Dear Editor,

Please consider below our responses to first referee's comments to our manuscript, entitled
"Dissolved organic matter release by phytoplankton in the context of the Dynamic Energy Budget
theory", by E. Livanou, A. Lagaria, S. Psarra and K. Lika. We thank referee 1 for the time invested and
for the thorough review of our manuscript. In the following revision notes we give detailed
responses to his comments and provide relevant manuscript modifications that could be applied in
the ms for further clarification (referee’s comments are presented in bold, our replies in blue and
relevant changes in the initial text are highlighted in red to facilitate reading). All citations in our
responses are listed at the end of the document. Citations in the initial and modified text are
included in the references list of the original ms.

Referee #1

The authors develop a model of phytoplankton growth with particular emphasis on dissolved
organic matter (DOM) release, based loosely on the Dynamic Energy Budget (DEB) theory. DOM
release is described according to the overflow and passive diffusion hypotheses and formulated as
balancing the stoichiometries of several cellular compartments. The model is partially calibrated
with a dataset and several potential implications are discussed.

General evaluation

This ms leaves me feeling somewhat lost. To begin with, the model appears overly complex
compared to the data used for calibration. Table 2 shows more than 40 parameters, only slightly
less than the number of independent data in Fig. 2. While a few parameters were set to literature
values, it still remains difficult to believe that all other parameters could be constrained by the
data. This leads to the second major problem, the lack of a proper model validation, which |
consider fundamental for any modelling paper. The fact that this applies also to previous
publications cited as the foundation for the model further adds to the rather flaky impression of
the present ms. The third major problem is in the lack of justification (mechanistic or empirical) or
wrong justification of several central model equations. Hence, all conclusions and implications
appear unjustified. The last major problem | have with this ms is that | did not find clear
statements about the assumptions, goals, and findings of this study, nor does it appear to add
anything really new to the topic of DOM production by phytoplankton. In summary, the study
design and model formulation appear so fundamentally compromised that | cannot foresee how
this ms could be salvaged within a reasonable number of revisions.

Response

In this ms we propose a model for phytoplankton growth with focus on dissolved organic matter
(DOM) release. Our aims, clearly stated in the end of the Introduction section (p. 3 lines 11-14) are
to: "1) investigate the effects of N- and P-limitation on DOM release by phytoplankton, 2) resolve the
relationship between primary production and DOM release and 3) elucidate the mechanisms under
the two conceptual processes of DOM production, namely, passive diffusion and active exudation".
The novelty of the model lies in its ability to capture the two discrete physiological mechanisms of
DOM production. It does so without making further assumptions but rather via the existence of two
alternative pathways that emerge from the theory. To the best of our knowledge this is the first
attempt to model mechanistically the active exudation that reflects an unbalanced availability of
nutrients.

The major findings are summarized in the Conclusions section (p.17, lines 2-11: “the distinction and
assessment [...] prevalence of the active exudation mechanism”) and also briefly in the abstract.



We do acknowledge that the resulting model is quite complex. However, how much complexity may
be required depends on what processes the model tries to capture. It is well known that more than
one process contribute to DOM release and as Flynn et al. (2008) demonstrated "net DOM release
should be modeled as functions of microalgal nutritional status and growth rate". In the same study
the authors compared models with different levels of complexity and arrive at the conclusion that
the simple ones may fit well the experimental data but for wrong reasons. Justification of model
complexity is also discussed in details below (see response to specific point 1).

The issues raised by referee 1 regarding the validation of the model and the justification of its
structure are also discussed in details below (see response to specific points 2 and 3).

Overall, the proposed model for phytoplankton is fully based on multiple reserves DEB model
(chapter 5, Kooijman (2010)). So we strongly disagree with the comment of referee 1 that the model
is "based loosely on DEB theory".

Referee #1

Specific points

1. Model complexity and parameter estimation

The authors use one of several datasets published by Flynn et al. (2008) for calibrating most of the
model parameters. They do not specify how the calibration was done but only state that they
were tuned. They also do not explain why they chose this particular dataset, although many more
exist (some of them cited in the ms). The sensitivity analysis is rather cursory and does not
consider parameter covariances nor correlations, for which the authors obviously would have had
to consider a much larger dataset. However, the sheer number of parameters considered
important (Table S1) would overwhelm any parameter-estimation method | know of. Thus, it is
not only a problem of the extent of the dataset but equally one of the complexity of the model
formulation.

Response

The ideal data set for a DOM release model should derive from an axenic phytoplankton culture
demonstrating mass balance for all elements considered in the model. For our work, the most
suitable data set that we were able to find in the literature was that of Flynn et al. (2008). This study
had excellent data sets from ammonium and nitrate growing batch cultures, for a variety of
phytoplankton species. However, we couldn’t find data for any species that would simultaneously
describe carbon, nitrogen and phosphorus dynamics in both the organic and inorganic particulate
and dissolved pools. Thalassiosira pseudonana was chosen over the other species because for this
species we were also able to find supplementary information regarding its molar elemental ratios in
terms of C:N:P under nitrogen and phosphorus limited growth (Perry, 1976; Goldman et al., 1979,
Flynn et al., 2008). Therefore, as stated in the methods Sect. 2.3 (p.9 lines 26-27), in addition to the
data set of Flynn et al. (2008), the molecular elemental ratios of biomass (i.e. C:P, C:N, N:P) were also
used in order to constrain the parameter values so that the resulting ratios (Fig. 8a-c in the ms)
would fall close to observable ranges reported in Perry (1976), Goldman et al. (1979) and Flynn et al.
(2008). We intend to explicitly state that in the revised manuscript by modifying the text on Sect. 2.3
(p.9, lines 26-27) as follows:

“Furthermore, the molecular elemental ratios of biomass (i.e. C:P, C:N, N:P) were also used in order
to constrain the parameter values so that the resulting ratios would fall close to observable ranges
reported in Perry (1976), Goldman et al. (1979) and Flynn et al. (2008).”

We recognize that the model is complex and parameter rich, however, an adequate description of
DOM excretion would have not been possible if variable biomass stoichiometry and, thus, multiple



reserves were not taken into account. In addition, the need to consider multiple reserves stems from
the strong homeostasis assumption of DEB theory which implies that when nutrient assimilation
pathways are independent, as is the case for phytoplankton, multiple reserves should be taken into
account, one for each assimilation pathway (Kooijman, 2010).

Regarding the sensitivity of the model, the aim of the analysis was to identify parameters that affect
the model outputs of interest, and whether they remain influential at all phases of growth. We show
that DOM release and biomass, the two model outputs of interest, are sensitive to the parameters
that are related to photosynthesis light and dark reactions and to stoichiometric coefficients coupled
to carbohydrates reserves (as it would be expected).

Referee #1

2. Lack of validation

| consider a proper model validation essential to any modelling study. Validation can be, and often
is, done together with the model calibration. But this is possible only if the number of estimated
parameters is relatively small compared to the number of model variables and also relative to the
number of datasets used for calibration. An example of this is the Geider et al. (1998) model
(Limnol. Oceanogr.), but it does not apply here. The problem is one of model falsifiability. The
large number of sensitive model parameters suggests that this model can be tuned to any kind of
data. This means that it has no explanatory power unless the calibrated model is compared to
other datasets not used for calibration.

Response

We agree with the referee that model validation is essential. In our case, due to insufficient
experimental data on DOM release by phytoplankton, we relied mainly on qualitative rather than
guantitative match between model predictions and experimental evidence. The model parameters'
values used in the simulations were not arbitrary, but they were either obtained from the literature
or were constraint-based values. Our goal in this study was not to make quantitative predictions of
DOM release rate, but rather using a logical parameter set to perform a theoretical exercise (i.e.,
growth of phytoplankton under different nutrient availability scenarios) in order to better
understand the mechanisms of DOM production by phytoplankton. However, although our approach
is qualitative it still results in highlighting the nature of the mechanisms for DOM release.

Referee #1

3. Lack of or wrong justification of model equations

Eqg. (4) is an unusual form of the light dependence and needs justification. Invoking NADPH as the
agent responsible for P limitation is not very logical as NADPH contains only a tiny fraction of
cellular P even under severe P limiting conditions. See, e.g., Agren’s (2004) model in Ecology
Letters and refs. therein for a discussion of how P limitation works.

Response

Eq. (4) is a hyperbolic function of light intensity, the well known Monod-Michalies-Menten (M-M-M)
type, with some modifications. The derivation of Eqg. (4) in this form is based on the concept of
synthesizing units of DEB theory (Kooijman 1998, 2010) and it is derived elsewhere (e.g.,Poggiale et
al. (2010), thus, we did not think it was necessary to include it in our ms. However, we intend to
include more details on the derivation of Eq. (4) in the supporting information of the revised ms. The
modifications in M-M-M equation include the dependence of photon's binding probability and
NADPH formation, respectively, on N and P content of the cell through the formulations v, and p; ..

In our model we do not consider NADPH as the agent for P-limitation but rather that P-limitation
could have an adverse effect on carbohydrate production. We model photosynthesis in two steps.



First, photons are bound by the photosynthetic units (PSUs) that produce NADPH. Then, the NADPH
and the carbon dioxide are bound by the SUc to deliver the product of the transformation, namely,
carbohydrates. There is evidence that steps in this process are affected under P-limitation. Evidence
from higher plants suggests that P stress affects the carboxylation capacity (de Groot et al., 2003).
Moreover, Geider et al. (1993) proposed that RuBisCO activity may be impaired due to insufficient
regeneration of ribulose bis-phosphate, which in turn is related to reduced supplies of ATP and
NADPH, as a result of phosphorus deficiency. In addition, under P-limiting conditions, a slow-down
of photosynthesis in soybean plants has been observed (Fredeen et al., 1990). The authors suggest
that, although ATP and NADPH levels decreased by 40-50% relative to control, the agent responsible
for this reduction was probably the regeneration of ribulose bis-phosphate by reduced Calvin-cycle
enzymes activity.

Given the available experimental evidence we used the empirical Eq. (5) to reduce carbohydrate
production via reduction of the NADPH production (Eq. 4). Alternatively we could model it via Eq.

(9).

To further support our choice we intend to add the citations of Fredeen et al. (1990) and de Groot et
al. (2003) in the revised ms.

Agren (2004)is an interesting study proposed by referee 1 and we thank him for pointing it out.
Agren (2004) recommended by the referee as explanatory paper on P-limitation, suggests that P is
the main element of ribosomes, while the additional P in the cells will be proportional to the amount
of C. Thus, low P-content has a direct effect on growth rate. In DEB theory and, subsequently, in our
model, the effect of P availability on growth rate is taken into account through the formation of
generalized reserves E, E' (Eq. 10) where carbon, nitrogen and phosphorus are essential in a
constant stoichiometry to produce the generalized reserves, which can contain various
macromolecules such as RNA, proteins, lipids etc. Generalized reserves will subsequently give the
catabolic flux in order to cover maintenance costs and increase the structural mass.

Referee #1

Eqgs. (5) and (6) are not explained or derived, nor is a ref. given. | have not seen this form of cell-
quota dependence before and wonder why this form, with three or four parameters (depending
how they are counted) was chosen over Droop’s model, which has only two parameters.

Response

The function in Droop's model is hyperbolic resulting in rapid decrease to zero as cell-quota
approaches the minimum value. This means that, close to minimum cell-quota values, small changes
in cell-quota will result in large decrease in photosynthesis (in our case). Experimental evidence
suggests that under nutrient limited conditions photosynthesis, although reduced, is sustained at
positive values (e.g. Granum et al., 2002; Kamalanathan et al., 2016). Thus, we were seeking for a
function that would allow a smooth decrease from a max to min value. Sigmoid functions are good
candidates. The use of sigmoid functions is not new in phytoplankton models (see for example,
Bonachela et al. (2013), Flynn et al. (1997). One way to mathematically describe a sigmoid function is
as given in Egs. (5) and (6). The parameters bp and by control the shape of the function. Other
mathematical functions could be used without altering the qualitative behaviour of the model. The
references of Flynn et al. (1997), Bonachela et al. (2013) will be included in the revised ms.

Referee #1

Applying Eq. (7) to C assimilation does not appear justified. CO2 enters the cell passively, often
enhanced by some form of CO2 concentrating mechanism (CCM) in the chloroplast, so the kinetics
are very different from Eq. (7).



Response

Several studies have shown that both CO, and HC03_are taken up by marine eukaryotic microalgae
(Burkhardt et al., 2001; Tortell et al., 2006). CO, are small, uncharged molecules that can pass the
membrane passively (Neven et al., 2011) but also numerous pieces of evidence exist of active CO,
transport in cyanobacteria ( Miller et al., 1988; Espie et al., 1991), diatoms and green algae (Rotatore
and Colman, 1992). HCO; ions are charged and, thus, can be taken up either by active transport, by
transporters in the cell membrane, or indirectly by transformation of HCO; to CO, in the cell
boundary layer by extracellular carbonic anhydrases ( Stltemeyer et al., 1993; Giordano et al., 2005).
Furthermore, simultaneous uptake of CO, and HCO; has been observed by marine diatoms and the
uptake of inorganic carbon (CO, and HCO; ) is usually described by Michaelis-Menten kinetics
(Burkhardt et al., 2001; Rost et al., 2003). Thus, based on the literature discussed here we modelled
the uptake of inorganic carbon by the phytoplankton cell using the Eq. (7). Supplementary
information will be included in the revised ms.

Referee #1

| find Eqg. (9) problematic for several reasons. First off, it treats the CB cycle as a single enzyme
reaction, which is not the case. Secondly, and more importantly, the CO2 concentration inside the
chloroplast is usually kept high enough by the CCM so that RuBisCO is saturated. Thus, the rate of
CO2 fixation is mostly controlled by the rate of light harvesting, as represented here by NADPH
arrival rate, and the availability of RuBisCO and the other enzymes of the reaction centers, but not
by CO2 concentration or the substrates for NADPH synthesis.

Response

Although Calvin-Benson cycle is not a single enzyme reaction, our approach is based on the
Synthesizing Unit concept which corresponds to a generalized enzyme or a complex of enzymes that
binds one or more substrate molecules to deliver a product molecule. For modeling purposes, we
assume that the Calvin Benson SU (SU) corresponds to a complex of enzymes that binds and
processes, in a parallel transformation, NADPH and CO, molecules and delivers carbohydrates as the
product of this transformation. As it is stated in the ms (Sect. 2.1, p.3, line 25) readers can refer to
Kooijman (1998, 2010) for a detailed description of the assumptions and kinetics of the SU, while a
detailed description of the derivation of Eq. (9) is given in Lika and Papadakis (2009) also cited in the
ms (Sect. 2.3, p.3, line 27 and Sect. 2.2.1, p.6, lines 24-26).

CO, is a required compound for the RuBisCO. The quantification of CO, fixation through Eq. (9)
allows for a dynamic and direct link with the inorganic carbon in the medium. Note, however, that
when CO, concentration is high Eq. (9) is reduced to a hyperbolic equation of NADPH concentration
and, thus, to light harvesting.

Referee #1

The use of different handling rates for NO3 and NH4 in Eq. (10) does not make sense to me. If DIN
(NO3 or NH4) is not limiting the rate-limiting step of N assimilation is protein biosynthesis, as NO3
reduction and formation of amino acids are very fast processes. But the maximum rate of protein
biosynthesis should not depend on whether the N derives from NH4 or NO3.

Response

Indeed, protein biosynthesis does not depend on whether N is derived from NO; and NH, and we
account for this assuming the same values for kyy and kyo (Table 2 in the ms). However, we prefer
to give a general formulation for the process.



Furthermore we modified text in Sect. 2.2.2 (p. 7, lines 17-19) as follows:

“Jg.a,, denotes the structure-specific maximum assimilation rate of generalized reserves which is not
necessarily constant: jg 4 = 080/ kno + 0%u/knu - kno, kyy are, respectively, the handling rates
of nitrate and ammonium, which can be assumed to have the same value, given the fast reduction of
nitrate”.

Referee #1

NO3 excretion (Eq. 15) does not make sense to me. Maybe one can consider some leakage but
most models treat uptake as the net rate already accounting for leakage. | know that some
phytoplankton can reduce NO3 to counter photo-inhibition and then release NH4 but | have never
seen a report of phytoplankton excreting NO3.

Response

As the referee mentions there aren’t any reports of NO; excretion by phytoplankton. However, the
rationale behind Eq. 15 is thoroughly justified in the Supplementary Information (Sect. S2, p.2, lines
6-19). In the ms, in line 29, p.8 we refer the reader to the Supplementary Information for more
details on Eq. (15). For clarity we also subjoin here the relevant paragraph from the supplementary
information

“It has been found that phytoplankton release part of the assimilated nitrate in the form of nitrite
(Parslow et al., 1984) which can be up to 50 % of the assimilated nitrate (Collos, 1998; Lomas et al.,
2000). It seems that nitrite release is widespread in marine phytoplankton. It can be considered as an
active exudation process that links to the nitrate uptake (Collos, 1998) and allows phytoplankton to
avoid excessive nitrite intracellular concentration (Malerba et al., 2012). Excretion of nitrite has been
observed when phytoplankton is replete with nitrate but experiences low-light availability conditions
(Kiefer et al., 1976; Flynn and Flynn, 1998; Mordy et al., 2010; Shriwastav et al., 2014). This may
result in decoupling of the assimilatory pathways as the relative activity of nitrite reductase to nitrate
reductase is reduced (Sciandra and Amara, 1994; Lomas and Lipschultz, 2006; Mordy et al., 2010).
This is due to the fact that nitrite reductase requires the light depended ferredoxin as the electron
donor, which is synthesized only during photosynthesis (Collos, 1998). In addition, if there are enough
carbon skeletons available the excess nitrogen may be exuded in an organic form therefore
contributing to the DON pool (Lomas et al., 2000). Here, we hypothesize that once the nitrate reserve
is mobilized, if is not further reduced to ammonium and channelled through the catabolic flux, due to
stoichiometric constraints, it will be rejected by the SU, and excreted into the surrounding medium
either as nitrite, which in the model is implicitly added to the NO or as DON which is added to the
DON pool, while part of it will be reincorporated in the Ey, reserve”.

Referee #1
The authors never provide any details how they implemented their model in Matlab. Did they
program their own ODE solver or use one of the built-in functions?

Response
We omitted to mention that we used the built-in function ode45 in Matlab. This will be added in the
revised manuscript.

Referee #1

The model appears to rest on many implicit, i.e., unspecified, assumptions. Some of the most
disconcerting ones concern the internal reserves for NO3 and NH4. While phytoplankton may
generally have the ability to store N in the form of amino acids or oligo- or polypeptides etc.,
storage of inorganic N has been shown only for very few species, and these are very large and very



rare. While none of these problems are directly related to DOM release, it is clear that the model
does not rest on firm grounds. Thus, any calculations regarding DOM release are pointless because
they lack a sound underpinning.

Response

We disagree with the statement of referee 1 regarding the internal reserves of NO; and NH,. A
substantial body of literature has confirmed that inorganic nitrogen pools can be accumulated in
laboratory cultures of representative marine diatoms (e.g. Skeletonema costatum, Thalassiosira
weissflogii, Thalassiosira pseudonana) and flagellates (e.g. Dunaliella tertiolecta, Pavlova lutheri,
Isochrysis galbana) species (Dortch et al., 1984; Lomas and Glibert, 2000; Lourenco et al., 1998;
Raimbault and Mingazzini, 1987). In addition, the ability of phytoplankton to store inorganic
nitrogen (mainly nitrate) has been shown also in natural phytoplankton assemblages ( Dortch et al.,
1985; Pettersson, 1991; Bode et al., 1997). Based on these studies, we include in our model the
reserves for nitrate and ammonium in order to simulate the well known behaviour of excess uptake
and internal accumulation of inorganic nitrogen when uptake rate exceeds growth rates. This
approach is not new, as internal pools of inorganic nitrogen (i.e. reserves) are also explicitly
modelled in other phytoplankton models (Flynn et al., 1997; Talmy et al., 2014; Ghyoot et al., 2017).
Furthermore, DEB theory’s strong homeostasis assumption (i.e. the chemical composition of a
reserve or a structure does not change during the organism’s life cycle) implies that multiple
reserves should be considered, one for each assimilation pathway, when they are independent as is
the case for phytoplankton.

However, it is indeed acknowledged in the literature that there are significant differences among
species in their ability to accumulate large intracellular nitrate or ammonium pools, with larger
species having larger pools (Dortch et al., 1984) as referee 1 points out. Our aim was to present a
generalized model for phytoplankton. Differences among species regarding the extent to which
ammonium and/or nitrate are accumulating intracellularly can be accommodated by the model via
the choice of parameter values. For example, if for a certain species intracellular ammonium pools
do not accumulate a very large turnover rate for ammonia reserve would give an extremely low
reserve density for ammonia and, thus, the ammonia reserve could be omitted (Kooijman 2010,
chapter 5).

In addition, as stated by referee 1, phytoplankton stores N in the form of amino acids, proteins and
nucleic acids provided that there are sufficient carbon skeletons for the synthesis of these
compounds. In our model we do not model explicitly the amino acids pool, however we made the
following assumption stated in Sect.2.2.2 (p.7, lines 26-29) and here for clarity:

“Given that the incorporation of ammonium into organic molecules is a fast process (Stolte and
Riegman, 1995) we assume that the Ey reserve contains a mixture of ammonium and DON fraction
of free amino acids. Accordingly, we assume that the DOC fraction of the free amino acids is
contained in the E¢, reserves.”

Regarding proteins and nucleic acids that can also function as reserves of nitrogen, we assume that,
since the synthesis of these compounds involves many steps and in most cases, requires also the
incorporation of phosphorus (e.g. RNA phosphorylated proteins), these compounds are collectively
represented by the generalized reserve E which is assumed to be a mixture of chemical compounds
that does not change in composition and thus have a fixed stoichiometry. In order to clarify better
the concept of generalised reserves we will modify text in Sect. 2.1 (p.3, lines 31-32) as follows:

“[...] to form the generalized reserves (E), which consist of a mixture of chemical compounds (RNA,
proteins, lipids etc) and they have a fixed stoichiometry.”



Referee #1

4. Lack of clarity, goals, etc.

With respect to the patterns of DOM release and its relation to primary production, it is now
generally accepted that these result from interactions among all plankton groups, i.e., bacteria,
phytoplankton, zooplankton, detritus, etc. Phytoplankton DOM release is only one of these and
while it may well be the dominant source of DOC, whether this applies to DON and DOP as well is
still an open question. | think one cannot understand the relation between DOM release and
primary production without reference to other processes in plankton ecosystems. But these are
missing in the discussion.

Response

Referee 1 validly points out those other sources and processes that may contribute to the release
and fate of DOM. However, our focus in this paper was on the direct DOM production by the
phytoplankton cells and not on processes that may result in physical disruption of the cells such as
sloppy feeding or viral lysis. In order to acknowledge that other sources/processes may be related to
the observed patterns of DOM release and its relation to primary production in the food web
context we added the following lines in the Discussion (Sect. 4.3, end of last paragraph).

“However, from an ecosystem point of view, other food web processes of indirect release of DOC by

phytoplankton, such as sloppy feeding by zooplankton and viral lysis, may also contribute to the
patterns between primary production and DOC release and bacterial production, observed in
oligotrophic environments (Teira et al., 2001).”

And in the Conclusions (p.17) we modify lines 9-11 as follows:

“Our model, by allowing to discriminate between the two mechanisms of DOM production, suggests
that the decoupling of primary production and DOC release and of primary production and bacterial
production, often observed in oligotrophic conditions may be related to the prevalence of the active
exudation mechanism.”

Referee #1

In their conclusions, the authors write that their model could be coupled with biogeochemical
models (on what scale? 1D, local, global?) but they do not provide any arguments for this
anywhere else in the ms. | think a coupling of such a complex model, even if it were theoretically
sound, to biogeochemical models is not feasible, simply because it is impossible to constrain its
many parameters.

Response

The model structure allows for a quantification of the production of the distinct size fractions of
phytoplankton exudates produced by the two mechanisms of DOC release (passive diffusion, active
exudation). Based on experimental evidence, we assume that these different size fractions,
originating from different cellular processes, will have distinct molecular composition and thus
different availability properties for bacteria. Furthermore the model allows for keeping track the
stoichiometry of DOM produced, which also affects the degradability of DOM. Therefore, we
suggested that the proposed model could be used, potentially, in ecosystem simulations in order to
resolve the degradability of DOM produced by phytoplankton.

Other potentials of this model formulation is to include acclimated Chla:C (also important in
ecosystem simulations), for example through light dependence of the parameter p, (Papadakis et al.,
2012). This will require further analysis and it is beyond the scope of this ms. Also the scale at which
a model operates depends on its purpose.



Referee #1

Other conclusions are mentioned in the discussion but they appear very speculative. For example,
the association of the DOM release mechanism (passive or overflow) with refractory and labile
DOM is not explained mechanistically. The way these conclusions are presented, they could
equally have been derived directly from observations. It remains unclear how the model relates to
them. The point of developing a model, at least as | see it, is to provide insight into how certain
mechanisms work, e.g., here it could have been to explain why the overflow mechanism produces
more refractory DOC, but this has not been done here. While | do recognise that, technically, the
specific model setup is new, | do not see any new insight in terms of mechanistic understanding of
DOM release from phytoplankton in this ms.

Response

The novelty of the model lies in its ability to capture the two physiological mechanisms of DOM
production. It does so without making further assumptions but rather via the existence of two
alternative pathways that emerge from the theory.

The production of refractory or labile DOC is not modelled explicitly and it would have been
impossible to do so based on our current understanding of the physiology of DOM release by
phytoplankton (Thornton, 2014). While there is no method to discriminate and measure
experimentally the rates of DOC production via the two processes, the relative contribution of these
processes can be indirectly estimated based on the size classes of the produced DOC (Thornton,
2014)

In our model, we associate passive leakage to growth and death process of DOC release and active
exudation to rejection of unprocessed substrates by the SU. We based this link on the findings from
various studies looking into either the molecular composition of DOC during the different states of
the cultures (exponentially, stationary) (e.g., Urbani et al., 2005) or the molecular composition of
high and low molecular weight DOC (e.g., Borchard and Engel, 2015). In order to make model
assumptions clearer regarding the relative presence of glucose and heteropolysaccharides of various
monemer composition of excreted DOC, based on both referee’s comments, we intend to modify
Sect.3.2.3 (p. 13, lines 1-10) “In order to further investigate [...] exuded by the cell due to unbalanced
growth (Fogg, 1983; Urbani et al., 2005; Flynn et al., 2008; Borchard and Engel, 2015)” in the revised
ms as follows:

“Borchard and Engel (2015) showed that in steady-state, P-limited cultures of Emiliania huxleyi
glucose was the dominant monomer in both the small size fraction (1-10 kDa) of dissolved
polysacchrides and in the particulate fraction (cell content) and less significant in the larger size
fractions (>10 kDa), which contained a variety of monomers. They suggested that, due to their size
and resemblance to the cellular material, low molecular weight carbohydrates should be released by
passive diffusion. On the other hand, high molecular weight carbohydrates, due to their size and
distinct composition from the cellular material, should be produced via active exudation (Borchard
and Engel, 2015). Furthermore, in cultures of marine diatoms, glucose has been identified as the
most abundant monomer during the exponential, nutrient-replete phase of growth in the
extracellular carbohydrates. A pronounced decrease of glucose and an increase of
heteropolysacharides, containing various monomers, has been observed in the stationary, nutrient-
limited phase (Underwood et al., 2004; Urbani et al., 2005). Based on these evidence we define as
DOC, the DOC produced as a result of the fluxes associated with growth (jpocs , Fig. 6, dashed line)
and death (jpocp, Fig. 6, dash-dot line) processes and we relate these two fluxes to the mechanism of
passive diffusion mechanism. Thus, DOC, should be small in size and contain mono- and
polysacharides, rich in glucose, and also DOC associated with nitrogen or phosphorus containing



compounds that can be released from exponentially growing cells or from cell lysis. On the other
hand, we define as DOC, the DOC produced as a result of the jpocr flux (Fig. 6, solid line) that
corresponds to the rejection flux of unprocessed substrates by the SU. Consequently, this flux is
related to the mechanism of active exudation. DOCy should contain high molecular weight (>10kDa)
heteropolysaccharides, poor in glucose and also DOC associated with nitrogen or phosphorus
containing compounds that could be exuded by the cell due to unbalanced growth.”

And in the Discussion, after also considering referee’s 2 comments, we will replace text in Sect.4.3
(p.15, lines 20-34 and p.16, 1-9) “In this study, using the DEB model [...]consisting of a variety of
monomers, have been found to escape bacterial degradation (Obernosterer and Herndl, 1995, Hama
and Yanagi, 2001; Puddu et al., 2003)” as follows:

“In this study, using the DEB model for phytoplankton (Kooijman, 2010), we were able to discriminate
between the two major conceptual mechanisms of DOM release, i.e., passive diffusion and active
exudation, in contrast to existing phytoplankton models that involve DOM exudation (Van Den
Meersche et al., 2004; Schartau et al., 2007; Flynn et al., 2008; Kreus et al., 2014) but do not
discriminate between the mechanisms of DOM release. For example, the most complex model
presented in Flynn et al. (2008) employed an empirical description that related the relative rate of
leakage of DOC and DON to the N:C status of the cells. On the contrary, in our modeling approach,
the theory of SU quantifies the active exudation of the non-limiting compounds. Since the nutrients
are taken up independently, one or more catabolic fluxes can limit the synthesis of the generalized
reserves E'. In that case, the non limiting "molecules" will occupy the binding sites of the SU, but
they will not be processed further due to the absence of the limiting flux and, thus, they will be
rejected by the SU,. Subsequently, a fraction of this rejection flux will be excreted. In that way, the
effect of nutrient limitation on exudation rate is accounted for. Furthermore, Flynn et al. (2008)
assumed a higher rate of leakage until the external concentration attained a critical value in order to
account for the rapid accumulation of DOM during the initial stages of the culture. On the other
hand, in our model, based on DEB theory’s assumptions for product formation, we describe a second
process of DOM excretion which is stoichiometrically coupled to the growth rate and results in high
rates of DOM production during the initial nutrient-replete phase of the culture. This can be seen as
an overhead for growth as this material is passively leaked outside the cell. Thus, the advantage of
our approach lies in its ability to capture the two physiological mechanisms of DOM production. It
does so without making further assumptions but rather via the existence of two alternative pathways
that emerge from the theory.

Based on experimental evidence we assumed that the different processes contributing to DOC
release produce two distinct types of DOC (i.e., DOC,, DOCy). DOC,, which is related to growth and
death processes and thus to the passive diffusion mechanism, is expected to contain low molecular
weight carbohydrates that have a similar composition as the cellular material with high content of
glucose (Borchard and Engel, 2015), while DOC,; which is related to the rejection flux of unprocessed
substrates by the SU and the active exudation mechanism, has a more distinct composition from the
cellular material and is rich in high molecular weight heteropolysaccharides, consisting of a variety of
monomers (Biersmith and Benner, 1998; Borchard and Engel, 2015). As such, the model suggests
that the relative importance of the two mechanisms and, thus, the relative presence of high and low
molecular weight carbohydrates with different molecular composition signatures, is dependent on
the nutrient status of the cells. Our approach is different of that of Flynn et al (2008) since they did
not distinguish between the two mechanisms of DOM production. Thus, in their model they take into
account only leakage, which is related to the nutrient status of the cells and produce low molecular
weight DOC such as mono and disaccharides and DOC associated with amino acids. High molecular
weight DOC is associated with proteins and nucleic acids and it is produced only via cell lysis, that is
enhanced under suboptimal growth conditions, while cell lysis will also result in the leakage of low
molecular weight DOM stored intracellularly (Flynn et al., 2008).



The molecular composition of DOC released may have implications for its subsequent utilization
by bacteria. Many studies have shown that exudates, rich in glucose, are taken up rapidly by bacteria
while heteropolysaccharides, consisting of a variety of monomers, have been found to escape
bacterial degradation (Obernosterer and Herndl, 1995; Hama and Yanagi, 2001; Puddu et al., 2003).
Thus, the novelty of our model is that it allows the quantification of the production fluxes associated
with the two classes of DOC (DOC,, DOC,,) that will contain carbohydrates with different molecular
composition signatures and thus, different degree of degradability by bacteria. Furthermore, our
model setup allows for the tracking of the elemental composition of photosynthetically produced
DOM, which is also important information for the degradability of DOM."
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