
Referee #2 

First, we would like to thank Referee #2 for his/her careful evaluation of our manuscript. We believe 

that his/her comments will help to improve the manuscript. Please, find hereafter our responses to the 

concerns raised by Referee #2.  

General comments 

1a) The manuscript lacks key sensitivity analyses.  

We made several sensitivity analyses during the model development stage. These analyses allowed us 

to test the sensitivity of the model to the parameters to choose the best values for our modelled 

organisms. As instance we made several tests for the following parameters:  

- Test of different values of bacterial growth efficiency (bge) from low (0.4) to high (0.8), 

- Test of combinations of QC,min
N , QC,max

N , QC,min
P , QC,max

P  (min and max values for N:C and P:C 

ratio) for all the modelled organisms, 

- Test of combinations of half saturation constants of NMPHYTO, CM, PICO and heterotrophic 

bacteria for nutrients, MOD and MOP uptake,  

- Test of different values of bacteria maximum rates of nutrients, MOD and MOP uptake (µ𝑀𝐴𝑋,𝑋
𝐵𝐴𝐶 ) 

- Test of different values of nitrification and remineralisation optimal temperature, 

- Test of different values of optimal growth temperature of CM, 

- Test of different combinations of prey preferences for copepods, NCM and CM,  

- Test of different values of bacteria and copepods mortality and predation rates 

They also allowed us to compare formulations (Two types of photosynthesis formulations (Platt et al., 

1980, Geider et al., 1998) and their associated parameters for CM, NMPHYTO and PICO) and 

configurations (without mixotrophs by removing them from the present model configuration to 

compare the ecosystem composition in C biomass and net community production (NCP), results shown 

in Fig. S1 for this last test). We made the choice to not present them in the manuscript as we wanted 

our manuscript to answer the questions: “Does mixotrophy represent and advantage for the organisms 

in the Bay of Marseille (BoM) ? and if it is the case:  “When will mixotrophs be advantaged over other 

organisms (e.g., conditions, specific events) ?” and not only focus on the model development.  

1b) To be able to say that mixotrophy has an important impact on system dynamics, one 

would need to compare it against versions of the model in which no mixotrophs are 

considered. Specifically, mixotroph types should be replaced with purely phototrophic 

(phytoplankton) or heterotrophic (microzooplankton) types.  

We compared the results of a configuration of our model without mixotrophs (Fig. S2). In this 

configuration, CM are replaced by strict autotrophs (NANOP, phytoplankton between 2 and 20 µm) and 

NCM are replaced by strict heterotrophs (MICROZ, zooplankton between 20 and 200 µm). As the 

nanophytoplankton is now represented by NANOP variable, we represented the phytoplankton 

between 20 and 200 µm by the MICROP variable (Fig. S3). Balance equations for MICROZ and NANOP 

are presented in Table S1. The balance equations for MICROP remain unchanged.  

We ran a first simulation which reproduces SOLEMIO conditions (same properties as typical simulation, 
Table 4, Table 5 now) and, as we showed that mixotrophy occurred mainly in nutrient limited 
conditions, we ran a second simulation which reproduces nutrient limited conditions (same properties 
as nutrient limited simulation, Table 4). We supposed that adding mixotrophs to our model will result 
in a modification of the ecosystem composition, and especially in an increase of the portion occupied 



by the largest organisms (NCM and copepods in our model) as shown by Ward & Follows (2016). We 
then compared the configurations by studying the ecosystem composition in percentage of C biomass 
(Fig. S4) and the percentage of each prey in total copepod grazing (Table S2). Next, we provide 
predation on copepods which is an indicator of the quantity of C transferred to the higher trophic levels, 
and total photosynthesis and respiration fluxes (Table S3). 

Results show that ecosystem composition are significantly affected by the consideration of mixotrophs. 
Larger organisms (micro and mesozooplankton) represent a larger part of the ecosystem when we 
consider mixotrophs, in both types of conditions tested (Fig. S4). Moreover, these results illustrate the 
advantage of mixotrophy for CM as when nutrients limit the organisms’ growth, CM and PICO dominate 
phytoplankton assemblage by occupying the same portion of the ecosystem however, when 
mixotrophy is not considered, PICO only dominate the assemblage of phytoplankton. Similarly, table 
S2 showed that microzooplankton (NCM vs MICROZ) represents a larger percentage of total grazing.  

Considering mixotrophy also have an impact on carbon fluxes, as shown by Table S3: photosynthesis 
and respiration are lower when mixotrophy is considered (as also modelled by Leles et al., 2018), but 
predation flux on copepod which can be used as an indicator of the quantity of C transferred to higher 
trophic levels, is higher (as also modelled by Ward & Follows, 2016). 

We made these analyses, but we decided to not add them to the manuscript as we think that, even if 
interesting, they are not what we want to focus on. The aim here is to answer the questions: “Does 
mixotrophy represent and advantage for the organisms in the BoM ? and if it is the case:  “When will 
mixotrophs be advantaged over other organisms (e.g., conditions, specific events in the BoM) ?”. By 
comparing simulations ran in different environmental conditions, we manage to answer these 
questions.  

1b) This leads to a second complication: the model does not represent micro- phytoplankton 
nor zooplankton (see next comment); the authors should be clear about this assumption 
(that all microplankton are considered to be mixotrophs) and the implications related to this 
needs to be further explored.  

To clarify this, we add Figure 3 which illustrates organisms’ repartition in size classes and trophic 
interactions between them. In our model, the variable NANO aimed to represent the phytoplankton 
larger than 2 µm and smaller than 2000 µm (nanophytoplankton and microphytoplankton). This 
variable stands for diatoms, autotrophic dinoflagellates. In the northwestern Mediterranean Sea, 
diatoms are an important component of phytoplankton assemblage especially during the spring bloom 
(Margalef, 1978, Leblanc et al., 2018) and cover wide size-range, we decided to consider them as 
representative of the variable. To avoid confusion, we switch the name NANO to NMPHYTO (for 
nano+micro-phytoplankton). We modified the lines 136 to 141:  

[We considered two types of phytoplankton based on size: nanophytoplankton (NANO) and 
picophytoplankton (PICO). Nanophytoplankton includes autotrophic flagellates and small diatoms. We 
used Minidiscus spp. as the representative species of nanophytoplankton as the minidiscus genus 
proliferates throughout the NW Miterranean when light and nutrients are less limiting (Leblanc et al., 
2018). Picophytoplankton includes autotrophic prokaryotic organisms such as Prochlorococcus spp. and 
Synechococcus spp. The Synechococcus genus is ubiquitous in the Mediterranean (Mella-flores et al., 
2011) and was therefore considered the representative genus of picophytoplankton in the model.]  

to :  

[We considered two types of phytoplankton based on size (Fig. 3): picophytoplankton (PICO) and 
nano+micro-phytoplankton (NMPHYTO). PICO includes autotrophic prokaryotic organisms such as 
Prochlorococcus spp. and Synechococcus spp which are ubiquitous in the Mediterranean (Mella-flores 
et al., 2011). NMPHYTO aims to represent phytoplankton larger than 2 µm and smaller than 200 µm. It 
mainly includes diatoms and autotrophic nanoflagellates. As diatoms are an important component of 



Mediterranean spring blooms (Margalef, 1978, Leblanc et al., 2018) and cover wide size-range, we 
decided to consider them as representative of the NMPHYTO]  

and the rest of the manuscript accordingly.   

2a) The size classes of the mixotroph types included in the model are not clearly stated. This 
further complicates the interpretation of the possible trophic interactions allowed in the 

model.  

We consider CM to be mainly nanoplankton but we also consider CM belonging to a small part of the 
microplankton (between 20 and 50 µm based on the genus which we used to determine the values of 
parameters). NCM are microplankton (Esteban et al., 2010). To clarify, we precise the size class of these 
organisms in the text l.196:  

[In Eco3M_MIX-CarbOx the NCM are based on ciliates and belong to microplankton (Esteban et al. 
2010, Fig. 3).] 

and l.241:  

[CM are based on dinoflagellates which belong mainly to nanoplankton but can also be found in 
microplankton (Stoecker, 1999, Fig. 3).] 

We also added Figure 3.     

2b) Specifically, CM only ingest pico- prey while NCM can ingest pico- and nano- prey as well 
as CMs. This assumption makes me think that authors are assuming that CMs are nano-sized 
while NCMs are micro-sized. In reality, CMs occur in both size classes. Many CMs are 
dinoflagellates that are known to feed on prey of similar size or larger.  

We agree that we consider that CM are mainly nano-sized and, we assumed that they feed on preys of 
strictly smaller size i.e., picophytoplankton and heterotrophic bacteria. This assumption is based on 
following literature (Christaki et al., 2002 ; Zubkhov & Tarron, 2008, Millette et al., 2017 ; Livanou et al., 
2019) that is now, mentioned in the manuscript (l.260):  

[CM feed on heterotrophic bacteria (preferred) and picophytoplankton (less preferred, Christaki et al., 
2002 ; Zubkhov & Tarron, 2008, Millette et al., 2017 ; Livanou et al., 2019) and the same grazing 
formulation as for zooplankton and NCM is used except that CM grazing is limited by DIN (DIP) 
concentration and light (Stoecker, 1997, 1998; Eq. 9).] 

2c) Finally, the model assumes that NCMs least preferred prey are CMs when, in reality, 
many NCMs acquire their plastids from CMs so CMs should not be the least preferred prey.  

Thank you for pointing this out. In fact, NCM least preferred prey is NMPHYTO (Table E2), prey order in 
the sentence l.204 is wrong, we corrected it:  

[From most to least preferred prey, NCM feed on heterotrophic bacteria, picophytoplankton, CM and 
nano+micro-phytoplankton (Verity, 1991 ; Price & Turner, 1992 ; Christaki, 1999).] 

2d) Authors must refer to the literature to justify their choices (this is currently lacking in the 
manuscript).  

Preference values results in the combination of values from the literature and calibrations.  

For copepods: We assumed that copepods feed on strictly smaller sized preys with the strongest 
preference for the largest organism: NCM. NCM are considered to be ciliates, copepods preferential 
ingestion of ciliates in environments where diatoms and dinoflagellate are present has been 
demonstrated by Verity (1996). They also represent a preferential food source for the reproduction of 
some copepod species (Dutz & Peters, 2008). Next, we decided to apply a strongest preference on 
NMPHYTO as they cover a largest size range with possibly bigger organisms than CM.   



For NCM: We made the choice to prioritize the ingestion of smaller organisms by considering bacteria 
and picophytoplankton as the preys with the highest preference as it is the case for small ciliates 
(Rassoulzadegan et al. 1988, Price & Turner, 1992, Christaki et al., 1999). We then prioritize 
nanophytoplankton which has been shown to be a great food source for ciliates in the Gulf of Lion 
(Christaki et al., 2009). We apply the lowest preference to NMPHYTO as they cover a wide range of size 
(they can be as large as NCM) and species including diatoms which are associated with smaller ciliates 
grazing rates (Epstein et al., 1992).  

For CM: We assumed that CM consume strictly smaller sized preys. They are known to consume 
bacteria and picophytoplankton (Christaki et al., 2002 ; Zubkhov & Tarron, 2008, Millette et al., 2017, 
Livanou et al., 2019). 

We add a column [references] to the table E2, to justify the values currently used for preferences, add 
the references in the text (l.144, l.204, and l.260) and in the caption of the new Figure 3:  

[Table E2: Predator preference for their preys (COP: copepods, NMPHYTO: nano+micro-phytoplankton, 

PICO: picophytoplankton and BACT: heterotrophic bacteria). (20) Verity and Paffenhofer (1996), (21) 

Price & Turner, 1992, (22) Christaki et al., 2009, (23) Epstein et al., 1992, (24) : Christaki et al., 2002, 

(25) Zubkhov & Tarron, 2008, (26) Millette et al., 2017, (27) Livanou et al., 2019, (*) Calibrated.  

 PREYS 
References 

NCM CM NMPHYTO PICO BACT 

PRED 

COP 0.4 0.25 0.35   20, * 

NCM  0.20 0.15 0.25 0.40 21, 22, 23, * 

CM    0.35 0.65 24, 25, 26, 27 * 

] 

[Copepods feed with decreasing preference on NCM, nano+micro-phytoplankton (NMPHYTO), and CM 
(Verity and Paffenhofer, 1996) and release ammonium (NH4

+), phosphate (PO4
3-), and dissolved organic 

carbon (DOC) through excretion, contributing to the POM compartment through egestion and 
mortality.] 

[From most to least preferred prey, NCM feed on heterotrophic bacteria, picophytoplankton, CM and 
nano+micro-phytoplankton (Verity, 1991 ; Price & Turner, 1992 ; Christaki, 1999).] 

[CM feed on heterotrophic bacteria (preferred) and picophytoplankton (less preferred, Christaki et al., 
2002 ; Zubkhov & Tarron, 2008, Millette et al., 2017 ; Livanou et al., 2019) and the same grazing 
formulation as for zooplankton and NCM is used except that CM grazing is limited by DIN (DIP) 
concentration and light (Stoecker, 1997, 1998; Eq. 9).] 

[Figure 3: Repartition of modelled organisms (COP: copepods, PICO: picophytoplankton, NMPHYTO: 
nano+micro-phytoplankton, and BACT: heterotrophic bacteria) in size classes and trophic interactions 
between them. Preference values are indicated in grey for copepods (Verity and Paffenhofer, 1996) and 
NCM (Epstein, 1992; Price & Turner, 1992 ; Christaki, 2009) and CM (Christaki et al., 2002 ; Zubkhov & 
Tarron, 2008, Millette et al., 2017 ; Livanou et al., 2019).]  

3a) The description of how mixotrophs are being modeled is hard to follow. First, it seems 
that phagotrophy cannot contribute to carbon growth when light is limiting – many studies 
found that CMs can also use phagotrophy to supplement carbon (Vargas et al 2012 Aquat 
Microb Ecol; Edwards 2019 PNAS). 

We are aware that multiple types of CM exist but as mentioned in our manuscript (l.188 to 192), we 
chose to model one type of CM based on the classification of Stoecker (1998). This type of CM 
designated as type IIA, is defined as primarily phototrophic organisms which can ingest preys when 
dissolved inorganic nutrients are limiting. By ingesting preys, they supplement their nutrition in 



nitrogen and phosphorus only. When phagotrophy supplements carbon nutrition, CM is no longer 
considered as a type IIA but as a type IIC (feed when light is limiting, to get carbon) considering this 
classification.  

3b) Second, it is especially hard to understand Tables 2 and 3 and what analyses were done 
to generate Figure 4.   

The aim of Table 2 is to sum up the characteristics which must be verified by the types of CM (IIA) and 
NCM (IIIB) that we modelled. These characteristics were stated by Stoecker (1998) as she aimed, in 
addition to propose a classification of mixotrophs, to provide conceptual models and then, main 
characteristics associated with each type of mixotrophs. By answering the question: “Are the 
characteristics defined in the Stoecker’s classification (1998) reproduced for the type of mixotrophs 
that we are trying to model?” we ensure that the type of mixotrophs that we chose to mirror is correctly 
modelled as its main characteristics are reproduced. Consequently, Table 3 aims to present the 
simulations that we designed to verify that the characteristics presented in Table 2  are well reproduced 
by our model. For each characteristic presented in Table 2, we designed two simulations. We then 
compare them (i.e., depending on the characteristic tested, we compare the photosynthesis or grazing 
fluxes of the two simulations) to verify that the characteristic tested is well reproduced by the model. 
The figure 4 (now figure 5) aims to present these comparisons, i.e., the verification of each 
characteristic for type of mixotrophs which we chose to model, CM type IIA and NCM type IIIB.   

3c) To robustly evaluate how mixotrophy metabolism varies as a function of environmental 
conditions, authors should have a baseline simulation where all resources are replete 
(growth optimal) and then just change a given initial environmental condition (e.g. external 
inorganic nutrient concentration) to then compare it against the baseline model. However, 
it seems like the authors varied a bunch of parameters (Table 3) across simulations which 
make them hard to compare. A suggestion would be to have a baseline model and then run 
this model against a grid of all possible combinations of environmental conditions for 
low/high [resource], in which resource could be DIN, prey or light (these would cover the 
main trade-off expected across different environments). 

We considered your comments and modified our simulations accordingly. We first ran a simulation in 
replete conditions and then three simulations to test each characteristic: low nutrients where only the 
DIN and DIP concentrations are modified, low light where only irradiance is modified and low food 
where only the total prey concentration is modified, for NCM and CM (as both have different preys, we 
must separate the cases). We modified Table 3 and Section 2.4.1 to this effect (l.295): 
[To verify these properties, we designed several numerical experiments (Table 3 and 4) in which we 

modify one of the following features: prey biomass, DIN and DIP concentrations or irradiance. We first 

ran a reference simulation (referred as Replete in Table 3) in which we set all the previous features to 

a maximum value during the entire simulation. Maximum prey biomass was obtained by multiply the 

initial condition by 2 (sum of the initial carbon prey biomass multiply by 2), maximum DIN and DIP 

concentrations were chosen based on high values observed at SOLEMIO (Pujo-Pay et al., 2011) and 

maximum irradiance correspond to the mean value of simulated irradiance for the SOLEMIO station by 

the meteorological model WRF (Yohia, 2017). Next, we ran low nutrients (low nutrients values 

observed at SOLEMIO multiply by 0.1, low-nut simulation in Table 3 for NCM and CM), low prey 

concentration (maximum prey concentration multiplied by 0.5, low-food simulation in Table 3 for NCM 

and CM) and low light (maximum value multiplied by 0.05, low-light simulation in Table 3 for CM only). 

For NCM, to verify the light dependant property (NCMP3), it is also necessary to set the NCM 

concentration to a constant during the entire simulation, we performed another reference simulation 

and a low-light simulation in which NCM concentration is constant (initial condition, NCM replete with 

constant  and NCM low light with constant in Table 4, respectively). Finally, we compare the simulations 

to their associated reference simulation.         



Table 3: Summary of the simulations performed to check NCM and CM properties (excluding NCMP3). For NCM, 

[PREY] stands for the sum of CM, nano+micro-phytoplankton, picophytoplankton and heterotrophic bacterial 

biomasses. For CM, [PREY] stand for the sum of picophytoplankton and heterotrophic bacterial biomasses. 

NCM properties (Type IIIB, Stoecker, 1998) 

Simulation name 
[PREY] 

(mmol C m-3) 
[DIN] 

(mmol N m-3) 
[DIP] 

(mmol P m-3) 
Irradiance 

(W m-2) 
Tested property 

NCM Replete 1.5 1.5 0.09 120 Reference simulation 

NCM Low-Nut 1.5 7.5×10-3 4.5×10-4 120 NCMP1 and NCMP2 

NCM Low-Food 0.75 1.5 0.09 120 NCMP4 

CM properties (Type IIA, Stoecker, 1998) 

Simulation name 
[PREY] 

(mmol C m-3) 
[DIN] 

(mmol N m-3) 
[DIP] 

(mmol P m-3) 
Irradiance 

(W m-2) 
Tested property 

CM Replete 0.92 1.5 0.09 120 Reference simulation 

CM Low-Nut 0.92 7.5×10-3 4.5×10-4 120 CMP2 and CMP3 

CM Low-Light 0.92 1.5 0.09 3 CMP4 

CM Low-Food 0.46 1.5 0.09 120 CMP1 

] 

For the verification of one of the properties (NCMP3) NCM concentration must be constant, we added 
Table 4, specify it in the text (l.300-304) and discussed it in a new section of the discussion: 4.1 
Mixotrophs representation assessment (l.485-494). 

[As biomass measurements were not available for our location, we performed the assessment of 
mixotrophs based on properties listed in Table 2. We showed that NCM and CM properties were all 
well reproduced by the model (Fig. 5). The third NCM property : grazing and irradiance are independent 
(NCMP3, Table 2), required a constant NCM concentration to be verified (Table 4). When irradiance 
increases, the NCM concentration increases. This feature is only due to the photosynthesis process 
which become less limited by light. NCM photosynthesis includes a prey dependant (i.e., based on 
preys’ parameters) light limitation function (the closer the function is to 1, the less limited the 
organisms) which tends to 1 when irradiance increases. Grazing formulation does not include a term 
of direct dependence on light but includes NCM biomass which explains the increase of grazing when 
NCM biomass is not set to a constant. It seems difficult to avoid this feature as photosynthesis is known 
to increase up to a certain value of irradiance which depends on species (Platt et al., 1980 ; Geider, 
2013).] 

3d) Second, I think it is much more clear to the reader if the steady-state solutions are 
presented for these analyses (time-series are more exciting when presenting the results 
applied to the coastal site).  

For this study with Eco3M_MIX-CarbOx we can consider yearly results as steady-state because for each 
simulation we reproduce the year 2017 three times (to avoid oscillations due to initial conditions (spin-
up)), and we obtain repeating steady-state cycles for the second and third repetitions. These repeating 
cycles (and not the strait lines usually observed for steady-state) are mainly explained by the fact that 
we used typical temperature values of the BoM (measurements performed in the BoM, TMED-Net) to 
perform our simulations. As the BoM is a temperate area, it is important to consider these temperature 
values as they allow us to reproduce the seasonality observed in the area. We reproduced this 
seasonality as some of our organisms (NMPHYTO, CM and PICO) growth depends on temperature. By 
applying a constant or a gaussian type curve for temperature we necessarily advantage one of these 
organisms: If we chose winter conditions, NMPHYTO will be advantaged due to its low temperature 
growth optimal, however if we choose a mean temperature (16.5°C, mean of observations for 2017) 
or summer conditions CM and PICO will be advantaged. To illustrate it, we present the yearly steady 
states obtained for two types of conditions (Table S4) : low nutrient and low light (Fig. S5).   



3e)  By looking only at steady-state, authors can present a wider range of simulations and 
clearly show how phototrophy and phagotrophy changes across environments. A suggestion 
to visualize this, is to make a grid plot (akin to a correlation matrix) where the environments 
would mirror each other and so phototrophy could be presented in one “side” of the matrix 
and phagotrophy could be presented on the other “side” of the matrix, with the diagonal 
grids left empty or dashed. Finally, I think the same runs should be done to evaluate both 
CM and NCM properties.  

Thank you for this suggestion. We decided to present time-series of grazing and photosynthesis for the 
properties verification for the reasons mentioned in point 3d) of this review. However, based on your 
comment, we added Table S5 to the appendices (Appendix X) to present a yearly mean value of 
photosynthesis and grazing for each simulation designed to verify the NCM and CM properties.  

4a) The analysis lacks a validation for the different plankton groups modelled. The authors 
state that their model correctly simulates mixotrophy, but the model was only compared 
against total chlorophyll data. While the perfect dataset to validate mixotrophy is not 
currently available (we cannot detect mixotrophs in situ with traditional sampling 
approaches), there are many long-term time-series that provide detailed information on 
carbon biomass for different taxa and these can be grouped into different functional types 
to validate the modeled carbon biomass output. There are papers that summarized a list of 
species known to be mixotrophic and this could be used as a guide to apply these timeseries 
to validate mixotroph types in ecosystem models.  

As we stated in point 3b), we assume that our model correctly reproduced the processes associated 
with mixotrophy as we verified that our model reproduces each characteristic stated by Stoecker’s 
classification (1998) well for both types of mixotrophs that we chose to model. As you rightly pointed 
out, a set of measurements for mixotrophs in the BoM is not available at the moment. We chose to 
present total chlorophyl measurements to evaluate our representation of the plankton as these 
measurements are performed at the modelled point. Unfortunately, to the best of our knowledge, 
there is not any available dataset in the BoM which allow us to compare the carbon biomass of each 
organism to measurements.  

Some studies which investigated phytoplankton succession during the year in the North-Western 
Mediterranean Sea are available (Marty et al., 2002; Siokou-Frangou et al., 2010 ; Estrada & Vaquë, 
2014 ; Mayot et al., 2016). They highlighted three successive periods during the year: (i) at the 
beginning of the year, winter mixing brings nutrients to the surface layer then initiates a spring bloom 
first dominated by large cells (mainly diatoms) which belong to microphytoplankton, (ii) 
microphytoplankton development is followed by nanophytoplankton development which dominates 
the second stage of the bloom until late spring, (iii) nutrients run out, summer phytoplankton 
assemblage which contains mainly small cells (pico- and nanophytoplankton), takes place. Due to the 
high variability of the BoM, seasonal phytoplankton successions during the year may be made more 
complex. As instance, Rhône River intrusion, Cortiou water intrusion and upwelling events can 
significantly modify phytoplankton assemblages. Rhône River intrusions can occur all year round and 
are particularly efficient in low nutrient conditions as they bring nutrient loaded water to the bay and 
allowed large cells to grow (Gatti et al., 2006; Fraysse et al., 2014). Cortiou water intrusion events can 
also occur all year-round and brings NH4

+ loaded water which can help reduce nutrient limitation, 
especially in summer. Upwelling events are mainly visible in summer and can favoured species with 
lower growth temperature optimum in addition to bring nutrients to the surface (Millot, 1990 ; Pairaud 
et al., 2011). Due to this high variability, it seems difficult to give a typical succession that the model 
should reproduce to be considered as correct. 

For 2017, Eco3M_MIX-CarbOX reproduced well Rhône River intrusion as we modelled well the initiated 
development of large cells (NMPHYTO) by nutrients bring by the winter mixing and the Rhône River 



intrusion (Fig. S6, 1). This first stage is followed by the replacement of large cells by nano size cells as 
nutrient concentration decreases (Fig. S6, 2). When nutrients are all consumed, summer phytoplankton 
assemblage dominated by pico size cells takes place (Fig. S6, 3). This last stage is significantly impacted 
by upwelling events which result in a high variability of PICO and NANO biomass.  

4b) As of now, it is hard to believe the model predictions are robust, for example, Figure 6 
shows copepods and non-constitutive mixotrophs to have a much higher biomass than other 
groups. The non-constitutive mixotrophs modeled here (i.e. Laboea and Strombidium) are 
known to occur in low abundance and contribute less to total biomass. 

Thank you for pointing this out. We agree that this result can be surprising. Even if, in the Gulf of Lion 
and especially in low salinity water from the Rhône River, Laboea strobila has been found abundant 
(Christaki et al., 2009), we do not exclude that, by only considering copepods as predator of NCM, we 
can underestimate the grazing that occurs on this type of organisms.  

Based on your comments, we understand that our manuscript may be missing a part to discuss the 
assessment of mixotrophs, we then decided to add a part 4.1 Mixotrophs representation assessment, 
in which we discuss the mixotrophs properties verification (especially NCMP3) and the CM and NCM 
dynamics representation.    

[4.1 Mixotrophs assessment 
As biomass measurements were not available for our location, we performed the assessment of 

mixotrophs based on properties listed in Table 2. We showed that NCM and CM properties were all 

well reproduced by the model (Fig. 5). The third NCM property : grazing and irradiance are independent 

(NCMP3, Table 2), required a constant NCM concentration to be verified (Table 4). When irradiance 

increases, the NCM concentration increases. This feature is only due to the photosynthesis process 

which become less limited by light. NCM photosynthesis includes a prey dependant (i.e., based on 

preys’ parameters) light limitation function (the closer the function is to 1, the less limited the 

organisms) which tends to 1 when irradiance increases. Grazing formulation does not include a term 

of direct dependence on light but includes NCM biomass which explains the increase of grazing when 

NCM biomass is not set to a constant. It seems difficult to avoid this feature as photosynthesis is known 

to increase up to a certain value of irradiance which depends on species (Platt et al., 1980 ; Geider, 

2013). 

Regardless of the simulation we modelled close percentage of C biomass for NCM (ciliates) and 

copepods (difference maximum of 6% Fig. 10a). These percentages are always significantly higher than 

phytoplankton and heterotrophic bacteria ones. In the Gulf of Lion and especially in low salinity water 

from the Rhône River, oligotrich ciliates have been found abundant (Christaki et al., 2009). We do not 

exclude that, by only considering copepods as predator of NCM, we can underestimate the grazing that 

occurs on this type of organisms. In the present model, we do not consider strict heterotrophs which 

belong to the nano and micro size classes. These organisms can be important competitors of ciliates, 

and certain species can even consume ciliates (Stoecker and Capuzzo, 1990 ; Johansson et al., 2004). 

The adding of these organisms could improve the representation of NCM dynamics and, accordingly, 

of the ecosystem and then will be considered for an improved version of the model. Moreover, we do 

not consider a mortality term for NCM. Montagnes (1996) showed that mortality rates for two species 

of the genus Strombidium and two species of the genus Strombilidium were rapid. Accordingly, adding 

this term to the model could allow to represent a more realistic NCM biomass.  

Regardless of the simulation, CM percentage in C biomass remains close to the phytoplankton one (Fig. 

10a). We performed the assessment of phytoplankton for the typical simulation, by using SOLEMIO 

chlorophyll measurements (Fig. 5e, statistical analysis presented in Appendix F). According to statistic 

indicators, Eco3M_MIX-CarbOx reproduced well measured chlorophyl (cost function below 1 and 



RMSD close to 0). Especially, the model provided values in the same range than observations with 

relatively close mean (0.40 for the model and 0.39 for observations). Observed chlorophyl reached a 

maximum value in mid-March, linked to the Rhône River intrusion which is not reproduced by the 

model. This maximum can be linked to an input of allochthonous chlorophyll (i.e., phytoplankton 

development near the nutrients loaded Rhône River plume, which is brought to SOLEMIO by currents, 

Fraysse et al., 2014). As Eco3M_MIX-CarbOx is dimensionless (only time derivation), we do not 

represent this input which can explain that we are not able to reproduce this chlorophyll maximum. 

However, during this event, we reproduced well the development and dominance of large cells 

(NMPHYTO) commonly observed in these cases (Fraysse et al., 2014).] 

5) Figure 7 requires more explanation and could be modified to provide more interesting 
results from the simulations. First, are these simulations the steady-state solution of the 
BoM runs? If not, which simulation runs? (same for Figure 9)  

The simulation used to obtain Figures 7, 8 and 9 (now 8, 9 and 10) are the simulations presented in 
Table 4 (now Table 5), Section 2.4.2. Figures 7 presents the carbon fluxes for NCM and CM (a, c) in 
typical conditions (i.e., simulation in SOLEMIO conditions: typical simulation in Table 4) and (b, d) in 
nutrient limited conditions (nutrient limited simulation in Table 4). In Table 4, typical simulation was 
referred as realistic simulation, we corrected it to avoid confusion. The same simulations were used to 
obtain Figure 8 (a and c are the results for typical simulation and b and d for nutrient limited 
simulation). Figure 9 presents the yearly ecosystem and phytoplankton composition for light limited 
conditions (low light, high nutrients, low light simulation in Table 4), typical conditions (realistic light, 
realistic nutrients, typical simulation in Table 4) and nutrient limited conditions (high light, low 
nutrients, nutrient limited simulation in Table 4). Again, to avoid confusion we modified the term 
realistic by typical in the Figure 9.      

5b) Second, it is nice to see how much carbon and nitrogen is coming from phototrophy 
versus phagotrophy, but I don’t fully understand the relevance of the fractions into different 
pools (e.f. respiration, predation, etc).  

We presented the percentages for all the process as we wanted to illustrate the importance of each of 
them in mixotrophs metabolism. In other words, by presenting the percentage of each process, we can 
evaluate which of them is the most important source or loss of carbon, nitrogen, and phosphorus. For 
the NCM, changes in nutrient concentration mainly affect grazing and photosynthesis percentages (so 
mainly the sources) but for CM, sources and losses are significantly affected by a change in nutrient 
concentration. Moreover, for CM, we decided to present the total N (P) uptake to discuss the 
consideration of another form of mixotrophy (osmotrophy) by the model (l.592), and the DOC 
exudation flux to compare it to Livanou et al. (2021) (l. 602). 

5c) Most relevant would be to show what is the fraction of copepod total predation that 
corresponds to mixotrophs (relative to other prey), for example. This could then be 
contrasted against the sensitivity runs that do not consider mixotrophs (related to one of my 
other comments). 

We agree, so we calculated the fraction of copepod total predation that corresponds to each prey and 
added it to Table S2 (point 1a) of this review.   

6a) A big chunk of the discussion is describing more results (lines 430-490). I would move 
this to the Results and would enrich the discussion, as of now the paper does not mention 
previous ecosystem modeling studies that also tackled this question in other systems, such 
as using MIRO and ERSEM ecosystem models.  

We used the Figure 9 (now Figure 10) to draw a parallel between the phytoplankton compositions for 
the nutrient and light conditions (Table 4 now Table 5) and the phytoplankton compositions for specific 



events studied in Section 3.2. In other words, we used the specific events to give examples of low light, 
or low nutrient conditions in the BoM, that is why we place the figure 9 in discussion and not in results.  

We gave more examples of studies which modelled mixotrophy (l.612-621) in different types of 
ecosystems :  

[An increasing number of studies has been investigating the impact of mixotrophs on their environment 
and were able to highlight the crucial role played by these organisms in the food web (Mitra et al., 
2016; Ward and Follows, 2016; Ghyoot et al., 2017 ; Stoecker et al., 2017). For instance, once Ward and 
Follows (2016) started to consider consider mixotrophs in their food web model, the biomass maximum 
switched to larger organisms which in turn led to an increase in carbon export to depth due to the 
production of larger carbon-enriched detritus. Still using a modelling approach (MIRO model), Ghyoot 
and al. (2017) investigated the impact of the introduction of three forms of mixotrophy (osmotrophy, 
non-constitutive mixotrophy and constitutive mixotrophy) on trophic dynamics in the Southern North 
Sea. They showed that these three types of mixotrophy have different impact on system dynamics: 
while results showed that constitutive mixotrophy did not significantly affect the functioning of the 
ecosystem, osmotrophy increased gross primary production (GPP), sedimentation and bacterial 
production and non-constitutive mixotrophy also increased remineralisation and transfer to higher 
trophic level under high irradiance. Mixotrophy was also shown to play an important role in harmful 
algal blooms (Kempton et al., 2002 ; Burkholder et al., 2008). Accordingly, the need of developing 
models which include mixotrophy to represent and predict such events has been raised by several 
authors (Burkholder et al., 2008 ; McGillycuddy, 2010 ; Mitra & Flynn, 2010 ; Flynn & McGillicuddy, 
2018).]  

and (l.625-635): 

[For instance, Leles et al. (2018) investigated the impact of light and nutrient on mixotrophs and on 
their strict autotrophic and heterotrophic competitors modelling. They showed that changes in light 
and nutrients resulted in significant changes in ecosystem composition: while strict autotrophs and 
heterotrophs increased in relative importance in the transition from nutrient to light limitation, 
nutrient poor conditions favoured the development of mixotrophs. Still using modelling, Schneider et 
al. (2021) investigate the hypothesis that the biogeochemical gradient of inorganic nutrient and 
suspended sediment concentrations drives the observed occurrence of constitutive mixoplankton in 
the Dutch Southern North Sea. They showed that dissolved inorganic phosphate and silica 
concentration drive the occurrence of constitutive mixoplankton.]. 

6b) And finally, it is not clear to me what were the main contributions of this study to this 
field. Authors should be more clear about it in the discussion and in the abstract.  

This work provides a new biogeochemical model to study mixotrophy in the BoM. With the present 
study, we provided new insights regarding the condition that lead to the emergence of mixotrophs in 
the BoM. On a more general note, thanks to its adaptability, this model represents a new tool to 
perform long-term studies and prediction of mixotroph dynamics in coastal environments, under 
different environmental forcings particularly under different environmental forcings caused by global 
change where mixotrophs are expected to play a central role in future ecosystems.  

We added at the end of the abstract :  

[In addition to provide new insights regarding the condition that lead to the emergence of mixotrophs 
in the BoM, this work provide a new tool to perform long-term studies and prediction of mixotroph 
dynamics in coastal environments, under different environmental forcings.]  

We reorganised the last point of the discussion (l.648-656):  

[For the particular location studied here, the Bay of Marseille (BoM), Eco3M_MIX-CarbOx is the first 
biogeochemical model to include an explicit compartment for mixotrophy in its representation of the 
food web. Eco3M_MIX-CarbOx used variable stoichiometry which allowed us to determine the 



nutritional state of the cell including potential nutrient limitation. This feature is even more important 
in the BoM where nutrient limitation has been shown to alternate between N and P several times 
during the year (Fraysse et al., 2013). We provided new insights regarding the conditions that lead to 
the emergence of mixotrophs in the BoM. Especially, we showed that, in the BoM, mixotrophy could 
represent a significant advantage when nutrients were limiting, particularly for CM. Even though 
Eco3M_MIX-CarbOx was developed and used in the BoM, it is easily adaptable to other coastal 
environments if environmental forcings are provided. This feature makes it a particularly suitable tool 
to perform long term studies and prediction of mixotrophy dynamics in coastal environments.]    

6c) Also, please clearly state in the intro if this model is new and whether is built on 
something that was previously available. 

We modified (l.66-70):  

[Here we used a newly developed biogeochemical model (Eco3M_MIX-CarbOx, v1.0) to study the 
impact of light and nutrient limitations on the planktonic ecosystem structure in a Mediterranean 
coastal area, the BoM where we simulated a small volume of surface water (1 m3). Eco3M_MIX-CarbOx 
contains a newly developed mixotrophy compartment which allowed us to represent two types of 
mixotrophic protists: CM and NCM. We assessed the mixotrophic compartment based on Stoecker’s 
(1998) conceptual models of mixotrophy.]  

to:  

[Here we used a newly developed biogeochemical model (Eco3M_MIX-CarbOx, v1.0) to study the 
impact of light and nutrient limitations on the planktonic ecosystem structure in a Mediterranean 
coastal area, the Bay of Marseille (BoM) where we simulated a small volume of surface water (1 m3). 
Eco3M_MIX-CarbOx contains a newly developed planktonic ecosystem model in which we consider 
mixotrophy. The mixotrophic compartment allow us to represent two types of mixotrophic protists: CM 
and NCM. We assessed it based on Stoecker’s (1998) conceptual models of mixotrophy]. Model 
building is then largely detailed in material and methods where we indicated again (l.119) : [To obtain 
the present version of the Eco3M_MIX-CarbOx model, we developed a planktonic ecosystem model 
which contains mixotrophs, and added a modified version of the carbonate module from Lajaunie-Salla 
et al. (2021). The planktonic ecosystem model was developed using the Eco3M (Ecological Mechanistic 
and Molecular Modelling) platform (Baklouti et al., 2006a, b) which allows the modelling of the first 
trophic levels by providing a process library used to build different model configurations.].   

 

Minor comments 

Please provide a better link in the introduction to the Mediterranean system as it is unclear 
is some sentences are more broadly for other oceanic biomes or not (lines 52-65). 

We rephrased (l.55-65) :  

[In addition, mixotrophic protists are ubiquitous and can be found from the tropical to the polar seas 
(Flynn et al., 2012; Hartmann et al., 2012; Stoecker et al., 2017). While some studies investigated 
mixotrophy in nutrient rich systems in the context of harmful algal blooms (HAB; Burkholder et al., 
2008; Glibert et al., 2018), typically mixotrophy is studied in oligotrophic systems such as the 
Mediterranean Sea which is highly oligotrophic especially in its Eastern Basin (Yacobi, 1995). 
Mixotrophy in protists has been observed in both the Eastern and Western Basins, using mostly 
measurements to describe their distribution (Pitta and Giannakourou, 2000; Bernard and 
Rassoulzadegan, 1994) and quantify their effect on the ecosystem (Christaki et al., 1999; Dolan and 
Perez, 2000). However, few studies considered the effects of variable environmental parameters (i.e., 
temperature, salinity, pH, light and nutrients) on the spatial and temporal structuring of mixotrophic 
protists.] 



to:   

[In addition, mixotrophic protists are ubiquitous and can be found in various types of environments 
(Flynn et al., 2012; Hartmann et al., 2012; Stoecker et al., 2017). Some studies investigated mixotrophy 
in nutrient rich systems (eutrophized costal or estuarine systems) in the context of harmful algal blooms 
(HAB; Burkholder et al., 2008; Glibert et al., 2018). Typically, mixotrophy is studied in oligotrophic 
systems (Zubkhov and Tarran, 2008 ; Hartmann et al., 2012) including Mediterranean Sea. It was shown 
that Mediterranean Sea is highly oligotrophic especially in its Eastern Basin (Yacobi, 1995). Accordingly, 
some studies which aimed to investigate mixotrophy in protists have been conducted in the 
Mediterranean Sea. Several authors observed mixotrophic protists in both the Eastern and Western 
Basins, describe their distribution (Pitta and Giannakourou, 2000; Bernard and Rassoulzadegan, 1994) 
and quantify their effect on the ecosystem (Christaki et al., 1999; Dolan and Perez, 2000). However, few 
studies considered the effects of variable environmental parameters (i.e., temperature, salinity, pH, 
light and nutrients) on the spatial and temporal structuring of mixotrophic protists in the 
Mediterranean Sea.] 

Intro: there are quota models that describe mixotrophy, please acknowledge previous 
literature (line 65). 

We modified (l.68-69): 

[Unlike most other models, Eco3m_MIX-CarbOx uses variable cellular quotas which allowed us to 
determine the nutritional state of the cell by comparing it to a reference quota]  

to:  

[Eco3m_MIX-CarbOx uses variable cellular quotas which allowed us to determine the nutritional state 
of the cell by comparing it to a reference quota]. 

Study area should come at the end of methods description. It is a study case of the model. 

We chose to place the study area subsection (2.1) at the beginning of the material and methods section 
because the manuscript seemed more consistent to us in this way. In the part 2.4, we mentioned that 
irradiance constant values were determined based on the irradiance of the model WRF (typical 
irradiance for the BoM). In the part 2.5, we mentioned again that irradiance was based on the model 
WRF and we added to the manuscript (l. 326) that we used the environmental forcings described in 
Table 1 for the three simulations. Consequently, it seems more consistent for us to leave this part at 
the beginning, in order to define the forcings before using them.  

Model description: please be clear that this is a 0D model (only time derivation, no physics 
resolved either over depth or horizontally). 

We changed the sentence (l.115-117) :  

[The Eco3M_MIX-CarbOx model is a dimensionless model (i.e., we consider a volume of 1 m3 of surface 
water at SOLEMIO station) which was developed to represent the dynamics of both mixotrophic 
protists (henceforth referred to as mixotrophs) and the carbonate system in the BoM]  

to:  

[The Eco3M_MIX-CarbOx model is a dimensionless (0D) model: we consider a volume of 1 m3 of surface 
water at SOLEMIO station, in this volume the state variables only vary over time as the model is not 
coupled with a hydrodynamic model. Eco3M_MIX-CarbOx was developed to represent the dynamics 
of both mixotrophic protists (henceforth referred to as mixotrophs) and the carbonate system in the 
BoM.].  

Methods: Please explain Eco3M; system of ODEs.. 

We modified (l.120-122):  



[To obtain the present version of the Eco3M_MIX-CarbOx model, we developed a planktonic ecosystem 
model which contains mixotrophs, using the Eco3M (Ecological Mechanistic and Molecular Modelling) 
platform (Baklouti et al., 2006a, b) and added a modified version of the carbonate module from 
Lajaunie-Salla et al. (2021)] 

to:  

[To obtain the present version of the Eco3M_MIX-CarbOx model, we developed a planktonic ecosystem 
model which contains mixotrophs, and added a modified version of the carbonate module from 
Lajaunie-Salla et al. (2021). The planktonic ecosystem model was developed using the Eco3M 
(Ecological Mechanistic and Molecular Modelling) platform (Baklouti et al., 2006a, b). The Eco3M 
platform allows the modelling of the first trophic levels by providing a process library used to build 
different model configurations. It was developed in Fortran 90/95 and we used an Euler method to 
solve sink-source equation of each state variable.].    

Methods: If the carbonate cycle is not relevant here, talk less about it. 

We mentioned the carbonate cycle to remind that a companion paper is available to detail its 
modelling. These sentences allowed us to link both papers then clarify the structuring of the study.   

Figure 2: why zooplankton eat picophytoplankton but not bacteria? It seems weird to me. 

Zooplankton does not eat picophytoplankton neither bacteria (Table B1 and Table E2). We added Figure 
3 to avoid confusions.   

Line 132: Uncertain why copepods prefer NCMs and nanophytoplankton over CMs – why is 
this assumption necessary? 

We made this assumption based on size classes in which belongs each modelled organism (please see 
point 2 for detailed explanation).   

Why do you mention specific genus when talking about each type represented in the model 
if you don’t have validation data (biomass) for these? Isn’t the goal of the model to resolve 
all taxa that could be included in that box? 

Exactly. We mention a specific genus as we used this genus as a reference for most of the values chosen 
for parameters (Table E1). As it seems confusing, we removed them.  

Line 144: explain temperature effects in a separate section. Does it affect only nutrient 
uptake? But temperature affects all metabolic rates. 

We do not find relevant to add a specific section for temperature effect, but we indicated it when 
temperature influences a process. In addition, temperature affects all the CM, phytoplankton, and 
heterotrophic bacteria processes. For the zooplankton and NCM, the temperature effect is indirect 
through their prey.   

Line 147: what about mortality? 

We did not consider a term of mortality for phytoplankton. We performed the necessary tests to add 
this term when developing the model, but none were conclusive as our phytoplankton compartment 
was already balanced. We believe that this due to the fact that predators exert a strong top-down 
control on phytoplankton population.  

Line 189: why quadratic? 

Grazing formulation is based on Fasham et al. (1990). See Appendix B of Fasham et al. (1990) for 
detailed explanations.  

Line 190: degradation rate or mortality rate? Please provide references that could back up 
your modeling choices if this was the case. 



We based the modelling of the degradation of sequestered chloroplast on Leles et al. (2018). The 
equations are available in their supplementary material. They used the term dilution instead of 
degradation or mortality. We used degradation to speak about the global process and mortality for the 
rate which multiply chlorophyl quantity.  

Line 199: Hard to follow the calculations to get the photosynthetic rate of NCMs. 

PMAX,NCM
C = PREF,PREY

C ∗ fPREY
T ∗ fQ,NCM

G  

PhotoNCMC,PREYC

DIC = PMAX,NCM
C ∗ limIPREY ∗ NCMC  

Eq. S1 

The calculation of NCM photosynthesis (set of Eq. S1) is based on Geider et al. (1998) formulation. This 
formulation provides a photosynthesis flux which depends on nutrient concentration, temperature, 

and light. We first calculate the maximum photosynthetic rate (PMAX,NCM
C ) by using the C-specific 

photosynthetic rate at a reference temperature of the prey (PREF,PREY
C ) which is limited by temperature 

(fPREY
T ) and nutrients (fQ,NCM

G ). Next, we calculate the photosynthesis flux (PhotoNCMC,PREYC

DIC ) by using 

the maximum photosynthetic rate calculated before, adding the light limitation (limIPREY) and 
multiplying it by NCM carbon biomass to obtain a final photosynthesis flux in mmolC m-3 s-1.  

As the photosynthesis takes place in the NCM cell, the limitation by nutrient is calculated based on the 

NCM internal content (N:C (𝑄𝐶
𝑁) and P:C (𝑄𝐶

𝑃) ratio) :  

fQ
G = min (

Qc
N − Qc,min

N

Qc,max
N − Qc,min

N
,

Qc
P − Qc,min

P

Qc,max
P − Qc,min

P ) 

Eq. S2 

As the photosynthesis is performed by photosynthetic prey chloroplast, the temperature limitation (fT, 
from Lacroix and Gregoire, 2002) is based on optimal (TOPT), lethal growth temperature (TLET) and a 
temperature curve shape factor (β) of the considered photosynthetic prey:  

f T =  
2 ∗ (1 − β) ∗

(T − TLET)
(TOPT − TLET)

(
(T − TLET)

(TOPT − TLET)
)

2

+ 2 ∗ (−β)
(T − TLET)

(TOPT − TLET) − 1

 

Eq. S3 

Same for the light limitation (limI) which is calculated based on Chl:C ratio, maximum photosynthesis 
rate (PMAX

C ), chlorophyll-specific light absorption coefficient (αChl) of the considered photosynthetic prey 
:   

limI = 1 − exp (
−αChl ∗ QC

Chl ∗ EPAR

PMAX
C ) 

Eq. S4 

with PMAX
C  calculated with the prey parameters. 

To obtain the total photosynthesis flux of NCM, we sum the photosynthesis fluxes calculated for each 
photosynthetic prey and weighted them by preference.   

We add (l.217): 



[We based our formulation on Geider et al. (1998) which provide a photosynthesis flux nutrient, 
temperature, and light dependant. In this formulation, a maximum photosynthetic rate is first 

calculated (PMAX
C ) based on the C-specific photosynthetic rate at a reference temperature of the 

photosynthetic organism (PREF
C ). This rate is nutrient and temperature dependant and is next multiplied 

by a light limitation function.] 

Line 211: it seems like the calculations do not take into account chl ingested from each prey. 
Shouldn’t it be more logical this way? 

In the present formulation we do not directly consider the ingested chlorophyll for each prey. It is 
another possibility to represent this process. We chose the present formulation as it was less complex 
and more adapted to our model. However, we would like to point out that the present formulation 

considers the benefits of grazing through the calculation of a quota function (fQ,NCM
G , formulation 

above). Prey dependence is then added through photosynthesis calculation parameters (i.e., we used 
prey parameters to calculate temperature (fT) and light limitation (limI) functions (formulations above) 
and based the calculation of the maximum photosynthetic rate on the C-specific photosynthetic rate 

of the prey (PREF,PREY
C )) and the portion of each photosynthetic prey through their associated 

preference value.  

Lines 228-229: without definitions for intermediate calculation it is very hard to follow 
equations because the reader gets confused about which are constant values in the model 
and which are intermediate calculations based on other variables. 
To avoid confusion, we detailed the terms in the text (l.251):  

[where PMAX
C  is the maximum photosynthetic rate in s-1, 𝑃ℎ𝑜𝑡𝑜𝐶𝑀𝐶

𝐷𝐼𝐶  is the CM photosynthetic flux in 

mmol m-3 s-1, PREF
C  is the C-specific photosynthetic rate at a reference temperature (see Appendix E for 

CM value). f T, 𝑓𝑄
𝐺 and limI are temperature, nutrient and light limitation functions respectively (see 

Appendix C for detailed formulations of f T and limI, and Eq. 5 for the formulation of 𝑓𝑄
𝐺).] 

Give references to justify prey preferences. Sensitivity analyses might be needed to test the 
impact of these assumptions. 

We add a column [References] to Table E2 to indicate the references for prey preferences. Preference 
values results in the combination of values from the literature and calibrations. To find the better values 
for our modelled organisms, we made several sensitivity tests during the development stage (test of 
different combination of values for the copepods, NCM and CM).  

Table 3 is very hard to follow. Instead of giving tested properties, give this in the results and 
be more clear about these (with references to support these properties). 

Table 3 aims to present the simulations which have been done to test each property presented in Table 
2. For us, it seems logical to precise the property associated with their simulations. The number of the 
tested property is also indicated on the Figure 4 (now Figure 5) for the reader to refer in Table 2. As 
indicated in Table 2 and in the manuscript (l.190 for example), properties are based on Stoecker (1998). 
Based on your previous comment, we modified Table 3. We hope it is clearer that way.       

Line 283: confusing sentence. Tota/ sum of what exactly? 

Total carbon biomass and sum of daily averaged carbon biomass. We modified (l.331) :  
[We used the total carbon biomass which is calculated by summing daily average biomass of each 

organism to assess the ecosystem composition and its dynamics during different scenarios over a full 

year. We used the total phytoplanktonic carbon biomass which is calculated by summing daily average 

carbon biomass of each phytoplanktonic organism, to assess the phytoplankton composition (given as 

percentages of nano+micro-phytoplankton, picophytoplankton and CM).] 



Define acronyms throughout. 

Done.  

What about the spin-up period of the model? Give details where the code is deposited at 
the end of the Methods.   

We agree that this was not clearly stated and indicated model spin-up period on l.312: 

[Eco3M_MIX-CarbOx spin-up period is about 3 months. To avoid initial conditions impact on our results, 
we ran three years of simulation (i.e., repetition of 2017 three times) and we present the results for 
the second year of simulation.].  

For details where the code is deposited, a section [Code availability] at the end of the manuscript is 
available.   

  



Figures and Tables  

 

Figure 3: Repartition of modelled organisms (COP: copepods, PICO: picophytoplankton, NMPHYTO: 
nano+micro-phytoplankton and BACT: heterotrophic bacteria) in size classes and trophic interactions 
between them. Preference values are indicated in grey for copepods (Verity, 1996) and NCM (Epstein, 
1992; Price & Turner, 1992 ; Christaki, 2009) and CM (Christaki et al., 2002 ; Zubkhov & Tarron, 2008, 
Millet et al., 2017 ; Livanou et al., 2019). [added to the manuscript] 



 

Figure S1: Comparison of ecosystem composition in C biomass for the configurations (a) without 
mixotrophs and, (b) with mixotrophs, and (c) of net community production (difference of total 
photosynthesis and total respiration) with and without mixotrophs. The ecosystem is dominated by 
autotrophic processes when values are higher than 0 (green coloured part) and by heterotrophic 
processes when values are lower than 0 (red coloured part). Results are given for the typical simulation.  

 
 

 

Figure S2: Schematic representation of the Eco3M_MIX-CarbOx model configuration with strict 

heterotrophs (MICROZ) and strict autotrophs (NANOP) and without mixotrophs. Each box represents a 

model compartment (DIM: dissolved inorganic matter, DOM: labile dissolved organic matter, POM: 

detrital particulate organic matter). State variables are indicated in black (COP: copepods, PICO: 

picophytoplankton, NANOP: nanophytoplankton, MICROP: microphytoplankton, O2: dissolved oxygen, 



CO2: dissolved carbon dioxide, DIC: dissolved inorganic carbon, TA: total alkalinity, pCO2: partial 

pressure of CO2, CaCO3: calcium carbonate). Elements for which a state variable is expressed with a 

variable stoichiometry are shown in blue (C: carbon, N: nitrogen, P: phosphorus and, Chl: chlorophyll). 

Arrows represent processes between two state variables.  

 
Figure S3: Repartition of modelled organisms (COP: copepods, MICROZ: microzooplankton, NANOP: 

nanophytoplankton, MICROP: microphytoplankton, PICO: picophytoplankton and BACT: heterotrophic 

bacteria) in size classes and trophic interactions between them. Preference values are indicated in grey 

for copepods (Verity, 1996) and MICROZ (Epstein, 1992; Price & Turner, 1992 ; Christaki, 2009).  

 

 



 

Figure S4: Yearly ecosystem composition in percentage of C biomass (a, b) in typical conditions (a) with 

mixotrophs and (b) without mixotrophs, and (c, d) in nutrient limited conditions (c) with mixotrophs 

and (d) without mixotrophs.  

 

Figure S5: Repeating cycles of model simulations for (a) the high light, low nutrient and (b) low light, 

high nutrients simulations (Table S4). Lines represents daily averaged carbon biomass of copepods 

(COP), NCM, CM, nano+micro-phytoplankton (NMPHYTO), picophytoplankton (PICO) and 

heterotrophic bacteria (BACT) for the three years of simulation (repetition of 2017 three times).  

 



 

Figure S6: Time-series of daily averaged carbon biomass of phytoplankton for the typical simulation 

(Table 5). The different assemblages of phytoplankton community are separated by grey dotted lines: 

(1) development of large cells initiated by nutrients bring by the Rhône River intrusion and winter 

mixing, (2) decrease of nutrient concentration, development of nano-size cells, (3) summer 

phytoplankton assemblage dominated by pico-size cells and influenced by upwelling events.     

 

 

  



Table 4: Summary of the simulations performed to NCMP3. Prey stands for the sum of CM, nano+micro-

phytoplankton, picophytoplankton and heterotrophic bacterial biomasses. [added to the manuscript] 

Simulation 
name 

[NCM] 
(mmol C m-3) 

[PREY] 
(mmol C m-3) 

[DIN] 
(mmol N m-3) 

[DIP] 
(mmol P m-3) 

Irradiance 
(W m-2) 

Tested 
property 

NCM Replet 
with constant 

0.4 1.5 1.5 0.09 120 
Reference 
simulation 

NCM Low 
light 

with constant 
0.4 1.5 1.5 0.09 3 NCMP3 

 

Table S1: Balance equations for MICROZ (microzooplankton) and NANOP (nanophytoplankton). 

Variables Balance equations 

MICROZX 

X ϵ [C, N, P] 

∂MICROZC

∂t
= ∑ (GraMICROZC

PHYCi )

3

i=1

+ GraMICROZC

BACC − RespMICROZC

DIC − ExuMICROZC

DOC

− GraMICROZC

COPC  

∂MICROZN

∂t
= ∑ (GraMICROZN

PHYNi )

3

i=1

+ GraMICROZN

BACN − ExuMICROZN

DON − ExcrMICROZN

NH4

− GraMICROZN

COPN  

∂MICROZP

∂t
= ∑ (GraMICROZP

PHYPi )

3

i=1

+ GraMICROZP

BACP − ExuMICROZP

DOP − ExcrMICROZP

PO4

− GraMICROZP

COPP  

PHY ϵ [MICROP, NANOP, PICOP] 

NANOPX 
X ϵ [C, N, P, Chl] 

∂NANOPC

∂t
= PhotoNANOPC

DIC − RespNANOPC

DIC − ExuNANOPC

DOC − ∑ (GraNANOPC

ZOOCi )

2

i=1

 

∂NANOPN

∂t
= UptNANOPN

NO3 + UptNANOPN

NH4 + UptNANOPN

DON − ExuNANOPN

DON

− ∑ (GraNANOPN

ZOONi )

2

i=1

 

∂NANOPP

∂t
= UptNANOPP

PO4 + UptNANOPP

DOP − ExuNANOPP

DOP − ∑ (GraNANOPP

ZOOPi )

2

i=1

 

ZOO ϵ [COP, MICROZ] 

 

Table S2: Percentage of copepod total grazing represented by each prey in typical and nutrient limited 

conditions for the configurations with and without mixotrophs. 

  With mixotrophs Without mixotrophs 

NCM CM NMPHYTO MICROZ MICROP NANOP 

Typical conditions 96.4% 2.4% 1.2% 92.2% 2.6%  5.2%  

Nutrient limited conditions 98.4% 1.5% 0.1% 94.3% 0.7%  5.0%  

 



Table S3: Yearly mean predation on copepods (PREDCOP), total photosynthesis (PHOTOTOT), and total 

respiration (RESPTOT) fluxes in typical and nutrient limited conditions for the configurations with and 

without mixotrophs. 

 
With mixotrophs Without mixotrophs 

RESPTOT 
(mg m-2 d-1) 

PHOTOTOT 
(mg m-2 d-1) 

PREDCOP  
(mg m-2 d-1) 

RESPTOT 
(mg m-2 d-1) 

PHOTOTOT 
(mg m-2 d-1) 

PREDCOP  
(mg m-2 d-1) 

Typical 
conditions 

6.6 6.8 1.5 8.2 8.3 1.3 

Nutrient 
limited 

conditions 
0.2 0.4 0.09 0.4 0.5 0.06 

 

Table S4: Low nutrients and low light simulations properties.  

Simulation name [DIN] (mmolN m-3) [DIP] (mmolP m-3) Irradiance (W.m-2) 

Low nutrients 7.5 × 10-3 4.5 × 10-4 120 

Low light 1.5 0.09 3 

 

Table S5: Yearly mean grazing and photosynthesis values for NCM and CM properties verification 
simulations. [added to the manuscript]  

NCM 

Simulation 
Yearly mean grazing  

(mmolC m-3 s-1) 
Yearly mean photosynthesis 

(mmolC m-3 s-1) 

NCM-Replet 5.16 × 10-6 2.35 × 10-6 

NCM-Low Nut 5.16 × 10-6 2.35 × 10-6 

NCM-Low Food 1.50 × 10-6 9.54 × 10-7 

NCM-Replet Constant 7.60 × 10-7 1.12 × 10-6 

NCM-Low light Constant 7.60 × 10-7 3.70 × 10-7 

CM 

Simulation 
Yearly mean grazing 

(mmolC m-3 s-1) 
Yearly mean photosynthesis 

(mmolC m-3 s-1) 

CM-Replet 3.67 × 10-8 8.81 × 10-6 

CM-Low Nut 2.02 × 10-7 1.18 × 10-6 

CM-Low Light 1.00 × 10-9 2.70 × 10-7 

CM-Low Food 1.60 × 10-8 7.60 × 10-6 
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