitude higher than the con-

entrations used. Moreover, P precipitation during preparation

ould have led to a gap in the P budget at all growth rates. As

an be seen in Fig. 1 a, there is only a significant gap in the P bud-

et at growth rates over 1 per day and there is no budget gap at

ow growth rates. Budget gaps could also be caused by measure-

ent errors, but it is again unclear why such budget gaps would

ystematically increase with increasing growth rate of the organ-

sms. This suggests that the cause of the budget gaps was in the

ulture. In other words, some of the non-limiting P/N that was

dded would have been converted in the culture into forms that

ere neither inorganic P/N nor particulate P/N. Such forms can be
efined operationally as DOM ( Koistinen et al., 2020 ), even if they

re not necessarily organic molecules (e.g., polyphosphate is DOP

ccording to this operational definition). 

Assuming that the missing N and P was in DOM, further in-

erences can be made. Firstly, the DOM exudation must have in-

reased with increasing growth rate, because the DOM concentra-

ion increased with increasing growth rate. A DOM exudation rate

ndependent of the growth rate would have led to a DOM concen-

ration that decreased with increasing growth/dilution rate, as the

OM was lost from the chemostat faster at higher dilution. Sec-

ndly, the uptake rates of the non-limiting nutrients must have

een higher at high dilution rates than at low dilution rates. With-

ut such a variation in the uptake rates, the concentration of resid-

al non-limiting nitrate and phosphate would have increased with

ncreasing dilution rate, because the supply rate of nutrients is also

igher at higher dilution rates. Probably, this variation in the up-

ake of the non-limiting nutrients is due to downregulation at the

ow dilution rates because of the very high internal quota of these

utrients. 

. Model 

Early models for algal physiology and stoichiometry focused on

he role of the internal quota of a single nutrient ( Droop, 1968 ;

aperon and Meyer, 1972 ), an approach that was later expanded to

ultiple nutrients ( Legovic and Cruzado, 1997 ; Klausmeier et al.,

004 ). More recently, there has been emphasis on nutrient uptake

egulation ( Pahlow, 2005 ; Smith and Yamanaka, 2007 ) and the in-

ernal allocation of nutrients to various functional macromolecu-

ar pools ( Smith and Yamanaka, 2007 ; Pahlow and Oschlies, 2009 ).

he Flynn (2008) and Bougaran et al. (2010) models, which were

sed to interpret the Elrifi and Turpin (1985) experiments, also

ad a strong focus on the regulation of nutrient uptake and trans-

ort. Relatively little attention has been paid to exudation, al-

hough models may provide a more accurate description of cellu-

ar growth if this process is explicitly included ( Kooijman, 2010 ;

rossowicz et al., 2017a ). In fact, the mass budgets in the previ-

us section indicate that in the Elrifi and Turpin (1985) experi-

ents, a large fraction of the non-limiting N and P taken up by

he organisms was exuded as DON and DOP. Therefore, both uptake

egulation and exudation are represented in our chemostat model.

urthermore, the model includes the generally observed increase

n the RNA:protein ratio with increasing growth rate ( Scott et al.,

010 ). 

Our model (schematic in Fig. 2 , with parameters and variables

n Tables 1 and 2 , respectively) includes N and P in the medium

 N med and P med ), C, N and P in living biomass ( C bio , N bio , and P bio ),

ivided into pools of functional RNA and protein ( N RNA and N prot ,

n N units), and C, N, and P reserves ( C res , N res , and P res ). The

eason for this division is that the rates of nutrient uptake and

iomass production are determined by the functional pools, while

he reserve pools likely play a key role in determining the over-

ll C:N:P ratios of the organisms. Furthermore, we assume that

he nutrient uptake rate is proportional to the amount of protein.

ith inflow N and P concentrations N in and P in and chemostat di-

ution rate d , we have the following dynamic equations for N med 

nd P med : 

dN med 

dt 
= d ( N in − N med ) − V N N prot (1) 

dP med 

dt 
= d ( P in − P med ) − V P N prot (2) 

The uptake rates of both N and P follow Michaelis-Menten ki-

etics; uptake regulation is included through a linearized version
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Table 1 

Description of the parameters with associated units and first-guess and posterior values; wherever the posteriors have no error estimates, 

the parameter has been held constant. The uncertainty measure is one standard deviation. 

Symbol Description Initial guess Posterior Units 

P m,C Maximum gross photosynthesis rate 20 33.2 ± 1.3 mol C/N-mol protein per day 

V m,N Maximum N uptake rate 10 8.6 ± 0.4 mol N/N-mol protein per day 

V m,P Maximum P uptake rate 5 1.31 ±0.04 mol P/N-mol protein per day 

K C,i Photosynthesis inhibition saturation constant 2 15.6 ± 0.2 mol C/mol N 

K N,i N uptake inhibition saturation constant 2 1.437 ±0.014 –

K P,i P uptake inhibition saturation constant 2 0.540 ±0.010 mol P/mol N 

y Ex,N,0 N excretion fraction at μ = 0 0.1 0.0002 ±0.0012 –

a N Increase in N excretion fraction with increasing μ 0.1 0.467 ±0.007 days 

y Ex,P,0 P excretion fraction at μ = 0 0.1 0.00001 ±0.00016 –

a P Increase in P excretion fraction with increasing μ 0.1 0.515 ±0.003 days 

b 0 RNA:protein at μ = 0 0.06 0.06 N-mol RNA/N-mol protein 

b 1 Increase in RNA:protein with increasing μ 0.08 0.08 N-mol RNA/N-mol protein days 

r 0 Maintenance respiration 0.1 0.1 per day 

r 1 Respiration cost of growth 0.3 0.3 –

R C:N(DON) C:N ratio of DON 2 3.1 ± 0.4 mol C/mol N 

R C:P(DOP) C:P ratio of DOP 2 6.6 ± 0.9 mol C/mol P 

R N:P(RNA) N:P ratio of RNA 3.75 3.75 mol N/mol P 

RNA
Protein

P

Cres

res

DOP
Exudation

DON

Nres

N
Pmed

Uptake
Uptake

Exudation

med

Photosynthesis

Fig. 2. A schematic depiction of the model with the different compartments: DIN and DIP in the medium ( N med and P med ), protein ( N prot ), RNA ( N RNA / P RNA ), N and P reserves 

( N res and P res ), DON, DOP. N prot , N RNA , and N res together form N bio ; P RNA and P res together form P bio . The colors indicate the different elements: green for C, yellow for N, blue 

for P. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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of the Rhee (1973) uptake regulation formulation: 

 N = 

V m,N N med 

K N + N med 

1 

1 + 

Q N,i 

K N,i 

≈ V m,N N med 

K N + N med 

(
1 − Q N,i 

K N,i 

)
(3)

 P = 

V m,P P med 

K P + P med 

1 

1 + 

Q P,i 

K P,i 

≈ V m,P P med 

K P + P med 

(
1 − Q P,i 

K P,i 

)
(4)

with K N and K P half-saturation constants for the uptake of N and P,

respectively, and V m,N and V m,P respective maximum uptake rates

for N and P. Q N,i and Q P,i are the total N and P inside the organ-

isms, normalized by the amount of N in functional biomass: Q N,i 

≡ N bio / ( N prot + N RNA ), Q P,i ≡ P bio / ( N prot + N RNA ), whereas K N,i and K P,i

are coefficients determining the uptake inhibition ( Rhee, 1973 ). Our
inearized Eqs. (3) and (4) are analogous to the formulation for P

ptake regulation used by Bougaran et al. (2010) . In contrast with

ougaran et al. (2010) , the formulation for uptake regulation is

ualitatively the same for N and P. We are making this choice, be-

ause using the same formulation for N and P is the simplest and

ost parsimonious approach. Moreover, the residual non-limiting

norganic nutrient concentration is approximately constant across

ll dilution rates under both N and P limitation in the Elrifi and

urpin (1985) experiments, suggesting that uptake regulation op-

rates in a similar fashion for both nutrients. 

The N and P taken up are assimilated into biomass with yield

actors y N and y P : 

dN bio 

dt 
= y N V N N prot − dN bio (5)

dP bio 

dt 
= y P V P N prot − dP bio (6)

The remaining fractions y Ex,N ≡ 1- y N and y Ex,P ≡ 1- y P are re-

eased as DON and DOP, essentially the same formulation as in the
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Table 2 

Description of the variables with associ- 

ated units. 

Symbol Description Units 

N med N in medium mM N 

P med P in medium μM P 

C res C in storage μM C 

N res N in storage μM N 

P res P in storage μM P 

C RNA C in RNA μM C 

N RNA N in RNA μM N 

P RNA P in RNA μM P 

C prot C in protein μM C 

N prot N in protein μM N 

C bio C in biomass μM C 

N bio N in biomass μM N 

P bio P in biomass μM P 

d Dilution rate per day 
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lassical Fasham et al. (1990) model. Furthermore, mass budgets

 Fig. 1 ) suggest that the exuded fractions increase with increasing

rowth rate ( μ). As a first-order approximation, we assume that

his increase is linear: 

 Ex,N = y Ex,N, 0 + a N μ (7) 

 Ex,P = y Ex,P, 0 + a P μ (8) 

ith a N ≡ d ( y Ex,N ) /d μ, a P ≡ d ( y Ex,P ) /d μ constants. 

The dynamics of biomass C ( C bio ) are determined by the balance

f gross photosynthesis ( P C ), respiration ( r C ), C exudation ( ex C ),

he costs of DON production due to the required NO 3 
− reduction

 co DON ), and dilution: 

dC bio 

dt 
= P C − r C − ex C − co DON − dC bio (9) 

We assume that photosynthesis is proportional to the amount

f protein and is regulated by the C quota of the organisms in a

anner analogous to how the uptake of N and P is regulated by

he N and P quota: 

 C = 

P m,C N prot 

1 + 

Q C,i 

K C,i 

≈ P m,C N prot 

(
1 − Q C,i 

K C,i 

)
(10) 

ith Q C,i ≡ C bio / ( N prot + N RNA ). We do not account for variations in

he light intensity, since the light intensity was constant in the

lrifi and Turpin (1985) experiments. We use an empirical formula

or respiration, taking account of both maintenance and growth

espiration: 

 C = ( r 0 + r 1 μ) C bio (11) 

Geider and Osborne (1989) compiled values for the mainte-

ance respiration and growth respiration parameters for various al-

al species. Here, we will use average values from this compilation,

aking r 0 equal to 0.1 per day and r 1 equal to 0.3. 

We take ex C = R C:N(DON) (1- y N ) V N N prot + R C:P(DOP) (1- y P ) V P N prot ,

ith R C:N(DON) the C:N ratio of the exudate under P limitation and

 C:P(DOP) the C:P ratio of the exudate under N limitation. Further-

ore, we take co DON = 2(1- y N ) V N N prot : we assume that producing

 mol of dissolved organic N from nitrate costs (the equivalent of)

 mol C. The reason for this assumption is that the energetic costs

f the conversion of nitrate into biomass N are ~12 mol ATP/(mol

) ( Raven, 1984 ; Pahlow, 2005 ), while aerobic glucose oxidation

roduces ~6 mol ATP/(mol C) ( Rich, 2003 ). Together, this gives an

stimate for the respiratory costs of protein synthesis of ~2 mol

/mol N. 

To calculate the division between the different macromolecular

ools within the biomass, we assume that the limiting nutrient is
ntirely in the functional components (protein + RNA for N, RNA for

). The RNA:protein ratio increases with the growth rate (consis-

ent with the GRH), according to an empirical relationship: 

N RNA 

N prot 
= b 0 + b 1 μ (12) 

We take b 0 equal to 0.06 N-mol RNA/N-mol protein and b 1 
qual to 0.08 N-mol RNA/N-mol protein days, based on obser-

ations on the protist Euglena gracilis ( Cook, 1963 ); similar re-

ationships exist for various other microorganisms (Figure S1 in

cott et al., 2010 ). We take the N:P ratio of RNA ( R N:P(RNA) ) equal

o 3.75, because the nucleobases of RNA have on average 3.75 N

toms: adenine and guanine each have 5, cytosine has 3, and uracil

as 2 N atoms. 

As described in detail in Appendix A , these equations give

ise to expressions for the stoichiometric ratios under N and

 limitation and the residual non-limiting nitrate and phos-

hate in the medium, which are then fitted against the chemo-

tat data. The parameter estimation is performed using a

etropolis et al. (1953) procedure, as described in Appendix B and

iscussed in Omta et al. (2017) . For our parameter estimation, we

se not only the reported algal stoichiometric ratios (C:N, C:P, N:P),

ut also their inverses (N:C, P:C, P:N) to prevent the data points

ith high C or N from dominating the fit. Based on a visual inspec-

ion of the data, we assume uncertainties for the N-limited mea-

urements of 0.4 mol C/mol N, 0.003 mol N/mol C, 3 mol C/mol P,

.0015 mol P/mol C, 0.5 mol N/mol P, 0.05 mol P/mol N, and 5 μM

espectively for the C:N, N:C, C:P, P:C, N:P, P:N ratios, and resid-

al phosphate, and for the P-limited measurements 0.4 mol C/mol

, 0.01 mol N/mol C, 25 mol C/mol P, 0.001 mol P/mol C, 4 mol

/mol P, 0.003 mol P/mol N, and 62.5 μM respectively for the C:N,

:C, C:P, P:C, N:P, P:N ratios, and residual nitrate. 

. Results 

The fits are shown in Fig. 3 . The purple model curves are com-

osed of 500 randomly drawn simulations with parameter sets ac-

epted by the Metropolis algorithm. As a result, the widths of the

omposite purple curves reflect the uncertainties in the fits. Twelve

arameters are estimated: the maximum photosynthesis rate P m,C ,

he maximum N and P uptake rates V m,N and V m,P , the inhibition

oefficients K C,i , K N,i , and K P,i , the exudation parameters y Ex,N, 0 , a N ,

 Ex,P, 0 , and a P , the C:N ratio of DON R C:N(DON) , and the C:P ratio of

OP R C:P(DOP) . The means and standard deviations of the posterior

arameter distributions are listed in Table 1 ; as an example, one

osterior parameter distribution (of V m,P ) is plotted in Fig. 4 . The

stimated maximum N and P uptake rates (8.6 ± 0.4 mol N/N-mol

rotein per day and 1.31 ±0.04 mol P/N-mol protein per day, re-

pectively) are lower than the maximum uptake rates for Selenas-

rum minutum measured in pulse experiments: ~12 mol N/N-mol

rotein per day for N ( Weger et al., 1988 ) and ~3 mol P/N-mol pro-

ein per day for P ( Gauthier and Turpin, 1997 ). Possibly, the organ-

sms in the pulse experiments were hoarding N and P temporarily,

hereas the populations in the Elrifi and Turpin (1985) continuous

ulture experiments were at steady state. For the other estimated

arameters (e.g., DOM production), no such direct comparison can

e made with measured values, but we will discuss evidence per-

aining to DOM production on a more general level in Section 5 . 

Our chemostat model captures key trends observed by Elrifi and

urpin (1985) . Consistent with the data, the C:N ratio decreases

nd the C:P and N:P ratios increase with increasing dilution un-

er N limitation ( Fig. 3 a, c, e), the C:N, C:P, and N:P ratios all de-

rease with increasing dilution under P limitation ( Fig. 3 b, d, f),

nd the concentration of the non-limiting residual phosphate is ap-

roximately constant ( Fig. 3 g). The non-limiting residual nitrate in-

reases slightly and reaches a plateau ( Fig. 3 h), but remains mostly
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Fig. 3. (a,b,c,d,e,f) Model fits (purple lines) and chemostat measurements (green 

crosses) on Selenastrum minutum ( Elrifi and Turpin, 1985 ): N:P under N (a) and P 

limitation (b); C:P under N (c) and P limitation (d); C:N under N (e) and P lim- 

itation (f). (g,h) Model fits (purple lines) and measured boundaries (dashed black 

lines) of phosphate under N limitation (g) and nitrate under P limitation (h). Each 

of the purple model curves is composed of 250 randomly drawn simulations with 

parameter sets accepted by the Metropolis algorithm. The widths of the composite 

lines reflect the uncertainties in the fits, according to the algorithm. (For interpre- 

tation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 

Fig. 4. An example of a posterior parameter distribution ( V m,P ). 
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ithin the 1.25–1.5 mM measured by Elrifi and Turpin (1985) . The

arameter estimate indicates that the fraction of the non-limiting

 and P taken up that is exuded as DON and DOP increases from

bout 10% at the lowest growth rates up to 80% at the highest

rowth rates. Essentially, such a high exudation is needed to be

onsistent with the mass budgets. At the highest growth rates,

ore non-limiting N and P is in DOM than in living biomass (see

ig. 1 ), implying that most of the non-limiting nutrients taken up

ust be converted into DOM. Furthermore, we have estimated el-

mental turnover rates by dividing the amount of C, N, and P in

iomass by the exudation rates of each of these elements. These

stimates indicate that at the highest growth rates, non-limiting N

nd P atoms spent on average about 3 h inside an organism before

eing exuded. By comparison, the turnover of C estimated by our

odel is relatively slow: at the highest growth rates, C atoms spent

n average about 1 day (N limitation) or about 6 h (P limitation)

nside an organism before being exuded. 

. Discussion 

Algae can manage the flow of nutrients such as N and P in var-

ous ways. To examine the potential roles of nutrient uptake reg-

lation, internal allocation, and exudation, we have reanalyzed the

lrifi and Turpin (1985) measurements on the chlorophyte Selenas-

rum minutum in continuous culture. We inferred that there were

aps in the mass budgets of the non-limiting N and P. Mass bud-

et gaps could be caused by precipitation during preparation of the

rowth medium or by measurement errors, but such gaps would

ikely have been independent of the algal growth rate. The fact

hat the mass budget gaps systematically increase with increasing

lgal growth rate suggests to us that the cause of the budget gaps

ust be sought in the algal culture. A possible explanation is then

hat the algae converted a large fraction of the non-limiting N and

 into DON and DOP, in particular at the highest growth rates. A

ormal parameter estimate using a plankton model then suggested

hat DOM exudation played a key role in determining the N:P ra-

ios. That is, the exudation was lowest at low growth rates, leading

o a large accumulation of non-limiting N and P. At higher growth

ates, exudation was higher, leading to lower N:P ratios under P

imitation and higher N:P ratios under N limitation. In the follow-

ng, we will first discuss issues related to the interpretation of our

ass budgets ( Section 5.1 ). Subsequently, we will address exist-

ng empirical evidence pertaining to exudation and turnover of N

nd P, as well as possible future experiments to test our inferences

 Section 5.2 ). Finally, we will focus on why organisms may exude

OM at high rates ( Section 5.3 ). 

.1. Interpretation of the mass budgets 

Our mass budgets rely on a comparison between the inorganic

 and P in the input medium on one hand and the particulate N

nd P and the residual inorganic N and P on the other hand. This

ay not be entirely accurate for P, since the inorganic P concen-

ration in the completed media can be overestimated when using

tandard measurement procedures ( Benitez-Nelson, 20 0 0 ). Thus,

he P budget gap may have been larger than we estimated. In

hat case, both the DOP concentration and the DOP production rate

ould have been even higher than we inferred. 

Which N- and P-rich molecules would the organisms have accu-

ulated at low dilution rates and exuded at higher dilution rates

n the Elrifi and Turpin (1985) experiments? One indication is pro-

ided by the N-limited N:P ratios at low dilution rates. These ratios

ere so low (around 2) that much P must have been in molecules

hat do not contain N, such as polyphosphates. Indeed, it has been

bserved that a large portion of phytoplankton cellular P is allo-

ated to polyphosphates ( Rhee 1973 ; Powell et al., 2011 ), even in
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ceanic environments where P is very scarce ( Orchard et al., 2010 ;

artin et al., 2014 ; Diaz et al., 2016 ). Moreover, the green alga

hlamydomonas reinhardtii has been observed to release polyphos-

hates into its extracellular matrix ( Werner et al., 2007 ). NMR

easurements on the DOP produced by the diatom Thalassiosira

seudonana ( Saad et al., 2016 ) have suggested that most of the

OP consisted of phosphate esters. Apart from phosphate esters,

xudation of phosphonates and phosphites ( Van Mooy et al., 2015 )

nd nucleic acids ( Biller et al., 2014 ) has been found, depend-

ng on the phytoplankton species. The molecular composition of

ON exuded by phytoplankton seems less variable, with much be-

ng in the form of amino acids ( Hammer and Brockmann, 1983 ;

dmiraal et al., 1986 ; Myklestad et al., 1989 ), although exuda-

ion in the form of ammonium ( Bergman, 1984 ) and nucleic acids

 Biller et al., 2014 ) has also been observed. That said, it is ques-

ionable whether the molecular composition of the DOM released

n the Elrifi & Turpin (1985) experiments would have been sim-

lar to what has been observed in these other studies. That is,

he Elrifi and Turpin, 1985 experiments were performed under

ather extreme input medium N:P ratios equal to 1:1 (N limita-

ion) and 200:1 (P limitation). Thus, the organisms received a large

xcess of N (P limitation) and P (N limitation) with nowhere to

ut it, which may have led to exudation of DOM with low C:N

P limitation) and C:P (N limitation). Indeed, our parameter es-

imates indicate low DOM C:N and C:P ratios of 3.1 ± 0.4 and

.6 ± 0.9, respectively (see Table 1 ). As a corollary, the inferred

igh rates of DON and DOP production might occur only when

here is a large overabundance of N or P. Such overabundance is

ncommon in the natural environment, although inorganic N:P ra-

ios varying between values as low as 0.2 and as high as 260

ave been recorded in eutrophic lakes ( Barica, 1990 ). Even so, fast

urnover of P has been observed in various natural ecosystems. P

urnover times in lakes vary between 1 min and 1 week, depend-

ng on the trophic state and the season ( Rigler, 1964 ; Halmann and

tiller, 1974 ; Peters and MacIntyre, 1976 ; Boulion, 2012 ). Turnover

imes in the open ocean are on the order of 1–10 days ( Benitez-

elson and Buesseler, 1999 ; Björkman et al., 20 0 0 ; Nausch and

ausch, 2006 ; Nowlin et al., 2007 ; Paytan and McLaughlin, 2007 ;

ohm and Capone, 2010 ; Björkman et al., 2012 ), significantly longer

han the few hours that we estimated. However, the open-ocean

easurements may in many cases reflect the turnover through the

ntire microbial loop, rather than the residence time within one

rganism. 

.2. Empirical evidence 

Is there independent evidence that algae excrete large amounts

f DON and DOP? A survey of various culture studies indicated

hat phytoplankton release on average ~20% of their gross N up-

ake as DON ( Sipler and Bronk, 2015 ), with the exact fraction de-

ending on various factors such as the nutritional state of the or-

anisms ( Bronk, 1999 ; Nagao and Miyazaki, 2002 ). It appears that

hytoplankton exudes DON mainly in the form of amino acids

 Sipler and Bronk, 2015 ). Experiments using radiolabeled P suggest

igh rates of rapid P uptake and excretion for various organisms.

aximum P uptake rates more than 100-fold greater than what

ould be required stoichiometrically for growth were found for

he chlorophyte Dunaliella salina ( Grant et al., 2013 ) and for the

iatom Thalassiosira weissflogii ( Laws et al., 2013 ). Exudation mea-

urements have indicated a fast P release on a timescale of min-

tes, followed by a slower release on timescales of hours to days

or both the ciliate Strombidium viride ( Taylor and Lean, 1981 ) and

he green alga Scenedesmus quadricauda ( Jansson, 1993 ). Dissolved

rganic phosphorus (DOP) production coupled with P uptake has

een documented in a variety of natural ecosystems. For example,

jörkman et al. (20 0 0) observed that 10–40% of the net P uptake in
he subtropical North Pacific is released as dissolved organic phos-

horus (DOP). Björkman and Karl (2003) then estimated that the

icrobial community in the North Pacific subtropical gyre derives

50% of its P from DOP. In mesocosm experiments, P enrichment

ed to a high DOP production, with most of the added inorganic P

aving been converted into DOP within 3–5 days ( Ruttenberg and

yhrman, 2012 ). Even so, the actual mechanisms behind DOP pro-

uction and the specific contribution from excretion by phyto-

lankton remain elusive ( Karl and Björkman, 2015 ). Further evi-

ence regarding exudation rates may be collected through batch

ulture studies, in which the accumulation of N- and P-rich com-

ounds is monitored. Apart from being an empirical test for our in-

erred rapid N and P exudation, such measurements could provide

nsight into the key physiological processes. A different starting

oint for more detailed investigations may be pulse-and-chase iso-

ope measurements. However, exudation rates may be underesti-

ated in such experiments due to re-uptake of exuded DOM, since

any phytoplankton species produce DON and DOP hydrolysis en-

ymes, e.g., amine oxidases ( Palenik and Morel, 1991 ; Pantoja and

ee, 1994 ) and alkaline phosphatase ( Litchman and Nguyen, 2008 ;

anhofer et al., 2009 ; Dyhrman, 2016 ; Li et al., 2016 ). 

Our parameter estimate suggests that there was significant ex-

dation of C, in addition to N and P exudation. Furthermore, the

roduction of large amounts of DON under P limitation would

ave implied the reduction of large amounts of NO 3 
−. Was the

ight intensity in the experiments (100 μE/(m 

2 s)) sufficient to sus-

ain the estimated rates of organic matter production? To inves-

igate this, we calculated the required gross photosynthesis rates

see Appendix C ). This required gross photosynthesis turned out

o be highest at high growth rates under P limitation, reaching

bout 0.5 mol C/(g Chl hr). Similar, and even higher, C fixation

ates have been observed in cultures under 100 μE/(m 

2 s) (e.g.,

latt et al., 1980 ; Harding et al., 1982 ; Felcmanová et al., 2017 ),

s well as in the natural environment ( Laws et al., 2016 ). Note that

he gross photosynthesis is actually higher than these measured

 fixation rates, which do not include respiration. In addition, the

aximum photosynthesis rates predicted by the model are within

he expected range based on the turnover number of Rubisco (see

etailed calculation in Appendix C ). Thus, empirical evidence sug-

ests that the gross photosynthesis required to sustain the organic

atter production rates is not implausible. 

.3. Why would organisms exude N and P at high rates? 

From an ecological perspective, there may be benefits to exu-

ation due to mutualisms and competition. For example, Berman-

rank and Dubinsky (1999) suggested that phytoplankton could

enefit from exuding DOC because of mutualistic relationships

ith bacteria. It has been suggested that the cyanobacterium Tri-

hodesmium exudes P-rich compounds for this reason ( Van Mooy

t al., 2015 ). Furthermore, the bacterium Azospirillum brasilense has

een shown to enhance polyphosphate exudation by the green alga

hlorella vulgaris ( Meza et al., 2015 ). In many cases, the costs of

roducing and exuding compounds that benefit a mutualist ap-

ear negligible ( Pacheco et al., 2019 ). Alternatively, organisms may

apidly take up non-limiting P to deprive competitors of this re-

ource; the purpose of the DOP release is then simply to get rid

f the excess P. This could be a viable strategy, because much

f the DOP released by phytoplankton is refractory: for example,

hosphonates, organophosphates, and organophosphites are not 

egraded by phosphatases. It is more difficult to see how such a

trategy could work in the case of N, since phytoplankton exude N

ostly in labile forms (amino acids, ammonium, nucleic acids). 

Taking a more physiological perspective, the origin of the in-

erred increase in DOM production with increasing growth rate

ay be that a faster metabolism produces more waste. However,



8 A.W. Omta, D. Talmy and K. Inomura et al. / Journal of Theoretical Biology 494 (2020) 110214 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

u

V  

y  

V  

a

N  

 

E

P  

w

 

l

C

 

w  

D  

E  

r  

T

 

t

N  

A

+

N  

 

t

V  

y  

V  
it could also indicate a shift to different metabolic pathways. For

example, bacteria and yeast have been observed to shift from

an oxidative metabolism at low growth rates to a fermentative

(“overflow”) metabolism at high growth rates, even in the pres-

ence of sufficient oxygen ( Rieger et al., 1983 ; Sonnleitner and Kap-

peli, 1986 ; Majewski and Domach, 1990 ; Szenk et al., 2017 ). This

shift then leads to an increase in exudation of acetate and ethanol,

as well as a decreasing biomass yield per amount of substrate.

It has been argued that this shift occurs, because the costs of

synthesizing the required enzymes become more important than

the metabolic efficiency of the pathway at high substrate concen-

trations ( Molenaar et al., 2009 ). Indeed, the costs of synthesiz-

ing the required proteins have been shown to be higher for res-

piration than for fermentation ( Basan et al., 2015 ). Could similar

metabolic shifts be responsible for the increase in DON and DOP

exudation with increasing growth rate inferred from the Elrifi and

Turpin (1985) measurements? The generality and specifics of this

question, brought forth by the analysis presented here, could be

addressed through dedicated experiments and modeling effort s.

Particularly helpful may be chemostat experiments on phytoplank-

ton, in which the molecular composition of the exuded DON and

DOP is analyzed at different growth rates. Subsequently, the possi-

ble metabolic origins of changes in the exuded molecules may be

investigated using Flux Balance Analysis ( Orth et al., 2010 ). 

Data archiving 

This study did not generate any new data, as it used published

chemostat measurements ( Elrifi and Turpin, 1985 ). The FORTRAN

code and the data that were used are available through https://

github.com/AWO-code/ElrifiTurpin1985 . 
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Appendix A. Chemostat at steady state 

We solve the steady-state equations directly by setting the time

derivatives equal to 0, as is commonly done in Metabolic Flux

Models ( Varma and Palsson, 1994 ) and we set the growth rate μ
equal to the dilution rate d . Below, we make approximations based

on which nutrient is limiting. 

A.1. P limitation 

We assume that all the P is in RNA: P RNA = P bio = P in .

Eq. (12) then gives: 

N prot = 

N RNA 

b 0 + b 1 d 
= 

R N: P ( RNA ) P in 

b 0 + b 1 d 
(A.1)

with R N:P(RNA) the N:P ratio of RNA. N med is very high (1.25–

1.5 mM) under P limitation, which means that Eq. (3) for the N
ptake can be approximated as: 

 N ≈ V m,N 

(
1 − Q N,i 

K N,i 

)
= V m,N 

( 

1 − N bio (
N prot + N RNA 

)
K N,i 

) 

(A.2)

Furthermore, setting the time derivative in Eq. (5) equal to 0: 

 N V N N prot − d N bio = 0 (A.3)

Combining (A.2) and (A.3) then gives: 

 m,N N prot = 

( 

V m,N N prot (
N prot + N RNA 

)
K N,i 

+ 

d 

y N 

) 

N bio (A.4)

nd therefore: 

 bio = 

V m,N N prot 

V m,N N prot 

( N prot + N RNA ) K N,i 

+ 

d 
y N 

= 

(
V m,N R N: P ( RNA ) P in 

b 0 + b 1 d 

)
(

V m,N 

( 1+ b 0 + b 1 d ) K N,i 
+ 

d 
y N 

) (A.5)

To obtain an expression for C bio , we set the time derivative in

q. (9) equal to 0: 

 C − r C − e x C − c o DON − d C bio = 0 (A.6)

hich gives with Eqs. (10) and (11) : 

C bio 

( 

P m,C N prot 

K C,i 

(
N prot + N RNA 

) + r 0 + r 1 d + d 

) 

= P m,C N prot − ex C − co DON (A.7)

eading to: 

 bio = 

P m,C N prot −ex C −co DON 

P m,C N prot 

( N prot + N RNA ) K C,i 

+ r 0 + d ( 1 + r 1 ) 
= 

(
P m,C −

(
R C: N ( DON ) + 2 

)
( 1 −y N ) V N 

)
N prot 

P m,C 

( 1 + b 0 + b 1 d ) K C,i 
+ r 0 + d ( 1 + r 1 ) 

(A.8)

here we assumed that there is exudation of DON but not of

OP under P limitation, i.e., ex C = R C:N(DON) (1- y N ) V N N prot . Using

qs. (A .5) , (A .8) , and P bio = P in , we calculate the C:N, C:P, and N:P

atios of the organisms, which are then fitted against the Elrifi and

urpin (1985) data. 

To get an expression for N med , we set the time derivative equal

o 0 in Eq. (1) : 

 med = N in −
V N N prot 

d 
≈ N in − V m,N 

(
1 − Q N,i 

K N,i 

)
R N: P ( RNA ) P in 

d ( b 0 + b 1 d ) 
(A.9)

.2. N limitation 

We assume that all N is in protein and RNA: N prot 

 N RNA = N bio = N in , giving with Eq. (12) : 

 prot = 

N in 

1 + 

N RNA 

N prot 

= 

N in 

1 + b 0 + b 1 d 
(A.10)

P med is very high (40–60 μM) under N limitation which means

hat Eq. (4) for the N uptake can be approximated as: 

 P ≈ V m,P 

(
1 − Q P,i 

K P,i 

)
= V m,P 

(
1 − P bio 

N in K P,i 

)
(A.11)

Setting the time derivative in Eq. (6) equal to 0: 

 P V P N prot − d P bio = 0 (A.12)

Combining (A.11) and (A.12) gives: 

 m,P N prot = 

(
V m,P 

( 1 + b 0 + b 1 d ) K P,i 

+ 

d 

y P 

)
P bio (A.13)

https://github.com/AWO-code/ElrifiTurpin1985
https://doi.org/10.13039/100000936
https://doi.org/10.13039/100000001
https://doi.org/10.13039/501100000038
https://doi.org/10.13039/501100001742
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nd therefore: 

 bio = 

V m,P N prot 

V m,P 

( 1+ b 0 + b 1 d ) K P,i 
+ 

d 
y P 

= 

V m,P N in 

V m,P 

K P,i 
+ 

d ( 1+ b 0 + b 1 d ) 
y P 

(A.14) 

The expression for C bio is the same as under P limitation (A.8) ,

xcept that we now assume that there is exudation of DOP but not

f DON, i.e., ex C = R C:P(DOP) (1- y P ) V P N prot : 

 bio = 

P m,C N prot − ex C 
P m,C N prot 

K C,i ( N prot + N RNA ) 
+ r 0 + d ( 1 + r 1 ) 

= 

(
P m,C −R C: P ( DOP ) ( 1 − y P 

)
V P 

)
N prot 

P m,C 

K C,i ( 1+ b 0 + b 1 d ) + r 0 + d ( 1 + r 1 ) 

(A.15

Using equations (A .8) , (A .14) , and N bio = N in , we calculate the

:N, C:P, and N:P ratios of the organisms, which are then fitted

gainst the Elrifi and Turpin (1985) data. 

To obtain an expression for P med , we set the time derivative

qual to 0 in Eq. (2) : 

 med = P in −
V P N prot 

d 
≈ P in −

V m,P 

1 − Q P,i 

K P,i 

N in 

( 1 + b 0 + b 1 d ) d 
(A.16) 

ppendix B. Metropolis procedure 

For parameter estimation in ocean plankton models, gradient

ethods have often been used ( Gregg et al., 2009 ), such as the ad-

oint method ( Fennel et al., 2001 ; Spitz et al., 2001 ; Faugeras et al.,

004 ) or the conjugate direction method ( Fasham and Evans, 1995 ;

asham et al., 1999 ; Hemmings et al., 2003 ). One disadvantage

f gradient methods is that they tend to find the nearest opti-

um, which is not necessarily the global optimum. Therefore, if a

lobal search method is computationally feasible for the optimiza-

ion problem at hand, then a global search is preferable over a lo-

al search through a gradient method. Commonly used global op-

imization methods are random-walk Monte Carlo algorithms and

enetic algorithms ( Athias et al., 20 0 0 ; Vallino, 20 0 0 ). 

We use a random-walk Monte Carlo method termed the

Metropolis algorithm” ( Metropolis et al., 1953 ) that operates as

ollows: 

1) A first guess is made for the parameter values using a priori

knowledge about the system. From this first-guess param-

eter set, a new set of parameters is generated by random

changes with a fixed standard deviation. Then, the model so-

lution is calculated with this new parameter set. 

2) For both the old and the new model solution, a sum-of-

squared differences is calculated with respect to the exper-

imental data. The exponent of the difference between these

two sums-of-squares, scaled by the (assumed) uncertainty in

the data, is the likelihood ratio of the two parameter sets.

The new parameter set is adopted, if the likelihood ratio is

larger than a random number between 0 and 1. 

3) The algorithm wanders around the parameter space by re-

peating steps 1) and 2). Once the parameter distributions

appear to have become stationary (usually after hundreds

of thousands of iterations called the ‘burn period’), a cer-

tain defined fraction of the parameter sets are stored. After a

sufficient number of further iterations, means and standard

deviations are calculated from these stored parameter sets. 

New parameter sets are sometimes adopted when the likeli-

ood ratio is below 1, which means that the new parameter set

s somewhat worse than the old parameter set. During the burn

eriod, this helps avoid getting stuck in local parameter optima.

fter the burn period, the algorithm focuses on the region around

he global optimum. At this point, the goal is to obtain viable pos-

erior distributions for the parameters. Therefore, we need to wan-

er around in such a way that the amount of time spent in each
ocation of parameter space is proportional to the likelihood of this

et of parameters being correct. The way to do this is by flipping

 coin that lands head with a probability equal to the likelihood

atio, which is the same as comparing the likelihood ratio with a

andom number from a uniform distribution between 0 and 1. 

The Metropolis algorithm has previously been used to estimate

arameters for biogeochemical models ( Dowd, 2005 ; Lignell et al.,

013 ). In our view, one major advantage of the Metropolis algo-

ithm is that it provides not only an estimate of the optimal pa-

ameter values, but also an estimate of the uncertainties in these

arameter values. Another key advantage is that the procedure

rovides an effective safeguard against overfitting. If a model is not

arsimonious with respect to the data it needs to describe, then

he posterior parameter distributions become very broad and non-

aussian. 

ppendix C. Gross photosynthesis estimate 

The high exudation rates of N and P are likely associated with

 release also of C, as the C, N, and P are often part of the same

olecule. Furthermore, the high DON release under P limitation

equires the reduction of large amounts of NO 3 
−. Can photosyn-

hesis at the light intensity used in the Elrifi and Turpin (1985) ex-

eriments (100 μE/(m 

2 s)) support such release? 

To answer this question, we estimate the gross photosynthe-

is ( P C ) at all dilution rates under N and P limitation by setting

q. (9) equal to 0 (making the assumption that the culture is at

teady state). Thus, we obtain: 

 C = r C + e x C + c o DON + d C bio (C.1)

This includes the impacts of respiration ( r C ), exudation ( ex C ),

osts of NO 3 
− reduction for DON production ( co DON ), and dilution

 dC bio ). In Fig. 5 , the calculated gross photosynthesis is shown as a

unction of the dilution rate. It is lowest at low growth rates un-

er N limitation (0.02 mM C/hr) and highest at high growth rates

nder P limitation (slightly over 0.2 mM C/hr). The Chl concen-

ration at high growth rates under P limitation is about 0.4 mg

hl/l ( Elrifi and Turpin, 1985 ), which means that the highest in-

erred gross photosynthesis rate was slightly over 0.2/0.4 = 0.5 mol

/(g Chl hr). Similar, and even higher, C fixation rates have been

bserved in cultures under 100 μE/(m 

2 s) (e.g., Platt et al., 1980 ;

arding et al., 1982 ; Felcmanová et al., 2017 ). Note that the gross

hotosynthesis is actually higher than these measured C fixation

ates, which do not include respiration. These rates are also rea-

onable from a biochemical perspective. Most reported values for

he turnover number of Rubisco ( k cat ) are in the range of 1–

 mol C/(mol binding sites s) for both algae and (C3) land plants

 Seemann and Sharkey, 1986 ; Uemura et al., 1997 ; Zhu et al., 1998 ;

age, 2002 ; Parry et al., 2007 ; Kubien et al., 2008 ; Pérez et al.,

011 ; Galmés et al., 2014 ; Hermida-Carrera et al., 2016 ; Orr et

l., 2016 ; Young et al., 2016 ; Atkinson et al., 2017 ). To convert

hese k cat values into maximum C-fixation rates, we multiply

hem by 0.06 mmol binding sites/(g Chl), the amount of binding

ites per amount of Chl in Selenastrum minutum , as measured by

lrifi et al. (1988) . This gives 0.06–0.24 mmol C/(g Chl s) or (0.06–

.24) ∗10 −3 × 3600 = 0.2–0.9 mol C/(g Chl hr), right around the pre-

icted value of 0.5 mol C/(g Chl hr). Hence, two different lines of

mpirical evidence suggest that our estimated rates of DOM pro-

uction are not implausible. 

Elrifi and Turpin (1986) also reported a photosynthesis rate of

.151 mol C/(g Chl hr), measured at a growth rate of 0.3 per day

nder N limitation and 100 μE/(m 

2 s) light. Our model predicts a

hotosynthesis rate of just over 0.025 mM C/hr at a growth rate

f 0.3 per day under N limitation (see Fig. 5 a). This corresponds to

.025/(0.1 × 12.5) = 0.02 mol C/(mol C hr), given that the C:N ratio

s about 12.5 ( Fig. 3 e) and the N concentration is 0.1 mM. With
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Fig. 5. Calculated gross photosynthesis rate (mM C/hr) under N limitation (a) and 

under P limitation (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B  

 

B  

B  

 

B  

 

B  

 

B  

 

 

 

B  

 

B  

B  

B  

 

 

B  

 

C

 

C  

 

 

D  

 

D  

 

D  

D  

 

D  

 

E  

 

E  

 

E  

 

E  

E  

 

F  

 

F  

F  

 

F  

 

 

~8 mol C/(g Chl) at this growth rate under N limitation ( Fig. 4 in

Elrifi and Turpin, 1985 ), this corresponds to ~8 × 0.02 = ~0.16 mol

C/(g Chl hr), similar to the reported 0.151 mol C/(g Chl hr). 

The parameter estimate indicates relatively low values for the

C:N ratio of the DON exuded under P limitation and the C:P ratio

of the DOP exuded under N limitation (3.1 ± 0.4 and 6.6 ± 0.9,

respectively) that may be due to the extreme N:P ratios of the in-

put. However, we note that the C:N and C:P ratios of the exuded

material are relatively weakly constrained, since the mass budget

for C is not as strongly constrained as the mass budgets for N and

P. Therefore, we have performed sensitivity calculations. If we in-

crease the C:N and C:P ratios of the exuded material up to the

Redfield ratio (in accordance with Saad et al., 2016 ), the gross pho-

tosynthesis is still no higher than 1 mol C/(g Chl hr) at the highest

growth rates. This is well within the C fixation range previously

measured at 100 μE/(m 

2 s) ( Harding et al., 1982 ). 
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