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S1: Formulation of low-trophic ecosystem model

Model employed in this study is primarily based on food web dynamic module in Nakamura et al. (2018) which uses
governing equation from Kawamiya et al. (1995) and Kishi et al. (2001). The model simulates material transformation in
oceanic low-trophic ecosystem level comprised of organic matter production by phytoplankton and zooplankton, mainly in
the surface ocean, and remineralization/decomposition of organic matter across the depth. We extended the governing
equation by introducing additional variables such as total dissolved inorganic carbon and total alkalinity which further can be
used in calculating the sea surface pCO- and sea-air CO; flux. Calcification and CaCO3 dissolution processes also explicitly
calculated in this model. Compared with the initial form of governing equation, this model uses the carbon (C) as its main
currency which held in constant C:N:P ratio. Other molecular ratio such as N:O, and C:O; also set to be constant.
Modification from previous models results in 17 prognostic variables that calculated in each time step of the simulation

experiment as shown in Table S1.

Table S1: Prognostic variables calculated in model

Variable Description

Phytoplankton functional type 1 carbon biomass, assigned as

Phytoplankton_01 (Phy;) diatom (umolC L)

Phytoplankton_02 (Phyz) Phytoplankton functional type 2 carbon biomass, assigned as
oplankton
yiop - y2 coccolithophore (umolC L1)

Phytoplankton functional type 3 carbon biomass, assigned as
Phytoplankton_03 (Phys)

dinoflagellate (umolC L)




Zooplankton Zooplankton carbon biomass (umolC L)
DIC Total dissolved inorganic carbon (umol kg?)
Alkalinity Total alkalinity (umol kg™)

DO Dissolved Oxygen (umol L1)
PO4 Phosphate (umol L)
NO3 Nitrate (umol L)
NH4 Ammonium (umol L1)
DOC Dissolved organic carbon, labile type (umolC L)
DON Dissolved organic nitrogen, labile type (umolIN L)
DOP Dissolved organic phosphorus, labile type (umolP L?)
POC Particulate organic carbon, detritus type (umolC L?)
PON Particulate organic nitrogen, detritus type (umoIN L)
POP Particulate organic phosphorus, detritus type (umolP L)

CaCOs3 Calcium carbonate (umol L)

25 Net photosynthesis rate (Pye:) Of each phytoplankton type is function of water temperature (T), photon flux density (1),
nutrient limitation (A), and phytoplankton biomass concentration (Phy). The maximum photosynthesis rate at 0°C (Po),
optimum light intensity (lo), nutrient half-saturation state (Knna, Knos, Keos) for each phytoplankton type are shown in Table

1. Net photosynthesis by phytoplankton results in nutrient uptake and oxygen release.

30 Gross photosynthetic rate
I
Pgross = Po X e®pxT) x tanh (I—) X Phy
0

Net photosynthetic rate
Pyet = Pgross X A
NH4 NO3 PO4 )

+ x e(~WXNH4)
NH4 + Kygae (NO3 + Kyos) P04 + Kpgy

A=Min<

35
Organic material excretion rate of each phytoplankton type is calculated as differences between gross photosynthetic rate and

net photosynthetic rate. Excreted organic material directly supply the labile dissolved organic matter (DOM) pool.

DOCkgxcretion = Pgross — Pret

40 DOPgycretion = DOCgxcretion X ;
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DONgycretion = DOCgxcretion X ¢
C:N

Both phytoplankton respiration rate (Rp,,) and mortality rate (Mpy,) are defined as function of water temperature and
phytoplankton biomass concentration. Dead biomass of phytoplankton supplies the detritus particulate organic matter (POM)
pool and immediately sink into deeper portion of the water column. We set the sinking velocity of the detritus POM as a
constant of 23.3 m day. Input to calcium carbonate pool (CaCO3) was calculated as fraction of coccolithophore dead
biomass following formulation in Krumhardt et al. (2017, 2019). The fraction (rc.caco,) here is function of water
temperature, dissolved CO, concentration, and nutrient limitation. Similar to POM, the CaCQg; particles immediately sink
into deeper layer with velocity of 22 m day™. The sinking velocity of detritus POM and CaCOj particles here are within

range observed in previous studies (Jansen et al., 2002; McDonnell and Buesseler, 2010).

Phytoplankton respiration rate
Rpny = Ropny X e(PRP2yXT) x Phy

Net O production rate from phytoplankton net photosynthesis and respiration

1
DOyetphy = (Pnet — Rpny) X ——
Ic.o

Phytoplankton mortality rate (Immediately enter POM pool)

— — b XT 2
l:)OCMortality,Phy - MPhy - MO,Phy X e( MPhy ) X Phy

POPMortality,Phy = MPhy X
Tcp

lDONMortality,Phy = MPhy X —
N
CaCO;s particle production rate from coccolithophore dead biomass

CaCOScoccolithophore = rC:CaLCO3 X MPhy,Coccolithophore

rccacos = 1.21 = (0.0136 X COy(aq)) + 0.48 X (1 —A) For T = 11°C
recacos = (0.104 X T) — (0.0136 X COy(aq)) + 0.48 X (1 —A)  For T < 11°C

Nutrient uptake related to phytoplankton photosynthesis reaction and respiration calculated using below formula. Negative

and positive value in the calculation indicates nutrient uptake and release, respectively.

DICuptake = (_PNet + RPhy)

1
l:'Ozl'uptake = (_PNet + RPhy) X E



NH4
NHZ + Knpa
NHE _ —— NO3
NH4 + Kypz + (NO3 + Kyos)

1
NH4uptake = (_PNet + RPhy) X—X
reN x @(—WxNH4)

NO3 . cypnma)
(NO3 + Kyo3)
NH4 _ _— NO3
NHZ + Kynz + (NO3 + Knos)

1
70 N03uptake = (_PNet + RPhy) X—X
Ic. x @(—UxNH4)

Phytoplankton grazing rate by zooplankton (Gz,,pny), in addition being controlled water temperature also controlled by
phytoplankton grazing threshold value (Phy*) defined in Table 1. Grazing efficiency (€z00,pny) Was introduced which

determine particulate organic matter egested from the process.
75
Phytoplankton grazing by zooplankton

_ bg phyXT A(Phy*—Ph
Gzoo,phy = Go,phy X e(bepnyxT) 5 (1 — *PhY PR 5 700 X €700 phy

POM egestion by zooplankton

80 POCEgestion = GZoo,Phy X (1 - 8Zoo,Phy)

1
POpEgestion = GZoo,Phy X (1 - SZoo,Phy) X r
C:P

1
l)ONEgestion = G"Zoo,Phy X (1 - SZoo,Phy) X ¢
C:N

In addition to the phytoplankton, zooplankton in this model also consumes dissolved organic matter (Gzoopom) and

85 particulate organic matter (Gzoopom)- Similarly, the POM and DOM grazing by phytoplankton are constrained by grazing

efficiency (ezo0,p0M: €200,00M)-

DOM grazing by zooplankton

Gzoo,00c = Gopoc X e(PapocxT) x DOC x Zoo x €700,D0M

90 Gzoo,p0p = Gzoo,p0c X T
Ic.p

Gzoo,00N = GzoopoN X ——
e

POM grazing by zooplankton

Gzoo,poc = Go,poc X e(PapocxT) x POC x Zoo x €Z00,POM

4



95 Gzoo,pop = Gzo0,p0c X —
Ic.p

GZzoo,poN = Gzoo0,poc X —
'ce:n

Respiration rate (Rz,,) and mortality rate (M,,) for zooplankton follows the same equation as in Phytoplankton. A tiny
fraction of zooplankton dead biomass also goes into CaCO3 pool with static fraction value followed Ishizu et al.
(2019,2020).

100

Zooplankton respiration rate
Rz00 = Roz00 X €(PRZ00XT) x 700

Oxygen uptake rate by zooplankton respiration

DONet,Zoo = —Rgzgo X
I'c.o,

105 Zooplankton mortality rate

POCMortalityrZOO = Mgzoo = MO,Zoo x ebmzooXT) % 7002

1
POPMortality,Zoo = l:’OCMortality,Zoo X r
C:P
1
PONMortality,Zoo = pOCMortality,Zoo X r
C:N

CaCOs input from zooplankton dead biomass
110 CaC03,50plankton = 0.035 X Mgz,
Decomposition of organic matter ( Dpom—pim» Ppom—pom» Ppom—pmv ) from phytoplankton and zooplankton reaction

calculated as function of water temperature. Oxygen was consumed in this process.

Decomposition from POM to DIM

115 Dpoc-pic = Do,poc-pic X e(bppoc-pIcXT) x pOC

Dpop-pos = Dpocopic X —
Ic.p

Dpon-NH4 = Dpoc-pic X —
Ice.N
Oxygen uptake by decomposition of POM—-DIM
1
DOpom-piM = —Dpoc-pic X ——
I'c.o,
120 Decomposition from POM to DOM

Dpoc-poc = Do,poc—poc X e(Pp.poc-pocXT) x pOC

5
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145

1

Dpop-pop = Dproc-poc X —
Ic.p

1
Dpon-pon = Dpoc—poc X —
I'cN
Oxygen uptake by decomposition of POM—DOM
1
DOpom-pom = —Dpoc-poc X ——
I'c.o,

Decomposition from DOM to DIM

Dpoc-pic = Dopoc-pic X e(PpoocxT) x pOC

Dpop-pos = Dpoc-pic X —
I'c.p
1
Dpon-nus = Dpocopic X —
I'eN
Oxygen uptake by decomposition of DOM—-DIM
1
DOpom-piM = —Dpoc-pic X ——
I'c.o,
Dissolution of CaCOj3 particle was calculated by applying the first-order reaction equation. Calcite saturation state (Q) is
calculated as function of carbonate ion concentration, water temperature, and salinity following Mucci and Morse (1984).
Net change in CaCOj3 caused by this food web dynamics now can be calculated as sum between CaCO3 dissolution and input
from both zooplankton and phytoplankton.

Dissolution = 10 x (1 — Q) x CaCO3
d
T (CaC03) = CaCO3input — Dissolution

Nitrate in the model resupplied through nitrification of ammonium which consumes oxygen during the process

Nitrification = ky;; X e®®N*T) x NH4

DOy;: = —Nitrification X
I'n.o,

Results from above equations are used in following mass balance equations which determine the net change of each
prognostic variable during model integration. We follow assumption in Ishizu et al. (2019, 2020) on the fraction in dissolved

inorganic nitrogen (NH4 and NO3 in this model) which corresponds to changes in alkalinity.
Phytoplankton and zooplankton carbon biomass balance equation
d
a (Phytoplankton) = Pye; — RPhy - MPhy - G'Zoo,Phy
0
3t (Zooplankton) = —Rppy — Mppy + Gzo0,phy + Gzoo,poc + Gzoo,poc

6



Detritus POM mass balance equation

150 3t (POC) = POCwmortatity,phy T POCwmortatity,zoo T+ POCggestion — Gzoo,poc — Droc-pic — Droc-poc
9 (POP) = POP, + POP, + POP, G D D
a = Mortality,Phy Mortality,Zoo Egestion — “YZoo,POP — YPOP-P0O4 — YPOP-DOP

6]
a_t (PON) = lDONMortality,F'hy + 1DONMortality,Zoo + 1DONEgestion - GZoo,F‘ON - DPON—>NH4— - DPON—>DON

Labile DOM mass balance equation

d

155 T (DOC) = DOCgxcretion + Dpoc—poc — Gzoo,noc — Dpoc-bic
a
3t (DOP) = DOPgycretion + Dpop—~pop — Gzoo,00p — Dpop-pos

0
a_t(DON) = DONExcretion + DPON—>DON - GIZoo,DON - DDON—»NH4
Inorganic material compound mass balance equation
ad 0
160 a (DIC) = DICuptake + DPOC—»DIC + DDOC—)DIC - a_t (CaCO3)

d
3t (PO4) = PO4yptake + Dpop-pros + Dpop-poa
a (NH4) = NH4’uptake + DPONQNHLI, + DDON—>NH4 — Nitrification

0
ET? (NO3) = NO3ptake + Nitrification

] o ] ] ]
5 (Alkalinity) = —2 x = (CaC03) — 0.001 X (6_t (NH4) + a(No3)>

165
Dissolved oxygen mass balance equation
0
T (DO) = DOpet,phy + DOnetzoo + DOpom—pim + DOpom—nom + DOpom-pim + DOnic
Necessary parameters value for model calculation are provided in Table S2.
170

Table S2: Summary of other model parameters not shown in Table 1

Parameter Description Value




Temperature coefficient for phytoplankton photosynthesis,

bp ) . 0.069
uniformly set across all phytoplankton type (in °C?)
Y Ammonium inhibition coefficient (in L umolC) 0.010
Maximum phytoplankton respiration rate at 0°C, uniformly set
Ropny _ 0.030
across all phytoplankton type (in day™)
Temperature coefficient for phytoplankton respiration, uniformly
bR phy _ 0.052
set across all phytoplankton type (in °C1)
Maximum mortality rate at 0°C, set uniformly across all
Moy , 0.006
phytoplankton type (in pmol* dayt)
Temperature coefficient for phytoplankton mortality, set uniformly
by phy _ 0.069
across all phytoplankton type (in °C1)
b Temperature coefficient for phytoplankton grazing by zooplankton, 0.069
GPhy uniformly set across all phytoplankton type (in °C?) '

€700,Phy Phytoplankton grazing efficiency 0.300
A Zooplankton Ivlev constant (in umolC L) 0.211
Go,poc DOC grazing rate by zooplankton at 0°C (in day-1) 0.100
bgpoc Temperature coefficient for DOC grazing by zooplankton (in °C™) 0.069
£200.D0M DOM grazing efficiency 0.010
Go,poc POC grazing rate by zooplankton at 0°C (in day-1) 0.100
bg roc Temperature coefficient for POC grazing by zooplankton (in °C?) 0.069
£200,POM POM grazing efficiency 0.100
Ro 200 Temperature coefficient for zooplankton respiration (in °C) 0.005
Do poc-pic POC to DIC decomposition rate at 0°C (in day-1) 0.003
bp poc-pic Temperature coefficient for POC to DIC decomposition (in °CY) 0.069
Do pocpoc POC to DOC decomposition rate at 0°C (in day-1) 0.003
bp,poc-poc Temperature coefficient for POC to DOC decomposition (in °C1) 0.069
Dy poc—pic DOC to DIC decomposition rate at 0°C (in day-1) 0.003
bpocopic Temperature coefficient for DOC to DIC decomposition (in °C?) 0.069
Knit Nitrification rate at 0°C 0.030
by Temperature coefficient for nitrification 0.069

re.N C:N ratio 9.2
r'c.p C:P ratio 131.9




I'c.o,

C:Ozratio
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I'N:Oz

N:O; ratio
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