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Supplementary materials 

S1. Supplementary analysis 

S1.1 Configurations without mixotrophs 

In addition to the Eco3M_MIX-CarbOx configuration with mixotrophs, we implemented two configurations of 

Eco3M_MIX-CarbOx without mixotrophs : a first one in which mixotrophs and their associated processes are simply deleted 5 

(configuration D in the following) and a second one in which mixotrophs are replaced by organisms with strict diets 

(configuration R in the following). 

 

Figure S1: Schematic representation of the D configuration of Eco3M_MIX-CarbOx in which mixotrophs and their processes 

were deleted. Each box represents a model compartment (DIM: dissolved inorganic matter, DOM: labile dissolved organic matter, 10 
POM: detrital particulate organic matter). State variables are indicated in black (COP: copepods, NMPHYTO: nano+micro-

phytoplankton, PICO: picophytoplankton, BAC : heterotrophic bacteria, 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.   15 

In the configuration D, mixotrophs and their processes are simply deleted (not replaced). Therefore, the model configuration 

includes only four types of organisms: copepods (COP), nano+micro-phytoplankton (NMPHYTO), picophytoplankton 

(PICO) and heterotrophic bacteria (BAC) (Fig.S1). Balance equations are detailed in Table S1. In the configuration with 

mixotrophs, picophytoplankton and heterotrophic bacteria were grazed by NCM and CM. In the D configuration, as NCM 

and CM are deleted, these organisms have no predators left. To balance PICO and BAC biomass, we add a loss term to the 20 
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balance equations which represents the predation by largest organisms which are not considered in this configuration 

(implicit representation of predators). To formulate this term, we assumed that its value must be similar to the grazing that 

CM and NCM used to perform on PICO and BAC in the configuration with mixotrophs. By making this hypothesis, we 

ensure that PICO and BAC biomasses are well top-down regulated and that their compartment are balanced without 

digressing too far from the initial configuration, with mixotrophs. We then formulate predation as a sum of NCM and CM 25 

grazing and adapt it to the configuration by using constant for concentrations of predators (2.2 and 0.4 mmolC m-3, mean 

biomasses obtained for mixotrophs in the configuration with mixotrophs). The predation flux is applied on PICO and BAC 

biomass and exits the model (this matter is not recycled). Other process formulations remain unchanged.   

In the R configuration, NCM are replaced by strict heterotrophs which belong to the micro size class (microzooplankton, 

MICROZ). CM are replaced by strict autotrophs which belong to the nano size class (nanophytoplankton, NANOP). Since 30 

nanophytoplankton is represented by the NANOP variable, the MICROP variable replaced the NMPHYTO one and is used 

to represent organisms between 20 and 200µm (Fig. S2 and S3). The equations of MICROZ and NANOP are similar to the 

equations of NCM and CM except that we deleted the photosynthesis term associated with NCM and the grazing terms 

associated with CM. The MICROZ is represented in C, N and P and the NANOP in C, N, P and Chl according to the 

following state equations: 35 

∂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] 

(Eq. S1) 40 

∂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
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∂NANOPChl
∂t

= SynNANOPChl −∑(GraNANOPChl
ZOOC )

2

i=1

 

ZOO ϵ [COP, MICROZ] 45 

(Eq. S2) 

MICROZ process formulations are the same as the NCM ones. For NANOP, process formulations are the same as the CM 

one except for DOC exudation formulation (Eq. S3) in which we removed the exuded part of C coming from grazing.   

ExuNANOPC
DOC = (1 − fracresp) ∗ (PhotoNANOPC

DIC ∗ (1 − fQ
G)) 

(Eq.S3) 50 

Where ExuNANOPC
DOC  is in mmolC m-3 s-1, fracresp  is the carbon fraction allocated to respiration, PhotoNANOPC

DIC  is the 

photosynthesis flux in mmolC m-3 s-1 and fQ
G is a nutrient limitation function which express the nutritional state of the cell. 

For other organisms, balance equations and process formulations remain unchanged except that photosynthesis terms 

previously associated with NCM, and grazing terms previously associated with CM are no longer considered. Balance 

equations for this configuration are detailed in Table S2.   55 

 

Figure S2: Schematic representation of the R configuration of Eco3M_MIX-CarbOx in which mixotrophs were replaced by strict 

heterotrophs (microzooplankton: MICROZ) and strict autotrophs (nanophytoplankton: NANOP). 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, MICROP: microphytoplankton, PICO: picophytoplankton, BAC: 60 
heterotrophic bacteria, 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.   
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Figure S3: Repartition of modelled organisms (COP: copepods, MICROZ: microzooplankton, MICROP: microphytoplankton, 

NANOP: nanophytoplankton, PICO: picophytoplankton and BACT: heterotrophic bacteria) in size classes and trophic 

interactions between them for the R configuration of Eco3M_MIX-CarbOx. Preference values are indicated in grey for copepods 

(Verity, 1996) and MICROZ (Verity, 1991; Price & Turner, 1992 ; Chrsitaki, 1999). 

Table S1: Balance equations for D configuration.  70 

Variables Balance equations 

COPX 

X ϵ [C, N, P] 

∂COPC
∂t

= GraCOPC
NMPHYTOC − RespCOPC

DIC − ExcrCOPC
DOC − ECOPC

POC − PredationCOPC
POC  

∂COPN
∂t

= GraCOPN
NMPHYTON − ExcrCOPN

NH4 − ECOPN
PON − PredationCOPN

PON  
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∂COPP
∂t

= GraCOPP
NMPHYTOP − ExcrCOPP

PO4 − ECOPP
POP − PredationCOPP

POP  

NMPHYTOX 
X ϵ [C, N, P, Chl] 

∂NMPHYTOC
∂t

= PhotoNMPHYTOC
DIC − RespNMPHYTOC

DIC − ExuNMPHYTOC
DOC − GraNMPHYTOC

COPC  

∂NMPHYTON
∂t

= UptNMPHYTON

NO3 + UptNMPHYTON

NH4 − ExuNMPHYTON
DON − GraNMPHYTON

COPN  

∂NMPHYTOP
∂t

= UptNMPHYTOP

PO4 − ExuNMPHYTOP
DOP − GraNMPHYTOP

COPP  

∂NMPHYTOChl
∂t

= SynNMPHYTOChl
− GraNMPHYTOChl

COPC  

PICOX 
X ϵ [C, N, P, Chl] 

∂PICOC
∂t

= PhotoPICOC
DIC − RespPICOC

DIC − ExuPICOC
DOC − PredPICOC 

∂PICON
∂t

= UptPICON
NO3 + UptPICON

NH4 + UptPICON
DON − ExuPICON

DON − PredPICON 

∂PICOP
∂t

= UptPICOP
PO4 + UptPICOP

DOP − ExuPICOP
DOP − PredPICOP 

∂PICOChl
∂t

= SynPICOChl − PredPICOChl 

BACX 
X ϵ [C, N, P] 

∂BACC
∂t

= BPBACC
DOC + BPBACC

POC − BRBACC
DIC −MortBACC

DOC − PredBACC 

∂BACN
∂t

= UptBACN
NH4 + UptBACN

DON + UptBACN
PON − ReminBACN

NH4 −MortBACN
DON − PredBACN 

∂BACP
∂t

= UptBACP
PO4 + UptBACP

DOP + UptBACP
POP − ReminBACP

PO4 −MortBACP
DOP − PredBACP 

DOX 
X ϵ [C, N, P] 

∂DOC

∂t
=∑(ExuDOC

PHYCi)

2

i=1

+ ExcrDOC
COPC +MortDOC

BACC − BPDOC
BACC 

∂DON

∂t
=∑(ExuDON

PHYNi)

2

i=1

+MortDON
BACN − UptDON

PICON − UptDON
BACN 

∂DOP

∂t
= ∑(ExuDOP

PHYPi)

2

i=1

+MortDOP
BACP − UptDOP

PICOP − UptDOP
BACP 

PHY ϵ [NMPHYTO, PICO] 

POX 
X ϵ [C, N, P] 

∂POC

∂t
= EPOC

COPC + PredationPOX
COPX − BPPOC

BACC 

∂PON

∂t
= EPON

COPN + PredationPON
COPN − UptPON

BACN  

∂POP

∂t
= EPOP

COPP + PredationPOP
COPP − UptPOP

BACP 
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NO3
- 

∂NO3
∂t

= NitrifNO3
NH4 −∑Upt

NO3

PhyNi

2

i=1

 

PHY ϵ [NMPHYTO, PICO] 

NH4
+ 

∂NH4

∂t
= ExcrNH4

COPN + ReminNH4
BACN −∑(Upt

NH4

PhyNi)

2

i=1

− UptNH4
BACN − NitrifNH4

NO3  

PHY ϵ [NMPHYTO, PICO] 

PO4
3- 

∂PO4
∂t

= Excr
PO4

COPPi + ReminPO4
BACP −∑(Upt

PO4

PHYPi)

2

i=1

− UptPO4
BACP 

PHY ϵ [NMPHYTO, PICO] 

O2 

∂O2
∂t

= (
O

C
)
PP

∗∑(PhotoO2
PHYi)

2

i=1

+ AeraO2 −∑(RespO2
Phyi)

2

i=1

− RespO2
COP − BRO2

BAC

− (
O

C
)
NITRIF

. NitrifO2  

PHY ϵ [NMPHYTO, PICO] 

DIC 

∂DIC

∂t
=∑(RespDIC

PHYCi)

2

i=1

+ RespDIC
COPC + BRDIC

BACC + AeraDIC + DissDIC
CaCO3

−∑(PhotoDIC
PHYCi)

2

i=1

− PrecDIC
CaCO3  

PHY ϵ [NMPHYTO, PICO] 

AT 

∂AT

∂t
= 2 ∗ DissAT

CaCO3 +∑(UptNO3
PhyNi)

2

i=1

+∑(UptPO4
PhyPi)

2

i=1

+ ReminNH4
BACN −∑(UptNH4

PhyNi)

2

i=1

− ReminPO4
BACP − 2 ∗ PrecAT

CaCO3 − 2 ∗ NitrifTA 

PHY ϵ [NMPHYTO, PICO] 

CaCO3 
∂CaCO3

∂t
= PrecDIC

CaCO3 − DissDIC
CaCO3  

 

 

 

 

 75 
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Table S2: Balance equations for R configuration. 

Variables Balance equations 

COPX 

X ϵ [C, N, P] 

∂COPC
∂t

= GraCOPC
MICROZC +∑(GraCOPC

PHYCi)

2

i=1

− RespCOPC
DIC − ExcrCOPC

DOC − ECOPC
POC

− PredationCOPC
POC  

∂COPN
∂t

= GraCOPN
MICROZN +∑(GraCOPN

PHYNi)

2

i=1

− ExcrCOPN
NH4 − ECOPN

PON − PredationCOPN
PON  

∂COPP
∂t

= GraCOPP
MICROZP +∑(GraCOPP

PHYPi)

2

i=1

− ExcrCOPP
PO4 − ECOPP

POP − PredationCOPP
POP  

PHY ϵ [MICROP, NANOP] 

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, PICO] 

MICROPX 

X ϵ [C, N, P, Chl] 

∂MICROPC
∂t

= PhotoMICROPC
DIC − RespMICROPC

DIC − ExuMICROPC
DOC −∑(GraMICROPC

ZOOCi )

2

i=1

 

∂MICROPN
∂t

= UptMICROPN

NO3 + UptMICROPN

NH4 − ExuMICROPN
DON −∑(GraMICROPN

ZOONi )

2

i=1

 

∂MICROPP
∂t

= UptMICROPP

PO4 − ExuMICROPP
DOP −∑(Gra

MICROPP

ZOOPi )

2

i=1

 

∂MICROPChl
∂t

= SynMICROPChl
−∑(GraMICROPChl

ZOOCi )

2

i=1

 

ZOO ϵ [COP, MICROZ] 

NANOPX 

X ϵ [C, N, P, Chl] 

∂NANOPC
∂t

= PhotoNANOPC
DIC − RespNANOPC

DIC − ExuNANOPC
DOC −∑(GraNANOPC

ZOOCi )

2

i=1
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∂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

 

∂NANOPChl
∂t

= SynNANOPChl −∑(GraNANOPChl
ZOOC )

2

i=1

 

ZOO ϵ [COP, MICROZ] 

PICOX 

X ϵ [C, N, P, Chl] 

∂PICOC
∂t

= PhotoPICOC
DIC − RespPICOC

DIC − ExuPICOC
DOC − GraPICOC

MICROZC 

∂PICON
∂t

= UptPICON
NO3 + UptPICON

NH4 + UptPICON
DON − ExuPICON

DON − GraPICON
MICROZN 

∂PICOP
∂t

= UptPICOP
PO4 + UptPICOP

DOP − ExuPICOP
DOP − GraPICOP

MICROZP 

∂PICOChl
∂t

= SynPICOChl − GraPICOChl
MICROZC 

BACX 

X ϵ [C, N, P] 

∂BACC
∂t

= BPBACC
DOC + BPBACC

POC − BRBACC
DIC −MortBACC

DOC − GraBACC
MICROZC 

∂BACN
∂t

= UptBACN
NH4 + UptBACN

DON + UptBACN
PON − ReminBACN

NH4 −MortBACN
DON − GraBACN

MICROZN 

∂BACP
∂t

= UptBACP
PO4 + UptBACP

DOP + UptBACP
POP − ReminBACP

PO4 −MortBACP
DOP − GraBACP

MICROZP 

DOX 

X ϵ [C, N, P] 

∂DOC

∂t
=∑(ExuDOC

PHYCi)

3

i=1

+ ExuDOC
MICROZC + ExcrDOC

COPC +MortDOC
BACC − BPDOC

BACC 

∂DON

∂t
=∑(ExuDON

PHYNi)

3

i=1

+ ExuDON
MICROZN +MortDON

BACN − UptDON
NANOPN − UptDON

PICON

− UptDON
BACN 

∂DOP

∂t
= ∑(ExuDOP

PHYPi)

3

i=1

+ ExuDOP
MICROZP +MortDOP

BACP − UptDOP
NANOPP − UptDOP

PICOP − UptDOP
BACP 

PHY ϵ [MICROP, NANOP, PICO] 

POX 

X ϵ [C, N, P] 

∂POC

∂t
= EPOC

COPC + PredationPOX
COPX − BPPOC

BACC 

∂PON

∂t
= EPON

COPN + PredationPON
COPN − UptPON

BACN  

∂POP

∂t
= EPOP

COPP + PredationPOP
COPP − UptPOP

BACP 
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NO3
- 

∂NO3
∂t

= NitrifNO3
NH4 −∑Upt

NO3

PhyNi

3

i=1

 

PHY ϵ [MICROP, NANOP, PICO] 

NH4
+ 

∂NH4

∂t
=∑(Excr

NH4

ZOONi)

2

i=1

+ ReminNH4
BACN −∑(Upt

NH4

PhyNi)

3

i=1

− UptNH4
BACN − NitrifNH4

NO3  

PHY ϵ [MICROP, NANOP, PICO] 

ZOO ϵ [COP, MICROZ] 

PO4
3- 

∂PO4
∂t

=∑(ExcrPO4
ZOOPi)

2

i=1

+ ReminPO4
BACP −∑(UptPO4

PHYPi)

2

i=1

− UptPO4
CMP − UptPO4

BACP 

PHY ϵ [MICROP, NANOP, PICO] 

ZOO ϵ [COP, MICROZ] 

O2 

∂O2
∂t

= (
O

C
)
PP

∗∑(PhotoO2
PHYi)

3

i=1

+ AeraO2 −∑(RespO2
Phyi)

3

i=1

−∑(RespO2
ZOOi)

2

i=1

− BRO2
BAC

− (
O

C
)
NITRIF

. NitrifO2  

PHY ϵ [MICROP, NANOP, PICO] 

ZOO ϵ [COP, MICROZ] 

DIC 

∂DIC

∂t
=∑(RespDIC

PHYCi)

3

i=1

+∑(RespDIC
ZOOCi)

2

i=1

+ BRDIC
BACC + AeraDIC + DissDIC

CaCO3

−∑(PhotoDIC
PHYCi)

3

i=1

− PrecDIC
CaCO3  

PHY ϵ [MICROP, NANOP, PICO] 

ZOO ϵ [COP, MICROZ] 

AT 

∂AT

∂t
= 2 ∗ DissAT

CaCO3 +∑(UptNO3
PhyNi)

3

i=1

+∑(UptPO4
PhyPi)

3

i=1

+ ReminNH4
BACN −∑(UptNH4

PhyNi)

3

i=1

− ReminPO4
BACP − 2 ∗ PrecAT

CaCO3 − 2 ∗ NitrifTA 

PHY ϵ [MICROP, NANOP, PICO] 

CaCO3 
∂CaCO3

∂t
= PrecDIC

CaCO3 − DissDIC
CaCO3  
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S2 Supplementary results 

S2.1 Configurations without mixotrophs 80 

We present the ecosystem composition in C biomass (Fig. S4), dynamics of modelled organisms in C biomass for the three 

years of simulation (2017 repeated three times, Fig. S5), total chlorophyll (Fig. S6) for configurations D, R and with 

mixotrophs in typical conditions (Table 5).   

We also provided the percentage of each prey in total copepod grazing (Table S3), 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 85 

S4) for each configuration in typical conditions (Table 5). 

 
Figure S4: Yearly total carbon biomass in typical conditions for (a) the configuration with mixotrophs, (b) the configuration R (in 

which mixotrophs are replaced) and (c) the configuration D (in which mixotrophs are deleted).   
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 90 

Figure S5: Repeating cycles of model simulations for (a) the configuration with mixotrophs, (b) the R configuration and (c) the D 

configuration. Lines represents daily averaged carbon biomass of copepods (COP), NCM, MICROZ (microzooplankton), 

MICROP (microphytoplankton), NMPHYTO (nano+micro-phytoplankton), CM, NANOP (nanophytoplankton), PICO 

(picophytoplankton) and BAC (heterotrophic bacteria) for the three years of simulation (repetition of 2017 three times).  

 95 

Figure S6: Total chlorophyll concentration (for the configuration with mixotrophs: sum of daily average chlorophyll 

concentrations of PICO, NMPHYTO, CM and NCM; for the R configuration: sum of daily average chlorophyll concentrations of 

PICO, NANOP and MICROP ; for the D configuration: sum of daily average chlorophyll concentrations of PICO and 

NMPHYTO) for the three configurations of Eco3M_MIX-CarbOx. The markers represent in situ SOLEMIO data. 

Table S3: Percentage of copepod total grazing represented by each prey in typical conditions for the configurations with 100 
mixotrophs, R and D.  

Configuration NCM or MICROZ NMPHYTO or MICROP CM or NANOP 

With mixotrophs 96.4% 1.2% 2.4% 

R configuration 92.2% 2.6% 5.2% 

D configuration  100%  
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Table S4: 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. 

Configuration 
RESPTOT  

(mg m-2 d-1) 

PHOTOTOT  

(mg m-2 d-1) 

PREDCOP  

(mg m-2 d-1) 

With mixotrophs 6.6 6.8 1.5 

R 8.2 8.3 1.3 

D 6.2 9.2 1.1 

 105 


