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Supplementary Material
Figure S1: Physical forcing fields for each year. PAR: photosynthetically active radiation, MLD: mixed layer depth.

Figure S2: Agreement between observations and model output before and after optimization for 2010-11. Error as the
difference and agreement between optimized model outputs (opt.) and model outputs before optimization (init.) for each data
type for 2010-11. Model outputs and observations are normalized by the mean of optimized model outputs and observations,
respectively.

Figure S3: Agreement between observations and model output before and after optimization for 2011-12. Error as the
difference and agreement between optimized model outputs (opt.) and model outputs before optimization (init.) for each data
type for 2011-12. Model outputs and observations are normalized by the mean of optimized model outputs and observations,
respectively.

Figure S4: Agreement between observations and model output before and after optimization for 2012-13. Error as the
difference and agreement between optimized model outputs (opt.) and model outputs before optimization (init.) for each data
type for 2012-13. Model outputs and observations are normalized by the mean of optimized model outputs and observations,
respectively.

Figure S5: Agreement between observations and model output before and after optimization for 2013-14. Error as the
difference and agreement between optimized model outputs (opt.) and model outputs before optimization (init.) for each data
type for 2013-14. Model outputs and observations are normalized by the mean of optimized model outputs and observations,
respectively.

Figure S6: Agreement between observations and model output before and after optimization for the climatological
year. Error as the difference and agreement between optimized model outputs (opt.) and model outputs before optimization
(init.) for each data type for the climatological year (i.e., the climatological model). Model outputs and observations are
normalized by the mean of optimized model outputs and observations, respectively.

Figure S7: Agreement in seasonal cycles between observations and model output before and after optimization. Obs.:
observations, init.: before optimization, opt.: after optimization.

Figure S8: Seasonal patterns of modelled bacterial C stocks and flows. Errors as the Monte Carlo experiment-derived
standard deviation. Black line: 2010-11, blue line: 2011-12, red line: 2012-13, and green line: 2013-14.

Figure S9: Annual mean carbon stocks and flows normalized by NPP. Carbon stocks and flows and other stocks (e.g.,
nutrients) averaged over the growth season in each year that are normalized by NPP (for C flows) and NPP in 1-day (for C
stocks) are denoted as the numbers on the first row, while the numbers on the second row or in the parentheses are the standard
deviation propagated from averaging over the growth season and the Monte Carlo experiment-derived uncertainties. Numbers
around the arrows represent intercompartmental flows and do not necessarily balance to zero due to the build-up or loss in a
compartment over the growth season. The magnitude of the N and P flows, as well as the flows smaller than 0.01 mmol C m"
3 d?, are omitted. RDOM and higher levels are implicit.



Figure S10: Properties of the emergent self-organizing map for bacterial community structure shown as taxonomic
modes (modified from Bowman et al., 2017). Map units are colored and numbered according to taxonomic mode membership
(a). Location of samples used in this study within the map (b). The map is trained with a larger set of samples, here, only those
samples for which BP and flow cytometry data are available (those samples used in this study) are shown. Mode boundaries
are the same as in (a). Each sample is placed within the map unit that has the most similar community structure, however, the
position of each sample within the map unit is random. Relative abundance of the most abundant taxa in the microbial
community structure dataset in each map unit after training (c-h). For example, Ca. P. ubique HTCC1062 (c) dominate samples
associated with mode 6, while Dokdonia sp. MED134 (e) dominate samples associated with mode 7. The boundaries across
all panels are as in (a).

Figure S11: Warming alone experiments. Seasonal progression of the modelled HNA and LNA bacterial stocks and
processes and key ecosystem functions over the growth season under observed physical forcing and warming alone conditions
(a) and the percent change of the corresponding variable under warming alone conditions compared to observed temperature
fields (b).

Figure S12: Melting alone experiments. Seasonal progression of the modelled HNA and LNA bacterial stocks and processes
and key ecosystem functions over the growth season under observed physical forcing and melting alone conditions (a) and the
percent change of the corresponding variable under melting alone conditions compared to observed sea-ice fields (b).

Table S1: The number of assimilated observations for each data type. SDOC, POC, and PON data types are not assimilated
for 2012-13 and 2013-14 due to the lack of observations.

Table S2: List of model parameters for 2010-11. Summary of the 2010-11 model parameter symbol and definition, initial
guess (po) and optimized values (pr) for optimizable parameters, the cost function gradient (sensitivity) with regard to the
optimized parameter (0J/0p), and prescribed values for fixed model parameters over the course of simulations. The parameter
with ‘n/a’ in the parenthesis is an updated parameter, while the parameter with values in the parenthesis is an optimized
parameter with its upper and lower bounds in the parenthesis. The uncertainties for these upper and lower bounds are calculated
as: pr x e*7 where px is the value of the optimized parameter and o is the square roots of diagonal elements of the inverse of
the Hessian matrix. The cost function gradient with regard to the optimized parameter (8J/0p) after data assimilation defined
as: AJ/e®? where e2? = Ap for an infinitely small Ap. For example, a 10% change of a parameter (Ap = 10%) leads to a total
cost change equivalent to 10% of the corresponding gradient. OP: an optimized parameter with of larger than 50%, CS: an
optimized parameter with with of smaller than 50% (i.e., constrained parameters; details in Kim et al., 2021).

Table S3: List of model parameters for 2011-12. Summary of the 2011-12 model parameter symbol and definition, initial
guess (po) and optimized values (pr) for optimizable parameters, the cost function gradient (sensitivity) with regard to the
optimized parameter (0J/0p), and prescribed values for fixed model parameters over the course of simulations. The parameter
with ‘n/a’ in the parenthesis is an updated parameter, while the parameter with values in the parenthesis is an optimized
parameter with its upper and lower bounds in the parenthesis. The uncertainties for these upper and lower bounds are calculated
as: pr x €*7 where pr is the value of the optimized parameter and o is the square roots of diagonal elements of the inverse of
the Hessian matrix. The cost function gradient with regard to the optimized parameter (8J/0p) after data assimilation defined
as: AJ/e®P where P = Ap for an infinitely small Ap. For example, a 10% change of a parameter (Ap = 10%) leads to a total
cost change equivalent to 10% of the corresponding gradient. OP: an optimized parameter with of larger than 50%, CS: an
optimized parameter with with of smaller than 50% (i.e., constrained parameters; details in Kim et al., 2021).



Table S4: List of model parameters for 2012-13. Summary of the 2012-13 model parameter symbol and definition, initial
guess (po) and optimized values (pr) for optimizable parameters, the cost function gradient (sensitivity) with regard to the
optimized parameter (6J/0p), and prescribed values for fixed model parameters over the course of simulations. The parameter
with ‘n/a’ in the parenthesis is an updated parameter, while the parameter with values in the parenthesis is an optimized
parameter with its upper and lower bounds in the parenthesis. The uncertainties for these upper and lower bounds are calculated
as: pr x €*7 where p is the value of the optimized parameter and o is the square roots of diagonal elements of the inverse of
the Hessian matrix. The cost function gradient with regard to the optimized parameter (8J/0p) after data assimilation defined
as: AJ/e®P where e*? = Ap for an infinitely small Ap. For example, a 10% change of a parameter (Ap = 10%) leads to a total
cost change equivalent to 10% of the corresponding gradient. OP: an optimized parameter with of larger than 50%, CS: an
optimized parameter with with of'smaller than 50% (i.e., constrained parameters; details in Kim et al., 2021).

Table S5: List of model parameters for 2013-14. Summary of the 2013-14 model parameter symbol and definition, initial
guess (po) and optimized values (pr) for optimizable parameters, the cost function gradient (sensitivity) with regard to the
optimized parameter (6J/0p), and prescribed values for fixed model parameters over the course of simulations. The parameter
with ‘n/a’ in the parenthesis is an updated parameter, while the parameter with values in the parenthesis is an optimized
parameter with its upper and lower bounds in the parenthesis. The uncertainties for these upper and lower bounds are calculated
as: pr x e*7 where pr is the value of the optimized parameter and o is the square roots of diagonal elements of the inverse of
the Hessian matrix. The cost function gradient with regard to the optimized parameter (8J/0p) after data assimilation defined
as: AJ/e®? where e?? = Ap for an infinitely small Ap. For example, a 10% change of a parameter (Ap = 10%) leads to a total
cost change equivalent to 10% of the corresponding gradient. OP: an optimized parameter with of larger than 50%, CS: an
optimized parameter with with of smaller than 50% (i.e., constrained parameters; details in Kim et al., 2021).

Table S6: List of model parameters for the climatological year. Summary of the climatological model parameter symbol
and definition, initial guess (po) and optimized values (pr) for optimizable parameters, the cost function gradient with regard
to the optimized parameter (6J/0p), and prescribed values for fixed model parameters over the course of simulations. The
parameter with ‘n/a’ in the parenthesis is an updated parameter, while the parameter with values in the parenthesis is an
optimized parameter with its upper and lower bounds in the parenthesis. The uncertainties for these upper and lower bounds
are calculated as: pr x e*7 where px is the value of the optimized parameter and o is the square roots of diagonal elements of
the inverse of the Hessian matrix. The cost function gradient with regard to the optimized parameter (8J/0p) after data
assimilation defined as: AJ/e®? where e*? = Ap for an infinitely small Ap. For example, a 10% change of a parameter (Ap =
10%) leads to a total cost change equivalent to 10% of the corresponding gradient. OP: an optimized parameter with of larger
than 50%, CS: an optimized parameter with with of smaller than 50% (i.e., constrained parameters; details in Kim et al., 2021).

Table S7: Interannual variability of observed and modelled ecosystem variables. Anomalies of sea ice and temperature
were specified by comparing each year’s mean to the 4-year climatology. Annual maximum and mean values calculated only
at the time points where observations are available for direct model-observation comparisons. DA: diatom Chl, CR:
cryptophyte Chl.



Text S1. Model processes

Text S2. Physical forcing

Text S3. Data assimilation and parameter optimization processes
Text S4. Model initialization, spin-up, and boundary conditions

Text S5. Target error adjustment



Figure S1
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Figure S2

HNA (mmol € m'3)
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Figure S10
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Figure S11
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Table S1

Number of assimilated observations for each data type

Data type 2010-11 2011-12 2012-13 2013-14
NOs 0 32 35 20
PO4 38 31 37 21
logio(Chlpa) 10 10 10 10
logio(Chlcr) 10 10 10 10
log1o(PP) 35 34 40 23
HNA biomass 10 9 8 16
LNA biomass 10 9 8 16
BP 10 9 8 16
SDOC 45 34 0 0
POC 46 34 0 0
PON 46 34 0 0




Table S2

2010-11

Model parameter Init. Opt. Gradient Mark
Ag, Arrhenius parameter for temperature function 4000 1.02

uoa, Diatom C-specific maximum growth rate, d-* 2.0 0.86 -3.05E-02 CS
1icr, Crypto. C-specific maximum growth rate, d- 1.0 -0.589

apa, Initial slope of P-1 curve of diatoms, mol C (g Chl)* d (W m?)! 0.65 0.86 -1.80E-02 CS
acr, Initial slope of P-I curve of crypto., mol C (g Chl) dt (W m2)1 0.35 -0.268

Pon, Light inhibition parameter for diatom photosynthesis (W m-2) 0.005 -0.639

Bcr, Light inhibition parameter for crypto. photosynthesis (W m-2) 0.005 -3.75E-03
VNrer,pA, Maximum N uptake rate per diatom C biomass, mol N (mol C) d-* 0.5 0.38

VNrer,cr, Maximum N uptake rate per crypto. C biomass, mol N (mol C)* d* 0.3 1.55E-02

kNH4pa, NH4 half-saturation concentration for diatom uptake, mmol m-3 0.1 0.744

kNH4cr, NH4 half-saturation concentration for crypto. uptake, mmol m-3 0.1 2.42E-02

kNO3pa, NOs half-saturation concentration for diatom uptake, mmol m-3 0.9 -0.756

kNO3cr, NOs half-saturation concentration for crypto. uptake, mmol m-3 0.6 -2.45E-02
VPrer,0A, Maximum P uptake rate per diatom C biomass, mol P (mol C)* d* 0.03 -1.01

VPrer,cr, Maximum P uptake rate per crypto. C biomass, mol P (mol C)* d* 0.03 -1.85E-02

kPO4pa, PO4 half-saturation concentration for diatom uptake, mmol m- 0.05 4.58E-02

kPO4cr, PO4 half-saturation concentration for crypto. uptake, mmol m=3 0.04 6.74E-04

¢NO3, C requirement (respiration) to assimilate NO3, mol C (mol N)* 0.1 4.67

©, Maximum Chl/N ratio, g Chl a (mol N)* 15 3.45 -5.34 OP
exXpsv,pa, Diatom passive excretion rate per biomass, d- 0.00005 0.113

expsv,cr, Crypto. passive excretion rate per biomass, d- 0.00005 5.63E-03
exact,pa, Diatom active excretion rate per growth rate, d-! 0.00005 -8.70E-04
exact.cr, Crypto. active excretion rate per growth rate, d* 0.00005 -8.80E-05

pompa, POM production rate by diatom aggregation, (mmol C m-3)*d- 0.03 -2.11

pomcr, POM production rate by crypto. aggregation, (mmol C m=)-d 0.03 -4.54E-03
kPOCHNA 'DOC half-saturation concentration for HNA bacterial uptake, mmol C m- 0.5 7.74E-03
kPOCLNA 'DOC half-saturation concentration for LNA bacterial uptake, mmol C m-3 0.2 0.324

rsooc, Parameter controlling SDOC lability 0.005 -0.435

1HNA, Maximum HNA bacterial growth rate, d-* 2.0 3.97 0.416 CS
v, Maximum LNA bacterial growth rate, d-! 1.0 0.41 -1.55E-02 CS
brHna, Parameter control HNA bacterial active respiration rate versus production, (mmol C m- d)* 0.08 -1.02E-02

brLna, Parameter control LNA bacterial active respiration rate versus production, (mmol C m-3 d)* 0.2 7.31E-04
exapaHnA, HNA bacterial extra SDOC excretion rate, dt 2.0 0

exapsLna, LNA bacterial extra SDOC excretion rate, d! 2.0 0

reminna, HNA bacterial nutrient regeneration rate, d-* 8.0 0.279

remiLna, LNA bacterial nutrient regeneration rate, d- 2.0 0.343

exrerrHNA, HNA bacterial RDOC production rate, d- 0.04 1.78E-02
exrerrLNA, LNA bacterial RDOC production rate, d! 0.01 -0.106

fs,Hna, HNA bacterial selection strength on SDOM 0.1 5.21E-03

fs.Lna, LNA bacterial selection strength on SDOM 0.7 8.47E-03

rBrna, HNA bacterial basal respiration rate, d-* 0.04 0.103

rBLna, LNA bacterial basal respiration rate, d! 0.01 4.48E-02
rminHna, HNA bacterial minimum active respiration rate, d-* 0.08 7.85E-03
min,Lna, LNA bacterial minimum active respiration rate, d-* 0.04 -4,90E-04
max+na, HNA bacterial maximum active respiration rate, d- 0.4 0.18 -0.363 OP
r"max.na, LNA bacterial maximum active respiration rate, d-! 0.1 -2.85E-02
mortxna, HNA bacterial mortality rate, d* 0.2 -0.737

mort.na, LNA bacterial mortality rate, d* 0.01 -0.162

1mz, Microzoo. C-specific maximum growth rate, d- 2.5 -1.27

goa, Diatom half-saturation concentration in microzoo. grazing, mmol C m= 1.0 -1.33

g 'oa, Diatom half-saturation concentration in krill grazing, mmol C m- 1.0 -8.45E-02




ger, Crypto. half-saturation concentration in microzoo. grazing, mmol C m- 1.0 0.12 2.00E-02 CS
grna, HNA bacterial half-saturation concentration in microzoo. grazing, mmol C m- 0.55 0.37 2.23 OP
guna, LNA bacterial half-saturation concentration in microzoo. grazing, mmol C m- 0.55 -0.688

exmz, Total DOM excretion rate per microzoo. gross growth, d- 0.15 3.51

fexmz, Fraction of LDOC of total microzoo. DOC excretion 0.75 4.37

rBumz, Microzoo. basal respiration rate, d* 0.01 -7.21E-02

rmz, Microzoo. active respiration rate, d-! 0.30 -1.83

exabsmz, Microzoo. extra SDOM excretion rate, d! 2.0 0

remimz, Microzoo. nutrient regeneration rate, d* 4.68 -8.09E-02
pomwmz, POM production rate per microzoo. gross growth, d- 0.03 -9.01E-02

kR, Maximum krill C-specific growth rate, d-* 0.7 0.97 -1.46 OP
gmz, Microzoo. half-saturation concentration in krill grazing, mmol C m- 0.5 0.41 0.529 CS
exkr, Total DOM excretion rate per krill gross growth, d- 0.1 -1.76

fexkr, Fraction of labile DOC of total krill DOC excretion 0.25 -0.2

rBkr, Krill basal respiration rate, d-* 0.03 0.366

rAkr, Krill active respiration rate, d* 0.09 0.69

exanukr, Krill extra SDOM excretion rate, d* 2.0 0

remikg, Krill nutrient regeneration rate, d-* 4.0 9.49E-02

pomkgr, POM production rate per krill gross growth, d-! 0.15 171

exrerrkr, Krill RDOC production rate, d* 0.02 0.148

remvkr, Krill removal rate by higher-trophic levels, (mmol C m-)-1d! 0.05 -3.83

fkr, Fraction of SDOM production by krill 0.1 -0.96

fromHz, Fraction of POM production by higher-trophic level 0.2 3.16E-02
exrerrspomM, Conversion rate of SDOM to RDOM, d! 0.0009 4.17E-02
q®nrpom, RDOM N/C ratio, mol N (mol C)* 0.05 0.1

q% room, RDOM P/C ratio, mol P (mol C)* 0.00065 -1.18E-02
q°n,pom, N/C ratio for POM production by microzoo. and krill, mol N (mol C)! 0.12 0.508

g% pom, P/C ratio for POM production by microzoo. and krill, mol P (mol C)-* 0.00045 -0.323

Inerr, Nitrification rate (NH4 to NOs), d* 0.076 0.187

prf, Preference for dissolving N content in POM 11 -0.145

prfe, Preference for dissolving P content in POM 4.0 6.39E-02

wnsv, Detritus vertical sinking velocity, m d- 6.0 -7.14

diss, Detrital dissolution rate, d! 0.01 -0.607




Table S3

2011-12

Model parameter Init. Opt. Gradient Mark
Ag, Arrhenius parameter for temperature function 4000 1.33

uoa, Diatom C-specific maximum growth rate, d-* 2.0 0.61 -2.36E-07 CS
1icr, Crypto. C-specific maximum growth rate, d-* 1.0 0.206

apa, Initial slope of P-1 curve of diatoms, mol C (g Chl)* d* (W m?)! 0.65 0.45 2.96E-02 OP
acr, Initial slope of P-I curve of crypto., mol C (g Chl)™ d-! (W m™2)! 0.35 5.22E-02

Boa, Light inhibition parameter for diatom photosynthesis (W m-2)t 0.005 -6.88E-02

Bcr, Light inhibition parameter for crypto. photosynthesis (W m-2)t 0.005 3.57E-02
VNrer,pA, Maximum N uptake rate per diatom C biomass, mol N (mol C) d-* 0.5 6.26E-02
VNrer,cr, Maximum N uptake rate per crypto. C biomass, mol N (mol C)* d* 0.3 2.30E-02

kNH4pa, NH4 half-saturation concentration for diatom uptake, mmol m-3 0.1 -0.122

kNH4cr, NH4 half-saturation concentration for crypto. uptake, mmol m-3 0.1 -4.15E-02

kNO3pa, NOs half-saturation concentration for diatom uptake, mmol m-3 0.9 0.12

kNO3cr, NOs half-saturation concentration for crypto. uptake, mmol m-3 0.6 4.10E-02
VPrer,0A, Maximum P uptake rate per diatom C biomass, mol P (mol C)** d* 0.03 0.02 1.58 OoP
VPrer,cr, Maximum P uptake rate per crypto. C biomass, mol P (mol C)* d* 0.03 0.244

kPO4pa, PO4 half-saturation concentration for diatom uptake, mmol m- 0.05 -6.01E-02

kPO4cr, PO4 half-saturation concentration for crypto. uptake, mmol m=3 0.04 -7.54E-03

(NO3, C requirement (respiration) to assimilate NOs, mol C (mol N)* 0.1 0.683

©, Maximum Chl/N ratio, g Chl a (mol N)* 15 -7.86

exXpsv,pa, Diatom passive excretion rate per biomass, d- 0.00005 3.64E-02
expsv,cr, Crypto. passive excretion rate per biomass, d- 0.00005 5.40E-03
exact,pa, Diatom active excretion rate per growth rate, d-! 0.00005 -5.24E-04
exact.cr, Crypto. active excretion rate per growth rate, d* 0.00005 1.29E-04

pompa, POM production rate by diatom aggregation, (mmol C m-3)*d- 0.03 7.33

pomcr, POM production rate by crypto. aggregation, (mmol C m=)-d 0.03 0.44

kPOCHNA 'DOC half-saturation concentration for HNA bacterial uptake, mmol C m- 0.5 2.78E-02
kPOCLNA 'DOC half-saturation concentration for LNA bacterial uptake, mmol C m-3 0.2 -1.63

rsooc, Parameter controlling SDOC lability 0.005 1.03

1HNA, Maximum HNA bacterial growth rate, d-* 2.0 0.76 -6.53E-03 OP
v, Maximum LNA bacterial growth rate, d-! 1.0 0.56 4.45E-07 CS
brHna, Parameter control HNA bacterial active respiration rate versus production, (mmol C m-3 d)* 0.08 -2.76E-05

brLna, Parameter control LNA bacterial active respiration rate versus production, (mmol C m-3 d-)* 0.2 1.27E-03
exapaHNA, HNA bacterial extra SDOC excretion rate, dt 2.0 0

exapsLna, LNA bacterial extra SDOC excretion rate, d! 2.0 0

reminna, HNA bacterial nutrient regeneration rate, d- 8.0 -0.189

remiLna, LNA bacterial nutrient regeneration rate, d- 2.0 2.22 -3.26 OP
exrerrHNA, HNA bacterial RDOC production rate, d- 0.04 8.34E-02
exrerrLNA, LNA bacterial RDOC production rate, d! 0.01 -0.141

fs,Hna, HNA bacterial selection strength on SDOM 0.1 -1.49E-03

fs.Lna, LNA bacterial selection strength on SDOM 0.7 -8.81E-02

rBrna, HNA bacterial basal respiration rate, d- 0.04 3.70E-02

rBLna, LNA bacterial basal respiration rate, d 0.01 -0.143

min,Hna, HNA bacterial minimum active respiration rate, d-* 0.08 6.89E-06
min,Lna, LNA bacterial minimum active respiration rate, d-* 0.04 -8.56E-04
max+na, HNA bacterial maximum active respiration rate, d- 0.4 0.116

r"max.na, LNA bacterial maximum active respiration rate, d-! 0.1 -1.30E-02
mortxna, HNA bacterial mortality rate, d* 0.2 0.63

mort.na, LNA bacterial mortality rate, d* 0.01 0.334

1mz, Microzoo. C-specific maximum growth rate, d- 2.5 1.16

goa, Diatom half-saturation concentration in microzoo. grazing, mmol C m- 1.0 2.33 2.32E-07 CSs
g 'oa, Diatom half-saturation concentration in krill grazing, mmol C m-3 1.0 -3.43




ger, Crypto. half-saturation concentration in microzoo. grazing, mmol C m- 1.0 0.61 -3.73E-07 CS
grna, HNA bacterial half-saturation concentration in microzoo. grazing, mmol C m- 0.55 0.37 -0.157 OP
guna, LNA bacterial half-saturation concentration in microzoo. grazing, mmol C m-3 0.55 0.721

exmz, Total DOM excretion rate per microzoo. gross growth, d- 0.15 0.27

fexmz, Fraction of LDOC of total microzoo. DOC excretion 0.75 -3.7

rBumz, Microzoo. basal respiration rate, d* 0.01 -2.81E-02

rmz, Microzoo. active respiration rate, d-! 0.30 -1.8

exabsmz, Microzoo. extra SDOM excretion rate, d! 2.0 0

remimvz, Microzoo. nutrient regeneration rate, d- 4.68 -0.306

pomwmz, POM production rate per microzoo. gross growth, d- 0.03 -9.11E-02

kR, Maximum krill C-specific growth rate, d-* 0.7 0.94 -2.81 OP
gmz, Microzoo. half-saturation concentration in krill grazing, mmol C m- 0.5 0.23 -3.31E-07 CS
exkr, Total DOM excretion rate per krill gross growth, d-* 0.1 3.24

fexkr, Fraction of labile DOC of total krill DOC excretion 0.25 -0.483

rBkr, Krill basal respiration rate, d-* 0.03 -0.354

rAkr, Krill active respiration rate, d* 0.09 -2.04E-02
exanukr, Krill extra SDOM excretion rate, d* 2.0 0

remikg, Krill nutrient regeneration rate, d-* 4.0 -0.498

pomkgr, POM production rate per krill gross growth, d-! 0.15 0.72

exrerrkr, Krill RDOC production rate, d* 0.02 1.66E-03

remvkr, Krill removal rate by higher-trophic levels, (mmol C m-)-1d! 0.05 -0.494

fkr, Fraction of SDOM production by krill 0.1 0.707

from Hz, Fraction of POM production by higher-trophic level 0.2 1.07

exrerrspomM, Conversion rate of SDOM to RDOM, d! 0.0009 -2.71E-02
q®nrpom, RDOM N/C ratio, mol N (mol C)* 0.05 -8.86E-02

q% room, RDOM P/C ratio, mol P (mol C)* 0.00065 4.01E-02
q°n,pom, N/C ratio for POM production by microzoo. and krill, mol N (mol C)! 0.12 1.39E-02

g% pom, P/C ratio for POM production by microzoo. and krill, mol P (mol C)- 0.00045 1.46

Inerr, Nitrification rate (NH4 to NOs), d* 0.076 0.785

prf, Preference for dissolving N content in POM 11 -4.44E-02

prfe, Preference for dissolving P content in POM 4.0 -2.04E-02

whnsv, Detritus vertical sinking velocity, m d-! 6.0 0.426

diss, Detrital dissolution rate, d! 0.01 2.96E-02




Table S4

2012-13

Model parameter Init. Opt. Gradient Mark
Ag, Arrhenius parameter for temperature function 4000 1.17

uoa, Diatom C-specific maximum growth rate, d* 2.0 1.34 571 OP
1icr, Crypto. C-specific maximum growth rate, d-* 1.0 -1.97

apa, Initial slope of P-1 curve of diatoms, mol C (g Chl)* d* (W m?)! 0.65 1.78 0.101 CS
acr, Initial slope of P-I curve of crypto., mol C (g Chl)™ d! (W m2)! 0.35 -1.3

Boa, Light inhibition parameter for diatom photosynthesis (W m-2)t 0.005 0.531

Bcr, Light inhibition parameter for crypto. photosynthesis (W m-2)t 0.005 0.625

VNrer pa, Maximum N uptake rate per diatom C biomass, mol N (mol C)* d-! 0.5 4.70E-02
VNrer,cr, Maximum N uptake rate per crypto. C biomass, mol N (mol C)* d* 0.3 1.93E-02

kNH4pa, NH4 half-saturation concentration for diatom uptake, mmol m-3 0.1 0.147

kNH4ce, NH4 half-saturation concentration for crypto. uptake, mmol m- 0.1 6.14E-03

kNO3pa, NOs half-saturation concentration for diatom uptake, mmol m-3 0.9 -0.149

kNO3cr, NOs half-saturation concentration for crypto. uptake, mmol m-3 0.6 -6.51E-03
VPrer,0A, Maximum P uptake rate per diatom C biomass, mol P (mol C)** d* 0.03 2.73

VPrer,cr, Maximum P uptake rate per crypto. C biomass, mol P (mol C)* d* 0.03 0.168

kPO4pa, PO4 half-saturation concentration for diatom uptake, mmol m- 0.05 -0.112

kPO4cr, PO4 half-saturation concentration for crypto. uptake, mmol m=3 0.04 -5.64E-03

¢NO3, C requirement (respiration) to assimilate NO3, mol C (mol N)* 0.1 0.32

©, Maximum Chl/N ratio, g Chl a (mol N)* 15 4.39 5.86E-03 CS
expsv,pa, Diatom passive excretion rate per biomass, d- 0.00005 2.48E-02
expsv,cr, Crypto. passive excretion rate per biomass, d- 0.00005 7.75E-04
exact,pa, Diatom active excretion rate per growth rate, d-! 0.00005 2.18E-04
exact.cr, Crypto. active excretion rate per growth rate, d* 0.00005 -3.05E-04

pompa, POM production rate by diatom aggregation, (mmol C m-3)*d- 0.03 2.4

pomcr, POM production rate by crypto. aggregation, (mmol C m=)-d 0.03 0.225

kPOCHNA 'DOC half-saturation concentration for HNA bacterial uptake, mmol C m- 0.5 -0.111

kPOCLNA 'DOC half-saturation concentration for LNA bacterial uptake, mmol C m-3 0.2 2.43E-02

rsooc, Parameter controlling SDOC lability 0.005 -0.863

1HNA, Maximum HNA bacterial growth rate, d-* 2.0 3.67 -0.206 CS
v, Maximum LNA bacterial growth rate, d-! 1.0 0.06 -3.32E-02 CS
brHna, Parameter control HNA bacterial active respiration rate versus production, (mmol C m- d-)* 0.08 -2.37E-02

brLna, Parameter control LNA bacterial active respiration rate versus production, (mmol C m-3 d)* 0.2 -6.19E-06
exapaHNA, HNA bacterial extra SDOC excretion rate, dt 2.0 0

exapsLna, LNA bacterial extra SDOC excretion rate, d! 2.0 0

reminna, HNA bacterial nutrient regeneration rate, d-* 8.0 -1.05

remiLna, LNA bacterial nutrient regeneration rate, d- 2.0 -0.164

exrerrHNA, HNA bacterial RDOC production rate, d- 0.04 -0.195

exrerrLNA, LNA bacterial RDOC production rate, d! 0.01 -3.84E-03

fs,Hna, HNA bacterial selection strength on SDOM 0.1 -1.10E-02

fs.Lna, LNA bacterial selection strength on SDOM 0.7 -4,22E-03

rBrna, HNA bacterial basal respiration rate, d-* 0.04 7.18E-02

rB.na, LNA bacterial basal respiration rate, d! 0.01 2.76E-02
min,Hna, HNA bacterial minimum active respiration rate, d-* 0.08 1.42E-02
min,Lna, LNA bacterial minimum active respiration rate, d-* 0.04 4.13E-06
max+na, HNA bacterial maximum active respiration rate, d- 0.4 0.21 0.783 OP
r"max.na, LNA bacterial maximum active respiration rate, d-! 0.1 8.52E-03
mortxna, HNA bacterial mortality rate, d* 0.2 -1.32

mort.na, LNA bacterial mortality rate, d* 0.01 7.22E-02

1z, Microzoo. C-specific maximum growth rate, d-* 2.5 2.93

goa, Diatom half-saturation concentration in microzoo. grazing, mmol C m- 1.0 -4.69E-02

g 'oa, Diatom half-saturation concentration in krill grazing, mmol C m- 1.0 10.4




ger, Crypto. half-saturation concentration in microzoo. grazing, mmol C m- 1.0 0.14 -0.252 CS
grna, HNA bacterial half-saturation concentration in microzoo. grazing, mmol C m- 0.55 0.08 -2.12E-02 CS
guna, LNA bacterial half-saturation concentration in microzoo. grazing, mmol C m- 0.55 0.337

exmz, Total DOM excretion rate per microzoo. gross growth, d- 0.15 -3.14

fexmz, Fraction of LDOC of total microzoo. DOC excretion 0.75 -3.55

rBumz, Microzoo. basal respiration rate, d* 0.01 -3.32E-02

rmz, Microzoo. active respiration rate, d-! 0.30 -2.27

exabsmz, Microzoo. extra SDOM excretion rate, d! 2.0 0

remimz, Microzoo. nutrient regeneration rate, d* 4.68 -8.26E-02
pomwmz, POM production rate per microzoo. gross growth, d- 0.03 -0.18

kR, Maximum krill C-specific growth rate, d-* 0.7 1.46 -11.8 OP
gmz, Microzoo. half-saturation concentration in krill grazing, mmol C m- 0.5 0.79 0.761 CS
exkr, Total DOM excretion rate per krill gross growth, d-* 0.1 2.34

fexkr, Fraction of labile DOC of total krill DOC excretion 0.25 -0.61

rBkr, Krill basal respiration rate, d-* 0.03 0.133

rAkr, Krill active respiration rate, d* 0.09 0.309

exanukr, Krill extra SDOM excretion rate, d* 2.0 0

remig, Krill nutrient regeneration rate, d-* 4.0 -0.383

pomkgr, POM production rate per krill gross growth, d-! 0.15 1.42

exrerrkr, Krill RDOC production rate, d* 0.02 0.108

remvkr, Krill removal rate by higher-trophic levels, (mmol C m-)-1d-! 0.05 0.04 4.41 OP
fkr, Fraction of SDOM production by krill 0.1 0.889

from Hz, Fraction of POM production by higher-trophic level 0.2 2.15

exrerrspomM, Conversion rate of SDOM to RDOM, d! 0.0009 2.67E-03
q°n,room, RDOM N/C ratio, mol N (mol C)* 0.05 2.43E-02

q% room, RDOM P/C ratio, mol P (mol C)* 0.00065 3.68E-02
q°n,pom, N/C ratio for POM production by microzoo. and krill, mol N (mol C)! 0.12 0.162

g% pom, P/C ratio for POM production by microzoo. and krill, mol P (mol C)-* 0.00045 0.967

Inerr, Nitrification rate (NH4 to NOs), d* 0.076 -0.25

prf, Preference for dissolving N content in POM 11 -1.73E-03

prfe, Preference for dissolving P content in POM 4.0 -2.42E-02

wnsv, Detritus vertical sinking velocity, m d- 6.0 4.70E-02

diss, Detrital dissolution rate, d! 0.01 -5.23E-02




Table S5

2013-14

Model parameter Init. Opt. Gradient Mark
Ag, Arrhenius parameter for temperature function 4000 9

uoa, Diatom C-specific maximum growth rate, d-* 2.0 2.13 -0.128 OP
1icr, Crypto. C-specific maximum growth rate, d-* 1.0 -3.62

apa, Initial slope of P-1 curve of diatoms, mol C (g Chl)* d* (W m?)! 0.65 1.78 -18.4 OP
acr, Initial slope of P-I curve of crypto., mol C (g Chl)™ d! (W m2)! 0.35 -5.29

Boa, Light inhibition parameter for diatom photosynthesis (W m-2)t 0.005 1.87

Ber, Light inhibition parameter for crypto. photosynthesis (W m2) 0.005 0.648

VNrer pa, Maximum N uptake rate per diatom C biomass, mol N (mol C) d-* 0.5 -1.79

VNrer,cr, Maximum N uptake rate per crypto. C biomass, mol N (mol C)* d* 0.3 -0.21

kNH4pa, NH4 half-saturation concentration for diatom uptake, mmol m-3 0.1 -3.08

kNH4cr, NH4 half-saturation concentration for crypto. uptake, mmol m-3 0.1 -0.153

kNO3pa, NOs half-saturation concentration for diatom uptake, mmol m-3 0.9 3.14

kNO3cr, NOs half-saturation concentration for crypto. uptake, mmol m-3 0.6 0.159

VPrer,0A, Maximum P uptake rate per diatom C biomass, mol P (mol C)** d* 0.02 8.77

VPrer,cr, Maximum P uptake rate per crypto. C biomass, mol P (mol C)* d* 0.02 0.337

kPO4pa, PO4 half-saturation concentration for diatom uptake, mmol m- 0.05 -0.392

kPO4cr, PO4 half-saturation concentration for crypto. uptake, mmol m=3 0.04 -1.23E-02

¢NO3, C requirement (respiration) to assimilate NO3, mol C (mol N)* 0.1 1.72

©, Maximum Chl/N ratio, g Chl a (mol N)* 15 3.04 -1.28E-07 CS
expsv,pa, Diatom passive excretion rate per biomass, d- 0.00005 3.06E-02
expsv,cr, Crypto. passive excretion rate per biomass, d- 0.00005 1.14E-03
exact,pa, Diatom active excretion rate per growth rate, d-! 0.00005 -8.21E-03
exact.cr, Crypto. active excretion rate per growth rate, d* 0.00005 -2.62E-04

pompa, POM production rate by diatom aggregation, (mmol C m-3)*d- 0.02 2.13

pomcr, POM production rate by crypto. aggregation, (mmol C m=)-d 0.02 0.848

kPOCHNA 'DOC half-saturation concentration for HNA bacterial uptake, mmol C m- 0.5 -0.183

kPOCLNA 'DOC half-saturation concentration for LNA bacterial uptake, mmol C m-3 0.2 8.50E-02

rsooc, Parameter controlling SDOC lability 0.005 -1.58

1HNA, Maximum HNA bacterial growth rate, d-* 2.0 1.96 1.81E-07 CS
v, Maximum LNA bacterial growth rate, d-! 1.0 0.36 -1.79E-07 CS
brHna, Parameter control HNA bacterial active respiration rate versus production, (mmol C m- d-)* 0.08 -4.28E-02

brLna, Parameter control LNA bacterial active respiration rate versus production, (mmol C m-3 d)* 0.2 -2.16E-03
exapaHNA, HNA bacterial extra SDOC excretion rate, dt 2.0 0

exapsLna, LNA bacterial extra SDOC excretion rate, d! 2.0 0

reminna, HNA bacterial nutrient regeneration rate, d-* 8.0 -1.71

remiLna, LNA bacterial nutrient regeneration rate, d- 2.0 -1.9

exrerrHNA, HNA bacterial RDOC production rate, d- 0.04 0.535

exrerrLNA, LNA bacterial RDOC production rate, d! 0.01 6.72E-02

fs,Hna, HNA bacterial selection strength on SDOM 0.1 -1.82E-02

fs.Lna, LNA bacterial selection strength on SDOM 0.7 -4,52E-02

rBrna, HNA bacterial basal respiration rate, d-* 0.04 0.381

rB.na, LNA bacterial basal respiration rate, d! 0.01 0.104

min,Hna, HNA bacterial minimum active respiration rate, d-* 0.08 2.56E-02
min,Lna, LNA bacterial minimum active respiration rate, d-* 0.04 1.45E-03
max+na, HNA bacterial maximum active respiration rate, d- 0.4 0.21 2.47 OP
r"max.na, LNA bacterial maximum active respiration rate, d-! 0.1 0.277

mortxna, HNA bacterial mortality rate, d* 0.2 0.135

mort.na, LNA bacterial mortality rate, d* 0.01 8.84E-02

1z, Microzoo. C-specific maximum growth rate, d-* 1.2 2.72

goa, Diatom half-saturation concentration in microzoo. grazing, mmol C m- 1.0 0.502

g 'oa, Diatom half-saturation concentration in krill grazing, mmol C m 1.0 7.36




ger, Crypto. half-saturation concentration in microzoo. grazing, mmol C m- 1.0 0.12 -1.88E-07 CS
grna, HNA bacterial half-saturation concentration in microzoo. grazing, mmol C m- 0.55 0.150 6.17E-08 CS
guna, LNA bacterial half-saturation concentration in microzoo. grazing, mmol C m- 0.55 0.151 -1.40E-07 CS
exmz, Total DOM excretion rate per microzoo. gross growth, d- 0.25 -1.62E-02

fexmz, Fraction of LDOC of total microzoo. DOC excretion 0.75 -2.15

rBumz, Microzoo. basal respiration rate, d* 0.01 -6.55E-02

rmz, Microzoo. active respiration rate, d-! 0.30 -0.724

exabsmz, Microzoo. extra SDOM excretion rate, d! 2.0 0

remimz, Microzoo. nutrient regeneration rate, d* 45 -9.73E-02
pomwmz, POM production rate per microzoo. gross growth, d- 0.03 -8.71E-02

kR, Maximum krill C-specific growth rate, d-* 0.7 0.7 -19.3 OP
gmz, Microzoo. half-saturation concentration in krill grazing, mmol C m- 0.5 0.5 -0.299 OoP
exkr, Total DOM excretion rate per krill gross growth, d-* 0.3 -1.18

fexkr, Fraction of labile DOC of total krill DOC excretion 0.25 -6.09

rBkr, Krill basal respiration rate, d-* 0.03 0.397

rAkr, Krill active respiration rate, d* 0.09 1.08

exapikr, Krill extra SDOM excretion rate, d-* 2.0 5.35E-02

remikg, Krill nutrient regeneration rate, d-* 4.0 -1.15

pomkgr, POM production rate per krill gross growth, d-! 0.10 0.943

exrerrkr, Krill RDOC production rate, d* 0.02 4.64E-02

remvkr, Krill removal rate by higher-trophic levels, (mmol C m-)-1d-! 0.05 0.04 8.12 OP
fkr, Fraction of SDOM production by krill 0.1 -0.472

fromHz, Fraction of POM production by higher-trophic level 0.2 -0.724
exrerrspomM, Conversion rate of SDOM to RDOM, d! 0.0009 1.06E-03
q®nrpom, RDOM N/C ratio, mol N (mol C)* 0.05 -0.418

q% room, RDOM P/C ratio, mol P (mol C)* 0.00065 0.13

q°n,pom, N/C ratio for POM production by microzoo. and krill, mol N (mol C)! 0.12 -3.51

g% pom, P/C ratio for POM production by microzoo. and krill, mol P (mol C)-* 0.00045 3.24

Inerr, Nitrification rate (NH4 to NOs), d* 0.076 3.09

prf, Preference for dissolving N content in POM 11 2.20E-02

prfe, Preference for dissolving P content in POM 4.0 -9.51E-02

wnsv, Detritus vertical sinking velocity, m d- 6.0 9.37E-02

diss, Detrital dissolution rate, d! 0.01 -0.112




Table S6

Climatological model

Model parameter Init. Opt. Gradient Mark
Ag, Arrhenius parameter for temperature function 4000 -5.14

uoa, Diatom C-specific maximum growth rate, d-* 2.0 10.7

1icr, Crypto. C-specific maximum growth rate, d-* 1.0 0.882

apa, Initial slope of P-1 curve of diatoms, mol C (g Chl)* d* (W m?)! 0.65 1.46 1.13E-07 CS
acr, Initial slope of P-I curve of crypto., mol C (g Chl) dt (W m2)1 0.35 0.512

Boa, Light inhibition parameter for diatom photosynthesis (W m-2)t 0.005 -1.08

Bcr, Light inhibition parameter for crypto. photosynthesis (W m-2)t 0.005 -6.41E-02
VNrer,pA, Maximum N uptake rate per diatom C biomass, mol N (mol C) d-* 0.5 -0.251

VNrer,cr, Maximum N uptake rate per crypto. C biomass, mol N (mol C)* d* 0.3 4.86E-03

kNH4pa, NH4 half-saturation concentration for diatom uptake, mmol m-3 0.1 -0.456

kNH4ce, NH4 half-saturation concentration for crypto. uptake, mmol m- 0.1 -2.33E-02

kNO3pa, NOs half-saturation concentration for diatom uptake, mmol m-3 0.9 0.465

kNO3cr, NOs half-saturation concentration for crypto. uptake, mmol m-3 0.6 2.33E-02
VPrer,0A, Maximum P uptake rate per diatom C biomass, mol P (mol C)** d* 0.03 2.75

VPrer,cr, Maximum P uptake rate per crypto. C biomass, mol P (mol C)* d* 0.03 9.52E-02

kPO4pa, PO4 half-saturation concentration for diatom uptake, mmol m- 0.05 -0.111

kPO4cr, PO4 half-saturation concentration for crypto. uptake, mmol m=3 0.04 -3.12E-03

¢NO3, C requirement (respiration) to assimilate NO3, mol C (mol N)* 0.1 0.18

©, Maximum Chl/N ratio, g Chl a (mol N)* 15 4.01 -9.94 OP
exXpsv,pa, Diatom passive excretion rate per biomass, d- 0.00005 1.22E-02
expsv,cr, Crypto. passive excretion rate per biomass, d- 0.00005 1.41E-03
exact,pa, Diatom active excretion rate per growth rate, d-! 0.00005 -1.93E-03
exact.cr, Crypto. active excretion rate per growth rate, d* 0.00005 2.49E-05

pompa, POM production rate by diatom aggregation, (mmol C m-3)*d- 0.03 1.41

pomcr, POM production rate by crypto. aggregation, (mmol C m=)-d 0.03 -2.77E-02
kPOCHNA 'DOC half-saturation concentration for HNA bacterial uptake, mmol C m- 0.5 -0.138

kPOCLNA 'DOC half-saturation concentration for LNA bacterial uptake, mmol C m-3 0.2 -0.19

rsooc, Parameter controlling SDOC lability 0.005 0.21

1HNA, Maximum HNA bacterial growth rate, d-* 2.0 2.93 1.20E-07 CS
v, Maximum LNA bacterial growth rate, d-! 1.0 0.16 2.70E-08 CS
brHna, Parameter control HNA bacterial active respiration rate versus production, (mmol C m-3 d)* 0.08 1.16E-02

brLna, Parameter control LNA bacterial active respiration rate versus production, (mmol C m-3 d)* 0.2 -1.76E-04
exapaHNA, HNA bacterial extra SDOC excretion rate, dt 2.0 0

exapsLna, LNA bacterial extra SDOC excretion rate, d! 2.0 0

reminna, HNA bacterial nutrient regeneration rate, d- 8.0 -1.15

remiLna, LNA bacterial nutrient regeneration rate, d- 2.0 -0.684

exrerrHNA, HNA bacterial RDOC production rate, d- 0.04 -0.381

exrerrLNA, LNA bacterial RDOC production rate, d! 0.01 -5.00E-02

fs,Hna, HNA bacterial selection strength on SDOM 0.1 -1.25E-02

fs.Lna, LNA bacterial selection strength on SDOM 0.7 -1.90E-02

rBrna, HNA bacterial basal respiration rate, d- 0.04 -7.27E-02

rBLna, LNA bacterial basal respiration rate, d 0.01 2.41E-02
min,Hna, HNA bacterial minimum active respiration rate, d-* 0.08 -4,40E-03
min,Lna, LNA bacterial minimum active respiration rate, d-* 0.04 1.17E-04
max+na, HNA bacterial maximum active respiration rate, d- 0.4 0.29 3.30E-07 OP
r"max.na, LNA bacterial maximum active respiration rate, d-! 0.1 6.64E-02
mortxna, HNA bacterial mortality rate, d* 0.2 -0.674

mort.na, LNA bacterial mortality rate, d* 0.01 -1.97E-02

1mz, Microzoo. C-specific maximum growth rate, d-* 2.5 -2.83

goa, Diatom half-saturation concentration in microzoo. grazing, mmol C m- 1.0 -0.242

g 'oa, Diatom half-saturation concentration in krill grazing, mmol C m-3 1.0 0.75 6.27E-08 CS




ger, Crypto. half-saturation concentration in microzoo. grazing, mmol C m- 1.0 0.09 -4.93E-08 CS
grna, HNA bacterial half-saturation concentration in microzoo. grazing, mmol C m- 0.55 0.11 2.00E-07 CS
guna, LNA bacterial half-saturation concentration in microzoo. grazing, mmol C m- 0.55 0.313
exmz, Total DOM excretion rate per microzoo. gross growth, d- 0.15 0.832
fexmz, Fraction of LDOC of total microzoo. DOC excretion 0.75 -1.43
rBumz, Microzoo. basal respiration rate, d* 0.01 2.64E-02
rmz, Microzoo. active respiration rate, d-! 0.30 0.614
exapimz, Microzoo. extra SDOM excretion rate, d 2.0 0

remimz, Microzoo. nutrient regeneration rate, d* 4.68 -0.104
pomwmz, POM production rate per microzoo. gross growth, d-* 0.03 9.84E-02
xR, Maximum krill C-specific growth rate, d-! 0.7 -3.57
gmz, Microzoo. half-saturation concentration in krill grazing, mmol C m- 0.5 -2.95
exkr, Total DOM excretion rate per krill gross growth, d-* 0.1 1.77
fexkr, Fraction of labile DOC of total krill DOC excretion 0.25 -1.7

rBkr, Krill basal respiration rate, d-* 0.03 -0.264
rAkr, Krill active respiration rate, d* 0.09 -0.315
exanukr, Krill extra SDOM excretion rate, d* 2.0 0

remigr, Krill nutrient regeneration rate, d-* 4.0 -0.305
pomkgr, POM production rate per krill gross growth, d-! 0.15 111
exrerrkr, Krill RDOC production rate, d* 0.02 -8.11E-02
remvkr, Krill removal rate by higher-trophic levels, (mmol C m-)-1d! 0.05 0.07 -0.264 OP
fkr, Fraction of SDOM production by krill 0.1 0.895
from Hz, Fraction of POM production by higher-trophic level 0.2 1.96
exrerrspbom, Conversion rate of SDOM to RDOM, d* 0.0009 -1.65E-02
q°n,room, RDOM N/C ratio, mol N (mol C)* 0.05 -0.11

q% room, RDOM P/C ratio, mol P (mol C)* 0.00065 5.75E-02
q°n,pom, N/C ratio for POM production by microzoo. and krill, mol N (mol C)! 0.12 0.424

g% pom, P/C ratio for POM production by microzoo. and krill, mol P (mol C)- 0.00045 1.42

Inerr, Nitrification rate (NH4 to NOs), d* 0.076 0.493
prf, Preference for dissolving N content in POM 11 -9.55E-02
prfe, Preference for dissolving P content in POM 4.0 -2.44E-02
whnsv, Detritus vertical sinking velocity, m d-! 6.0 -2.27
diss, Detrital dissolution rate, d! 0.01 -3.05E-02




Table S7

2010-11:

2011-12:

2012-13:

2013-14:

Unit: 3 +T anomaly, -ice anomaly -T anomaly, +ice anomaly +T anomaly, -ice anomaly +T anomaly, +ice anomaly
m”r;rglor'nf*; 4 0.11+0.89°C, 9 +18% -0.13 +0.83°C, 24 +38% 0.04 +1.00°C, 13 + 22% 0.09 +0.52°C, 38 + 37%
Maximum Mean + S.D. Maximum Mean + S.D. Maximum Mean + S.D. Maximum Mean + S.D.
BP, obs (mod) 0.44 0.11+0.09 0.19 0.04 +0.04 1.57 0.10+0.15 0.38 0.12+0.10
: (0.12) (0.07 £0.02) (0.31) (0.16 +0.08) (0.30) (0.17 £0.08) (0.09) (0.06 £0.02)
HNA, obs (mod) 0.42 0.28 £0.10 0.06 0.04 £0.02 0.57 0.21+0.17 0.65 0.27+£0.20
’ (0.23) (0.18 +0.04) (0.95) (0.71+£0.23) (0.75) (0.44 +0.18) (0.20) (0.16 +0.04)
LNA, obs (mod) 0.49 0.38+0.07 0.83 0.34+0.25 0.34 0.18 +0.07 0.65 0.38+0.17
’ (0.38) (0.31 £0.03) (0.33) (0.32 £0.01) (0.34) (0.32 £ 0.02) (0.35) (0.33 £0.02)
16.4 3.00+2.88 34.2 3.48+6.21 20.1 2.00+2.77
DA, obs (mod) (3.1) (1.430.74) N . (1.72) (1.02 £0.48) (2.09) (1.11 £0.56)
CR. obs (mod) 0.57 0.12+0.10 ] ] 278 0.44+0.58 7.58 0.60+1.26
’ (0.22) (0.15 +0.05) (1.56) (0.61 +0.45) (0.21) (0.15 +0.05)
PP, obs (mod) 92.8 17.9+21.1 70.7 13.0+133 627 89.3+97.8 959 157 +223
’ (152.4) (19.5 +27.2) (51.2) (17.2 £14.2) (54.8) (18.0+15.8) (47.9) (13.2+11.4)
29.4 9.63£5.79 49.1 13.3+£8.36
POC, obs (mod) (24.5) (12.1 + 2.69) (14.4) (11.7 £ 1.06) ) ) - -
53.7 12.4+9.28 37.4 8.05+5.88
SDOC, obs (mod) (13.2) (10.8 +1.38) (12.7) (10.8 + 1.24) ) ) ) )




Text S1. Model processes

The model simulates biological-physical model processes for a 1-D vertical water column, solving numerically for a discretized
version of the time-rate of change for each model state variable. The original model schemes are detailed in Kim et al. (2021).
For a generic tracer variable C the time-rate of change equation takes the form (Glover et al. 2011):

T Lo+ (K5) e (S1)
where z is the depth, w is the vertical velocity (the sum of water motion and gravitational particle sinking), K; is the turbulent
eddy diffusivity, and Jc is the biological and biogeochemical net source and sink term for C. The physical advection and
mixing terms are applied sequentially following the computation of the biological and biogeochemical terms Jc using a
constant time step dt of 1 hour. The contributions of the source/sink term Jc to the time rate of change equations are constructed
as a series of coupled ordinary differential equations (Appendix in Kim et al. 2021) and solved using a second-order Runge-
Kutta numerical integration scheme. The model simulates the dynamics of C, N, and P, but here we only focus on the
presentation of the model C dynamics. The cellular molar (N/C or P/C) quota parameters of the most state variables are fixed
and not submitted to the optimization and data assimilation procedure. To first order, a variety of the model physiological
processes are affected by water temperature, including the maximum growth rates of phytoplankton, bacteria, and zooplankton
and basal respiration rates of bacteria and zooplankton. The Arrhenius function is implemented to change these physiological
rates as a function of water temperature. The net change of each stock is determined by its source and sink terms.

Text S2. Physical forcing

The model is forced by mixed layer depth (MLD), photosynthetically active radiation (PAR) at the ocean surface, sea-ice
concentration, water-column temperature, vertical velocity (set as zero; see Kim et al., 2021), and vertical eddy diffusivity, at
a temporal resolution of 1 day. Temperature, sea ice, and vertical eddy diffusivity are set up at every depth point. How each of
these forcing fields is calculated and set up for model grids are detailed in Kim et al (2021). The temporal evolution of the
model state variables and flows is affected by physical derivatives from vertical advection, vertical diffusion, bottom boundary
exchange, and sinking of detritus, which requires inputs of vertical velocity, vertical diffusive coefficient, MLD, and sinking
speed of detritus. The model implements the mixing scheme where vertical advection and detrital sinking are demonstrated
with athird-order direct space-time upwind-biased scheme (Hundsorfer & Trompert, 1994) and the Sweby flux limiter (Sweby,
1984) but simplified to work for 1-D vertical advection only. Vertical diffusion is applied using a Crank-Nicholson vertically
variable diffusion operation (Press et al., 1986) with a closed upper boundary and an open bottom boundary.

Text S3. Data assimilation and parameter optimization processes

The model utilizes a variational adjoint data assimilation scheme (Lawson et al., 1995) to the data-assimilation scheme (Fig.
2 in main text) consisting of four main steps (Glover et al., 2011). First, the model is integrated forward in time (i.e., forward
model) from prescribed initial conditions and initial model parameter values (Tables S2-6) to calculate the model-observation
misfits referred as total cost function or total cost. Second, an adjoint model constructed using the Tangent linear and Adjoint
Model Compiler (TAPENADE) is integrated backward in time and compute the gradients of the total cost with respect to the
model parameters. Third, the computed gradients are passed to a limited-memory quasi-Newton optimization software M1QN3
3.1 (Gilbert & Lemaréchal, 1989) to determine the direction and optimal step size by which the model parameters need to be
modified to reduce the total cost. Finally, a new forward model simulation is performed using the new set of modified
parameters from the third step. These four steps are conducted in an iterative manner until the pre-set convergence criteria are



satisfied ensuring the convergence of the optimized parameters and a local minimum achieved by the total cost, via low
gradients (sensitivity) of the total cost with respect to each optimized parameter and positive eigenvalues of the Hessian matrix.

Initial values of the model parameters (a total of 84 free or optimizable parameters, Tables S2-6) are assigned based on
literature values (Caron et al., 2000, Luo et al., 2010, Garzio et al., 2013). Optimization starts by submitting a subset of these
84 free model parameters rather than submitting all of them at once. The initial parameter subset submitted to optimization
consists of 10 different model parameters, with one parameter per each state variable, the change of which yielded the largest
decrease in the total cost function during preliminary sensitivity tests, including apa (the initial slope of the photosynthesis
versus irradiance curve of diatoms, mol C (g Chl a)* d** (W m2)™2), acr (the initial slope of the photosynthesis versus irradiance
curve of cryptophytes, mol C (g Chl a)* d* (W m?)?), & (the maximum Chl:N ratio, g Chl a (mol N)™2), znna (the maximum
HNA growth rate, d1), rnaxrna (the maximum HNA active respiration rate, d), guna (the half-saturation density of HNA
bacteria in microzooplankton grazing, mmol C m?), uvz (the maximum microzooplankton growth rate, d), uks (the maximum
krill growth rate, d*), and remvkg (the krill removal rate by higher-trophic levels, (mmol C m)*d*; Tables S2-6).

If the parameters are optimized to ecologically unrealistic values, they are kept back to their initial values and removed
from the next optimization cycle. Optimized parameters with of larger than 50% are updated but removed from the next
optimization cycle (i.e., defined as ‘optimized’ parameters, or ‘OP’, Tables S2-6, detailed in Section 2.5), while optimized
parameters with ¢f smaller than 50% are updated and kept for the next optimization cycle (i.e., defined as ‘constrained
parameters’, or ‘CS’, Tables S2-6). Constrained parameters are reported with uncertainties, while optimized parameters are
reported without uncertainties because both changed parameters consist of an optimized model parameter set, but the
parameters reported with the uncertainty ranges are the ones optimized with relatively small uncertainties and considered
constrained. Every assimilation cycle, we ensure that bacterial model parameters are optimized in the direction to properly
represent the dynamics associated with each bacterial group (Table 1) where we assign different magnitudes of each parameter
value based on the best guesses and literatures (del Giorgio & Cole, 1998; Jiao et al., 2010). For instance, the maximum HNA
bacterial growth rate (unna, d?) is assigned to be higher than the maximum LNA bacterial growth rate (una, d) prior to
optimization, and ensured to keep being optimized to be higher during optimization. If unna is optimized smaller than s,
Lrna S set back to its original value instead of being updated. This way, a part of the initial parameter subset forms a final
optimized parameter set. The gradients of the total cost function with respect to all 84 parameters are then evaluated, the
parameters with large gradients (e.g., ~10) are resubmitted to optimization to further reduce the total cost, the gradients are
evaluated again, and these cycles repeat until the termination of optimization. Optimization terminates when the gradients are
reasonably low (e.g., < 0.01 for constrained parameters, < 5 for optimized parameters, and < 10 for unoptimized parameters).

Text S4. Model initialization, spin-up, and boundary conditions

The model is initialized by prescribing initial conditions 150 days (June 1) prior to the model start date of the growth season
(November 1). This 150-day spin up is conducted in order to minimize the impact of initial conditions on the model output
over the Austral growth season (November - March). Initial conditions are prepared by first generating an optimized model
simulation of the full annual cycle that is forced by climatological physics and assimilated with climatological observations
(i.e., climatological year or climatological model; 2010-11, 2011-12, 2012-13, and 2013-14). To capture a non-linear aspect
of the WAP ecosystem syste dynamics (e.g., strong interannual variability in the phytoplankton bloom phenology), we
construct the climatological year by applying a single time shift to all the variables so that a seasonal PP peak of each year
lines up with an average date of seasonal PP peaks from all years. Next, the output from the climatological simulation for June
1 conditions following the end of the seasonal growth season is used as the Austral winter initial condition for 2010-11. The
resulting simulated conditions for June 1, 2012 from the optimized 2011-12 model is then used as the initial conditions for the
2012-13 simulation, and so on.



Modelling 0, 10, and 20 m requires non-zero bottom boundary values from 20 m, because of high biological and
biogeochemical activities there, but there are no available observations of HNA, LNA, microzooplankton, and krill carbon
biomass, LDOC, detritus, and NH. at 20 m at the study site. Instead, we 1) estimate the climatological (2010-2013) HNA and
LNA carbon biomass at 20 m using the ratio of bacterial production to group-specific carbon biomass observations at 10 and
20 m, 2) extract the climatological (2002-2011) modelled values of microzooplankton and krill carbon biomass, detritus,
LDOC, and NH4 at 20 m from the original WAP-1D-VAR v1.0 model (Kim et al., 2021), and 3) use the climatological (2010-
2013) observations of diatom- and cryptophyte biomass at 20 m for their bottom boundary conditions.

Text S5. Target error adjustment

In the original WAP-1D-VAR v1.0 model, we calculated the climatological mean and standard deviation of each variable in
the mixed layer per observation (vertical profile) over an extended year period (2002-03 to 2011-12) to get a more generalized
picture with large sample size, and used the climatological CV (from the same climatological mean and standard deviation)
for target errors of the most data types and the same climatological standard deviation for target errors of the log-transformed
data types. In other words, each data type was assigned with its own but non-time varying CV. In the present study though,
MLD is mostly deeper than 10 m but frequently shallower than 20 m (Fig. S1), and following the way in Kim et al. (2021)
would throw out most vertical profiles, decrease the sample size, and make inadequate cases for representing the overall
observational errors and seasonal-interannual variations (e.g., for all data types the depth levels measured typically span
surface, 10 m, 20 m, etc, so shallow MLD would leave vertical profiles with only one or at most two data points within the
mixed layer). We instead calculate the climatological standard deviation, and CV in the upper 20 m (i.e., 0, 10, and 20 m) per
profile over the 4 study years of our study, which we adjust to similar values in Kim et al. (2021) as they are, of course, higher
than those in Kim et al. (2021), largely due to including the observations at 20 m when MLD is deeper than 20 m. For target
error adjustment, we derive the ratios of the climatological CV (for most data types) and standard deviation (for the log-
converted variables) between our study and Kim et al. (2021), average the ratio for the same categorical data types (e.g.,
nutrients (NO3z and PQ.), phytoplankton (diatoms, cryptophytes, and primary production), bacteria (HNA and LNA carbon
biomass, and production), and multiply this ratio to what we calculate to reduce to the level in the “mixed layer” to avoid an
overestimated target error of each data type. Though complicated, we choose to do this way of combining the target errors in
Kim et al. (2021) and error adjustment, hoping that it would more realistically represent the dynamics at Palmer Station B and
for the 4 study years in our study because the target errors in Kim et al. (2021) were calculated for the 11-year period of the
data from the slightly offshore Palmer Station E.
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