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S1 Parameter reference and notation

Table S1. Parameters of the MCoM model. All parameters are assumed to be non-negative if not stated otherwise.

Parameter Description Source code variable Unit
Vi Maximal DIN uptake rates of P; or H; V_NPJi], V_NHI[i] fmol(N) day " cell™*
Knoi Half saturation constants for DIN uptake by P; or H; K_NPIi], K_NH[i] mM(N)
Visi Maximal uptake rates DOC (resp. DON) compound j uptake by H; ~ V_DOCH][j,i], V_DONH][j,ij  fmol(C) day " cell™*, fmol(N) day ~* cell ™*
K Half saturation constants for DOC (resp. DON) compound j uptake ~ K_DOCH(]j,iJ, K_DONH[j,ij ~mM(C), mM(N)
by H;
Y Biomass yield coefficients, i.e., fractions of uptake of DOC (resp. Y_DOC]j,i], Y_DON]Jj,i] -
DON) compound Dj; integrated into biomass of P; or H;, 0 <
Yini<1
P%d Carbon content per cell of population P; or H; XH_CIi], XP_CIi] fmol(C) cell ~*
r&N pCN - C:N ratios of populations P; or H;, and of N-rich exudates of P;,  rCN_PI[i], rCN_HI[i] mol(C) mol(N)~*
r& N > N for all species.
pEREC Chlorophyll to carbon ratio for cells of P; rChIC[i] mol(Chl) mol(C)~*
PR e Nutrient or chlorophyll content per cell (x¥ = x& /r&N, x§P = - fmol(N) cell !, fmol(Chl) cell ~*
C ., .Chl:C
i T )
o Maximal fractions of assimilated DOC used for DON exudation of  q_ex][i] -
P; in light limited regime.
O; Linear loss rates of phytoplankton, heterotrophs, and metabolites d_Pli], d_H[i], d_M[i] day*
Oq,i Quadratic loss rates of phytoplankton and heterotrophs d_P2[i]*XP_C[i], cell™! day !
d_H2[i]*XH_C[i]
Aji Interaction rate per unit of metabolite j on growth of phytoplankton  lambda_i *A_MPY[j,i] day !
population ¢; can be negative
hj—si Half saturation constant for the effect of metabolite j on population  h_M][j,i] -
i
0; Conversion coefficient for determining the amount of metabolite i not included (assumed mM(C)™*
corresponding to the amount of invested DOC equal to one)
; Slope of the P-I curve of P; at irradiance I = 0. (Effective if vari-  |_alphali] Wm
ant.use_PI_curve=true)
Bi Photoinhibition coefficient of the P-1 curve of P;. (Effective if vari-  |_beta[i] Wm
ant.use_PI_curve=true)
b; Upper limit for the photosynthesis rate of P;. (Effective if vari-  |_max][i] mol(C) mol(Chl) ™! day~*
ant.use_PI_curve=true)
Risj Release partition coefficients, 0 < R;; <1, for i € P ori € H, R_PDOC]i,jJ, R_PDON[i,jJ, -
andjeCorjeN R_HDOCIi,j], R_HDON[i,j]
Tisj Production of metabolite j by heterotroph H; P_HM[i,j] -
irradiance Irradiance. If variant.use_P|_curve=false, this is interpreted di- irradiance pmol(Q) m~2s7!

pmol(C)

rectly as specific photosynthesis rate with unit ol (ChD) -day -
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Table S2. Reference table of notations for elemental flows.

Flow Description Source Target Unit
General population-associated flows (i € P or i € H)

fN=i realized inorganic nutrient assimilation into biomass DIN P; or H; fmol(N) day’1

N maximal inorganic nutrient assimilation into biomass DIN P;or H; fmol(N) day ~*
fispoc total biomass loss to DOC P;or H; DOC fmol(C) day ™!
fispon total biomass loss to DON P; or H; DON fmol(N) day !

Phytoplankton populations (i € P)

foi realized photosynthetic carbon assimilation into biomass DIC P; fmol(C) day !

Foavel photosynthetic carbon fixation (= maximal assimilation) DIC P; fmol(C) day~*
f&poc DOC exudation DIC DOC fmol(C) day
fNDON DON exudation DIN DON fmol(N) day ~*

Heterotroph populations (i € H)
fpoc—i, fpONSi realized total organic carbon, resp. nutrient, assimilation into DOC, DON  H; fmol(C) day !, fmol(N) day "
biomass
DEC—i> JDON—i maximal total organic carbon, resp. nutrient, assimilation into DOC, DON  H; fmol(C) day —*, fmol(N) day ~*
biomass
5§ €CUN realized uptake of DOC or DON compound j into biomass D, H;, and DIC or DIN  fmol(C) day ', fmol(N) day
BT, €CUN maximal uptake of DOC or DON compound j into biomass D H;, and DIC or DIN  fmol(C) day !, fmol(N) day ~*
fiseo fion,jECUN  remineralization of DOC or DON compound j D DIC, DIN fmol(C) day ", fmol(N) day "
fRonoN surplus nutrient remineralization DON DIN fmol(N) day "
DOC or DON compounds (5 € C or j € N)
fH=>; total heterotroph biomass loss to compound j H; D, fmol(C) day ", fmol(N) day "
fP—j total phototroph biomass loss to compound j P; D; fmol(C) day *, fmol(N) day "
fosjis [n—; total phototrophic exudation of compound j DIN,DOC  D; fmol(C) day ", fmol(N) day
feoj N i €EP exudation of compound j by population P; DIN,DOC D, fmol(C) day—*, fmol(N) day ~*
fion total assimilation of compound j into heterotroph biomass D;j H; fmol(C) day*, fmol(N) day "
fincs [ion total remineralization of compound j D; DIC, DIN fmol(C) day*, fmol(N) day ~*
finj, i€ PUH biomass loss of population ¢ to compound j P;or H; Dy fmol(C) day*, fmol(N) day "
Nutrient N

foonon total remineralization DON DIN fmol(N) day —*
INsPs NSH total assimilation into biomass DIN P;or H; fmol(N) day ~*
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S2 Calculation of realized carbon assimilation (f-_,;) and DOC exudation rates ( fé, ~poc)

C:N and TC:N

i ey, the maximal assimilation rates f&?% and f®Y,, and the maximal fraction

We use the stoichiometric ratios gax N

@5 of carbon allocated for exudation to derive the realized assimilation and exudation rates fc_,; and f&_ poc-
We assume that carbon is fixated at maximum rate. Since it is fully allocated for assimilation and exudation [Eq. (6) of the

main text], we have

max

Jfosi= C*}i_fé'ﬁDOC' (S1)

Further, the required uptake of N by P;, that is fi_,pon + fn—i. is related to the total carbon fixation by the stoichiometric
composition of assimilation and exudation fluxes [Egs. (2) and (7) of the main text]. Dividing these by the ratios, adding them

up, then using Eq. (S1) and some basic algebra gives

) C:N TC:N _ »C:N )
7 _ i—rex max 7 i—ex 7
fN‘)i+fN~>DON — "C:N.C:N Coi T C:N..C:N 'fC%DOC' (S2)
Ti 1—ex Ti 1—ex

Note that the coefficient of f&_,poc is positive as we assume 7N > r&N

This can be solved for f&_, o by maximization under the given constraints

max fmax

fé'*)DOC S q; C—1 (83)
and
In=i+ fhopon < NS

which, using Eq. (S2), is equivalent to

. fr.C:N C:N
3 1—€eX H max max
fC—>DOC < TC:N _ rc;N (Tz‘ N—i C—)i) : (54)
[ i—ex
Hence,
. TC:N C:N
3 — : max smax 1—reX : max max
fC*)DOC =1mn{ g; C—i  CO'N C:N (Ti N—i C*}i)
T T ex
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S3 Supplement to Section 3.1

To assess the sensitivity of the mutualistic exchange dynamics in Synechococcus co-cultures, we conducted simulations with
modified DOC exudation and DON remineralization parameters and compared them to the baseline parametrization used in

Section 3.1, cf. Tab. S3. Two perturbed scenarios were tested for each co-culture:

1. Reduced exudation of DOC accessible to heterotrophs (R p_poc = 0.01 vs. baseline 0.8 for R. pomeroyi, resp. 1.0) for

Tropicibacter)

2. Reduced DON remineralization (via variant.surplus_remineralization=false and elevated fraction of assimilated DON

Ypon: 0.99 vs. 0.75 for R. pomeroyi; vs. 0.25 for Tropicibacter sp.)

Simulations with reduced DOC exudation [Fig. S1(e,f)] showed diminished heterotroph densities in both co-cultures [Fig. S1(k,]),
solid vs. dashed growth curves, e.g., Tropicibacter sp. peak: 2.35 x 109 — 1.37 x 108 cells mL ' and end density: 5.62 x 10® —
2.80 x 106 cells mL~! ]. The Synechococcus peak density in the R. pomeroyi co-culture was slightly higher than for the
baseline [2.32 x 102 — 2.62 x 109 cells mL~1; Fig. S1(i), solid vs. dashed growth curves], although final densities decreased
(2.49%x 107 — 1.03x 107 cells mL~1) indicating the stabilizing effect of R. pomeroyi. In the Tropicibacter co-culture, a reduced
exudation has initially positive effects on the Synechococcus population as the carbon limitation of Tropicibacter reduces the
competition for inorganic nutrient [Syn. peak density 7.10 x 108 — 1.32 x 10 cells mL~!; Fig. S1(j), solid vs. dashed growth
curves]. However, there is no recovery of Synechococcus in the exudation-restricted scenario.

Reduced DON remineralization severely impairs phototroph viability in simulations [Fig. S1(g,h) and dash-dotted curves in
(1,))]. For this setup, Synechococcus densities in both co-cultures collapse quickly after depletion of the inorganic nutrient stock
and the recovery in the Tropicibacter co-culture is less pronounced. The Tropicibacter population closely follows the growth
curve of the baseline until ~ day 170 (dash-dotted curve in Fig. S1(1)), but a second growth phase of Tropicibacter is prevented
by restricted DOC availability due to the reduced Synechococcus recovery. This leads to reduced end densities (1.31 x 108
vs. 5.62 x 10% cells mL~! for the baseline). For R. pomeroyi, the reduced remineralization allows a growth to significantly
higher densities initially, because the fraction of assimilated organic nutrient is increased. In turn, the reduced availability of
remineralized nutrient almost halves the peak density of Synechococcus to 1.27 x 10° cells mL~! (2.32 x 10? for the baseline).
Despite its stronger initial growth, the R. pomeroyi density declines faster than for the baseline once the DOC is depleted
shortly after day 100 [cf. Fig. S1(g)], leading to a reduced density of 8.65 x 10° cells mL~! at simulation end (1.82 x 107 for

the baseline).
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Figure S1. Parameter exploration of Synechococcus experiment modelling (see Section 3.1. Reduced exudation modelled by decreased

Rp_ipoc = 0.01, and reduced remineralization by increased Ypon = 0.99 and switching off surplus remineralization. Other parameters as

in Tab. S3.
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Table S3. Parameters for modelling co-culture experiments of Synechococcus and heterotrophic bacteria. All parameters were first tuned

manually within plausible ranges (cf. Appendix S7). Then, the sum of the R>-values of the three cultures (axenic, R. pomeroyi co-culture,

and Tropicibacter co-culture) was maximized with respect to parameters Vi,

Vbon, and 6 for the heterotrophic bacteria.

max

&2, and § for Synechococcus, and Vpon, Vboc, Vbon,

Parameter  Synechococcus Parameter R. Pomeroyi Tropicibacter sp.
Pt 107 cellsmL ™" Ho™ 5-10° cellsmL™" 3-10° cellsmL ™"
x¢ 12.0 fmol(C) cell ! x¢ 12.0 fmol(C) cell ! 12.0 fmol(C) cell !
r&N 5.2mol(C) mol(N) ™! roN 4.0 mol(C) mol(N)~* 4.0 mol(C) mol(N)~*
max (x,2) 7.778 fmol(C) day ! cell ! 80,5, 0.217day~*, 0.0 (10% cells) "' day™*  0.2day~*, 0.0 (10 cells) ™ day—*
5™, 8, 0.217day ™%, 0.0 (10% cells) "t day ™t Va® 0.0 fmol(N) cell™* day * 4.0 fmol(N) cell ! day ~*
V™) 0.746 fmol(N) cell ™! day ! Kn® - 1.0 uM(N)
Kn 2.0 uM(N) Voon™  19.80 fmol(N) cell ™! day~* 1.074 fmol(N) cell ! day !
Kpon 0.1 mM(N) 0.1 mM(N)
Environment Yoon ™ 0.254 0.754
No™W 8.8 mM(N) Vpoc™ 23.65 fmol(N) cell ™" day ™" 16.59 fmol(N) cell ™! day !
A 0.0day™* Kpoc 0.1 mM(C) 0.1mM(C)
Ypoc™  0.865 0.850
Ruoioc 0.5 0.99
Rp—ipoc 0.8 1.0
Ru—won 0.9 0.93
Rp_sipoN 0.8 1.0

() Parameter value from optimization.

(1) Chosen according to Christie-Oleza et al. (2017).

() Constant photosynthetic rate.

(3) R. pomeroyi did not use the supplied NHy4 (Christie-Oleza et al., 2017).
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S4 Supplement to Section 3.2

Figure S2 illustrates the sensitivity of Prochlorococcus growth curves to variations in key heterotroph parameters under pro-
moting [Panels (a—g)], neutral [interaction rate a,; = 0.0; Panels (h—n)] and inhibiting [Panels (0o—u)] co-culture simulations.
Note that the neutral case differs from the axenic configuration, where no heterotrophs are present; instead, metabolites pro-
duced do not affect the phototroph. The growth curves for the base parameters are shown in red and the simulated axenic
growth curve is shown using a dashed grey line for reference. Panels (a,h,0) show the same transition from the promoting to
the inhibitory scenario through variation of the metabolite interaction rate (a; : —0.137 — 0.114 day—!). This illustrates the
non-linear effect of interactions on peak height and timing, which is in line with the effects found in experiments by Sher et al.
(2011). Panels (b,i,p) show that higher heterotroph loss rates () result in higher phototroph peak densities in all scenarios. This
is a consequence of the reduced competition for nutrient between phototrophs and heterotrophs. The maximal heterotrophic
nutrient uptake rate (V) likewise influences heterotroph competitive ability for the limiting nutrient, leading to similar pat-
terns in Panels (c,j,k). Variations in maximal heterotrophic uptake rates for DOC and DON [Vpoc and Vpon, Panels (d,k,r)
and (e,l,s)], affect phototroph growth when heterotrophs are limited. This is the case for Vpon < 1.5 and for Vpoce < 3.0.
For Vpoc the effect is not always linear as increased heterotroph presence can benefit Prochlorococcus if elevated nutrient
remineralization compensates for nutrient competition. In every scenario, severe heterotroph limitation approximates the ax-
enic growth curve. Variation of the DOC yield coefficient Ypoc [Panels (f,m,t)] exhibits similar effects as Vpoc for growth
limiting values. However, the tested range (Ypoc € [0.3,1.0]) does not lead to significant effects in the growth promoting
scenario. The DON-Yield coefficient Ypon [Panels (g,n,u)] has complex effects, controlling both heterotroph growth rate and

DON remineralization, in some cases inducing a second growth phase for the phototrophs.
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Figure S2. Sensitivity analysis for Prochlorococcus modelling (see Section 3.2). Left column (a—g): Promoting co-culture; Middle col-
umn (h—n): Neutral co-culture (ans = 0); Right column (o—u): Inhibiting interactions. Red curves show the simulated Prochlorococcus

growth curves for parameters corresponding to the base fit (see Table S4) and the dashed grey curve shows the axenic growth curve.

S9



Table S4. Parameters for modelling Co-culture experiments of Prochlorococcus and heterotrophic bacteria. All parameters were first tuned
manually within plausible ranges (cf. Appendix S7). Then, the total root mean square error (RMSE) of the simulation results for axenic,
promoting and inhibiting cases was minimized with respect to parameters Vi and §p for Prochlorococcus, Vpoc, Ypoc (same value for
both heterotrophs) and aas for the positive and negative interaction. Additionally, we assumed a linear conversion of relative fluorescence

units (RFU) to cell numbers for Prochlorococcus and subjected the scaling factor to the optimization yielding 42,402 cells RFU L.

Prochlorococcus Heterotrophs
Po(l) 10 cells mL ™1 Hy 10* cells mL ™!
Xxc 10.0 fmol(C) cell™* Xc 2.0 fmol(C) cell *
r&N 5.0 mol(C) mol(N) ™+ r&N 4.0 mol(C) mol(N) ™+
o 10.0 fmol(C) day ~* cell ™! 0, dq 0.1day™*, 0.0 (10° cells) ™ day "

(constant photosynthetic rate)

6™, 8, 0.324day™*, 0.0 cell ™! (10% cells) "t day ™' Vi 0.9 fmol(N) cell ! day "
%N 1.135 fmol(N) cell™* day~* Kn 8.0uM(N)
Ky 2.4 uM Vbon 3.0 fmol(N) cell ' day !

KDON 0.6 mM(N)

Environment Ypon™  0.927
No® 0.8 mM(N) Vboc™  6.94 fmol(N) cell ! day ~*
A 0.0day~* Kpoc 0.6 mM(C)
IDOC,™M  5.0mM(QC) Ypoc 0.5
IDONo,™ 0.5 mM(N) ha 1078
Mo 107°/L T 1077
Sm 0.3day !
Rhodobacterales (HOT5BS) Marinobacter (HOT4B5)
anm™ -0.137 an™ 0.114

() Parameter value from optimization.

(1) Chosen according to Sher et al. (2011).
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S5 Supplement to Section 3.3

We assessed the robustness of the periodic regime (Section 3.3) against the variation of two parameters. Figure S3 reports
a parameter scan with varying maximal specific nutrient uptake rate V_,; of phytoplankton species P;. Panel (a) shows
how average phytoplankton densities vary with Vy_,1, where the dashed line indicates P;’s fluctuation amplitude amp(P;) =
max(P;) — min(Py). Zero amplitude values (for Vy_1 < 0.25) correspond to stable equilibria, where P; goes extinct, lead-
ing P; to displace P; through superior nutrient affinity (Vy_2 > Vi_3). For Vy_1 € [0.65,1.65], variants of the cyclic
dominance pattern reported in Fig. 6 of the main text persist with consistent amplitudes and average densities, though above
VN1 = 1.2, single peaks evolve into multi-peak bursts (particularly evident in P3 and H3; Panels (d—f)), with burst complexity
increasing stepwise to > 4 peaks at Viy_,; = 1.85 (Panel f). The transition region (V1 € [0.35,0.65]) exhibits irregular fluc-
tuations (Panels b—c). At higher values (Vy_,1 > 1.85), we observe an abrupt amplitude reduction accompanied by a sharp P1
density increase that represses other populations amid moderate fluctuations (Panel g). The scan employed continuation meth-
ods to track stable regimes: starting into negative and positive direction from Section 3.3’s parameter value (vertical dashed
line), each subsequent simulation was initialized from the previous simulation’s final state.

Periodic fluctuations are dependent on interaction strength, as well. Figure S4(a) presents a parameter scan over the inter-
action rates a;_,;+1 (note that these are identical). Beginning the continuation at a;_,;+; = —1.0, we observe sustained cyclic
dominance regimes throughout a,_,; 1 € [—1.0,—0.55], with slightly shorter oscillation periods for weaker interaction strength
(Panels b—d). Average population densities are nearly identical for the three phytoplankton species. This solution branch is lost
at a;_,;+1 = —0.55, revealing a branch of equilibria with initially substantially different densities for the different species

(aj—i+1 € [-0.55,—0.35]), but then converging to similar values for a;_,; 1 € [—0.35,0.0].
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Figure S3. Robustness of cyclic dominance to Vix_,1 variation. (a) Average phytoplankton densities (solid green lines) and P; fluctuation
amplitude (dashed green curve) versus maximal uptake rate Viv_1. (b—g) Time series at representative V1 values showing: (b,c) irregular

fluctuations; (d) cyclic dominance; (e,f) multi-peak bursts; and (g) P;-dominant regime. Parameters other than Vy_,; as in Tab. S5.
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Figure S4. Robustness of cyclic dominance to interaction strength variation. (a) Average phytoplankton densities (solid green lines) and P;
fluctuation amplitude (dashed green curve) versus interaction rates a;—;+1. (b—d) Time series at representative a;—;+1 values. Parameters

other than a;—, ;1 as in Tab. S5.
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Table SS. Parameters used for the cyclic interaction motif, see Sec. 3.3.

Parameter Phytoplankton Parameter Heterotrophs
x¢ 10.0 fmol(C) cell x¢ 2.0 fmol(C) cell
r& N 5.2 mol(C) mol(N)~* r& N 4.0 mol(C) mol(N)~*
8ir g, 0.2day™*,0.2(10% cells) *day ' &, 5,4 0.1day ™', 0.02 (10° cells) * day !
Py 1074 Tios; 107°
aj—i 0.0or—1.0fori=75+1 Nutrient uptake
Vi 1.0 fmol(N) cell ™! day —* Vi 1.5 fmol(N) cell ™" day "
Knoi 2.0uM(N) Ky 8.0 uM(N)
b, 5.0 mol(C) mol(Chl)~* day —* DON uptake
o 0.08 #ﬁil(@ Visi 3.0 fmol(N) cell ™! day !
mol(C) m? s
Bi 0.003 —517eh) day pmol(@y K 1.0 uM(N)
Y 0.5
Environment DOC uptake
A 0.1day~* Vi 4.0 fmol(N) cell ™ day !
S 0.1day ™! Kji 1.0 uM(C)
Next 5.0 uM(N) Y 0.5

1 10.0 umol(Q) m 2 day ™+
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S6 Supplement for Section 3.4

Table S6. Parameters used for the simulation of two competing consortia, see Sec. 3.4

Parameter Phytoplankton Parameter Heterotrophs
P;(0) 108, resp. 10%, cellsmL ™! H; (0) 10°-107 cellsmL ™!
x$ 10.0 fmol(C) cell ! x$ 2.0 fmol(C) cell*
r&N 5.2 mol(C) mol(N)~* r&N 4.0mol(C) mol(N)~*
8ir 0qsi 0.1day™*, 1.0 (10% cells) *day ™"  &;, 84, 0.1day™*, 0.02 (10° cells) ! day —*
hjsi 107 Ticsj 107°
Ajsi 0.0 or —0.1 Nutrient uptake
Vs 1.0 fmol(N) cell ™! day ! Vs 1.5 fmol(N) cell ™! day !
KN 2.0mM(N) KN 8.0mM(N)
b, 3.0-5.0mol(C) mol(Chl) ' day~* DON uptake
a; 0.05-0.3 Wm Visi 3.0 fmol(N) cell ' day~!
B; 0.003-0.08 o el@nte Ko 1.0 mM(N)

Y 0.5
Environment DOC uptake
A 0.1day™* Vioi 4.0 fmol(N) cell * day !
No 8.8 mM(N) Kj; 1.0mM(C)
S 0.1day™* Yioi 0.5
Next 5.0mM(N)
Tmin 0.0 umol(Q) m~2day ! Connectivity
Imax 125.0 umol(Q) m 2 day ~* exPDOC 4

exPDON 4
System dimensions exHDOC 4
dims.P 20 exHDON 4
dims.H 20 upDOCH 3
dims.DOC 20 upDONH 3
dims.DON 20 prodHM 2
dims.M 10-20 (overlap-depd.) effsMP 4
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S7 Empirical parameter constraints

To provide an orientation for parameter selection, we present a concise literature survey of typical value ranges for model
components. While offering practical guidance, this compilation is not exhaustive; parameters should be adapted to specific
research contexts. Note that we reproduce the values in units given in the original source, as conversions may involve further

assumptions. Where these units deviate from model units we provide conversion factors.
S7.1 Stoichiometry parameters

Phototrophic, as well as heterotrophic, cellular elemental composition varies substantially due to taxonomic differences,
nutrient availability, and environmental conditions. For instance, cyanobacterial carbon content varies over 20-fold (0.83—
20.33 fmol(C) cell™!; Tab. S7), and C:N ratios range from 4 to 23 mol(C) mol(N)~* (Tab. S8), and heterotrophic bacteria
show carbon content spanning more than two orders of magnitude (0.49-143 fmol(C) cell™!; Tab. S9) and highly flexible C:N
ratios (2.3-12.0 mol(C) mol(N)~1; Tab. S10). Cell sizes and, correspondingly, cellular carbon content of eukaryotic algae
varies even stronger depending on taxon and growth conditions. Thus, parameter selection should account for the modelled
environment and physiological state. Most data in Tables S7-S10 originate from laboratory cultures or specific environments;

natural communities may exhibit broader ranges due to taxonomic diversity and environmental gradients.

Table S7. Reported ranges for phytoplankton cellular carbon content ().

Range Unit Conversion to model unit Note Source

(fmol(C) cell ™)

~10-70 fg(C)cell ™ 3OS Prochlorococcus Grob et al. (2013)
~50-95 fg(C)cell ™ 3OS Synechococcus Grob et al. (2013)
46-61 fg(C) cell ™ ir;‘?éig)) Prochlorococcus MED4 Bertilsson et al. (2003)
17-124 fg(C) cell™* i;l?gligg Prochlorococcus, literature overview — Bertilsson et al. (2003)
92-132 fg(C) cell ™+ i’;?;g; Synechococcus WH8012 Bertilsson et al. (2003)
213-244 fg(C)cell ™ 3RS Synechococcus WH8103 Bertilsson et al. (2003)
27-5.87x 103 pg(C) cell ™! %gﬁlc()c) Diatoms Tas (2023)
2.06x10%-4.84x10*  pg(C)cell™* %g(gg)@ Dinoflagellates Tas (2023)
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Table S8. Reported ranges for phytoplankton carbon-to-nitrogen ratio (r&™).

Range Unit Note Source

4.4-10.0 mol(C) mol(N)™'  Synechococcus (strains) Bertilsson et al. (2003)

5.7-9.9 mol(C) mol(N)™!  Prochlorococcus Bertilsson et al. (2003)

4.57-7.28 mol(C) mol(N)™!  Prochlorococcus/Synechococcus Grob et al. (2013)
(North Atlantic, surface)

4.41-5.83 mol(C) mol(N)™!  Prochlorococcus/Synechococcus Grob et al. (2013)

(North Atlantic, deep)

6.8-8.7 mol
7-20 mol

Q

Nutrient-replete phytoplankton (95% CI)  Geider and La Roche (2002)

Goldman et al. (1979)

4-17 (avg. 7.7) mol(C) mol(N)~!  Eukaryotic phytoplankton Bertilsson et al. (2003)
6.625 mol(C) mol(N)~*  Redfield ratio Redfield (1958)
6.8-7.8 mol(C) mol(N)™*  marine POC (95% CI) Geider and La Roche (2002)
5.1-8.5 mol(C) mol(N)~!  Green algae Finkel et al. (2016)
5.2-84 mol(C) mol(N)~™!  Haptophytes Finkel et al. (2016)
5.1-13.3 mol(C) mol(N)~!  Diatoms Finkel et al. (2016)
5.0-11.3 mol(C) mol(N)™*  Dinoflagellates Finkel et al. (2016)
(C) mol(N)
(C) mol(N)

Q

Marine eukaryotes under N starvation

Table S9. Reported ranges for heterotrophic bacterial cellular carbon content (x§).

Conversion to model unit Note Source

(fmol(C) cell ™)

Range Unit

1.04-143

5.9-23.5 (mean: 12.4)
15.7-47.9 (mean: 30.2)
88-106 (means)

32-50 (means)
128-156 (means)

Freshwater isolates (24 strains) Godwin and Cotner (2015)
Fukuda et al. (1998)
Fukuda et al. (1998)
Vrede et al. (2002)

Vrede et al. (2002)

Vrede et al. (2002)

fmol(C) cell ™t -
fg(C) cell ! %x1/12 fmol(C) /fg(C)
fg(C) cell * x1/12 fmol(C)/fg(C)

( Oceanic assemblages
(
fg(C) cell ™! x1/12 fmol(C)/fg(C)
(
(

Estuarine/coastal assemblages

Nutrient-limited marine bacteria
fg(C) cell ! %x1/12 fmol(C) /fg(C)
fg(C) cell ™! x1/12 fmol(C)/fg(C)

C-limited marine bacteria

Replete marine cultures
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Table S10. Reported ranges for heterotrophic molar carbon-to-nitrogen ratio (r§™™).

Range Unit Note Source

3.6-4.0 mol(C) mol(N)™!  Marine bacteria Fagerbakke et al. (1996)
5.0-5.9 mol(C) mol(N)~™!  Freshwater bacteria Fagerbakke et al. (1996)
2.3-11.0 (median 5.06) mol(C) mol(N)™*  Freshwater isolates Godwin and Cotner (2015)
4.9-12.0 (means) mol(C) mol(N)™'  Nutrient-limited marine bacteria ~ Vrede et al. (2002)
3.6-4.1 (means) mol(C) mol(N)~™!  C-limited marine bacteria Vrede et al. (2002)
3.8-6.3 (means) mol(C) mol(N)™!  Replete marine cultures Vrede et al. (2002)
5.4-8.3 (mean: 6.8) mol(C) mol(N)™!  Oceanic assemblages Fukuda et al. (1998)
5.0-7.7 (mean: 5.9) mol(C) mol(N)~!  Estuarine/coastal assemblages Fukuda et al. (1998)
5.3-6.2 mol(C) mol(N)™*  Marine cultures (Gulf of Mexico) ~ Kroer et al. (1994)
8.0-8.8 mol(C) mol(N)™!  Estuarine cultures Kroer et al. (1994)
5.2-75 mol(C) mol(N)~!  Eutrophic riverine cultures Kroer et al. (1994)
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S7.2 Inorganic Nutrient Uptake Parameters

Resource uptake in MCoM is modelled through Michaelis-Menten kinetics, characterized by maximal uptake rates and half-
saturation constants (Vy and K for inorganic nutrient). These parameters vary substantially with nutrient species, environ-
mental conditions, and organism groups (Tables S11, S12).

For heterotrophic bacteria, direct quantitative parameter values are limited; however, comparative studies indicate higher
growth rates of phytoplankton in replete environments (Vy_, g < Vy_, p, while, due to smaller bacterial cell sizes, bacteria
generally exhibit higher affinities (Vx_g/Kn— g > VN— 1 /Kn— p), conferring an overall advantage at low nutrient concen-
trations (Kirchman, 1994). Metabolic adaptation may lead to lower half-saturation constants K in oligotrophic environments
than in eutrophic within the same species (Kovarova and Egli, 1998). Uptake rates also vary by nitrogen species, with NHZ
uptake typically exceeding NO5 uptake. Note that MCoM currently does not account for these separately; the maximal uptake
rate Vy represents total DIN uptake.

Converting uptake rates to model units (fmol(N) cell = day—!) requires caution due to dependencies on cellular stoichiom-
etry and size. For instance, to convert specific uptake rates in h~! (nitrogen uptake normalized by biomass nitrogen), val-
ues should be multiplied by cellular nitrogen content (x"V = x¢ /r“*V) and by 24 to obtain daily rates; and, for rates in
mol(NO3) (mol(C) day) ™!, by cellular carbon content (x¢, fmol(C) cell™1).

Table S11. Specific DIN uptake rates Vv for phytoplankton and heterotrophic bacteria .

Range Unit Conversion to model unit Note Source

(fmol(N) (cell day) ™)
~0.12 h? (24-x°/r°NYhday™'  Phaeocystis colonies (>35 um, NHy) Bradley et al. (2010)
~0.013 h? (24-xC/r°NYhday™'  Phaeocystis colonies (>35 um, NO3) Bradley et al. (2010)
~0.08 h? (24-x°/r°N)hday~'  Phytoplankton (<35 pm, NHy) Bradley et al. (2010)
~0.016 h? (24-x°/r°NYhday™'  Phytoplankton (<35 pm, NO3) Bradley et al. (2010)
~0.04-0.07 h7! @24-x°¢ / roN ) h day™? Phytoplankton (eutrophic, subtropical lake, NHs)  Gu et al. (1997)
~0.02 h~! @24-x°¢ / PO ) h day? Phytoplankton (eutrophic, subtropical lake, NO3)  Gu et al. (1997)
~0.3-0.85  mol(NO3) (mol(C)day)™*  x© fmol(C) cell ~* Diatoms (NO3) Litchman et al. (2007)
~0.05-0.1  mol(NO3) (mol(C)day)~™*  x© fmol(C) cell ~* Coccolithophorids (NO3) Litchman et al. (2007)
~0.001-0.1  mol(NO3) (mol(C) day)~™*  x© fmol(C) cell ~* Dinoflagellates (NO3) Litchman et al. (2007)
~0.15 mol(NO3) (mol(C) day) ™" x€ fmol(C) cell ! Green algae (NO3) Litchman et al. (2007)
~0.08 ht (24-x°/r°N)hday~'!  Bacteria (0.2-0.8 um, NHy) Bradley et al. (2010)
~0.006 h! (24-x°/r°N)hday~'  Bacteria (0.2-0.8 um, NO3) Bradley et al. (2010)
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Table S12. DIN uptake half saturation constants K .

Range Unit Note Source

<0.5 uM(N) Oceanic phytoplankton (oligotrophic) Laws (2013)

>1.0 uM(N) Coastal phytoplankton (eutrophic) Laws (2013)
2.24-8.71 uM(N) Phytoplankton (eutrophic, subtropical lake, NHy)  Gu et al. (1997)

221 uM(N) Phytoplankton (eutrophic, subtropical lake, NO3)  Gu et al. (1997)
~0.2-2.5 uM(NO3z) Diatoms (NO3) Litchman et al. (2007)
~0.01-0.02 pM(NO3) Coccolithophorids (NO3) Litchman et al. (2007)
~2.0-9.5 uM(NO3) Dinoflagellates (NO3) Litchman et al. (2007)
~0.03-6.3 pM(NO3)  Green algae (NO3) Litchman et al. (2007)
1.6+19 puM(N) Diatoms Sarthou et al. (2005)
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S7.3 Organic Matter Uptake Parameters

Heterotrophic uptake of dissolved organic matter (DOM) is governed by maximum uptake rates (Vpoc, Vpon), half-saturation
constants (K poc, Kpon), and biomass yield coefficients (Ypoc, Ypon). These parameters vary substantially across sub-
strates, bacterial groups, and environmental conditions (Tables S13—-S15). Reported Vpoc values span four orders of mag-
nitude, reflecting substrate specificity and adaptation strategies (Kovarova and Egli, 1998). Half-saturation constants K poc
range from nM to mM carbon equivalents, typically lower in oligotrophic systems. Note that Vpoc and Kpoc are often
correlated, such that the specific affinity (Vpoc /K poc) exhibits less variability (Behrenfeld et al., 2004).

We don’t list DON parameters separately. For nitrogen-containing compounds, parameters can be derived using the com-
pound’s elemental composition. Carbon-based specific rates have to be converted to cell-specific units using cellular carbon
content. Importantly, most available data derives from single-substrate experiments; community-level kinetics in bulk DOM
pools may differ due to parallel uptake pathways (Mentges et al., 2019). On a theoretical basis, one may argue that for uptake
of a bulk of compounds, the half-saturation constants should be assumed higher than for the uptake of an individual compound
dependent on the diversity of compound constituting the bulk (see Appendix S7.5).

Crucially, the yield coefficient Ypoc differs from bacterial growth efficiency (BGE), although BGE is an important source
to estimate appropriate values. BGE measures biomass carbon production per DOC uptake (del Giorgio and Cole, 1998),
while in MCoM 1 — Ypo exclusively represents the metabolic costs of biomass synthesis. In MCoM, continuous population
losses [Eqn. (9) of the main text] account for maintenance, leakage, senescence, and other mortality factors, and are not
included for the yield. However, these processes decrease the BGE with a degree dependent on the specific measurement
protocol. Thus BGE < Ypoc. We recommend approximating Ypoc by maximal observed BGE for the substrate. For nitrogen,
Ypbon > Ypoc is expected. For instance, amino acids show higher incorporation efficiency than sugars (del Giorgio and Cole,
1998).

When converting dry weight to biomass carbon, the carbon fraction w¢ of dry weight, has to be known or assumed. This
varies by taxon and environmental conditions. For instance, Fagerbakke et al. (1996) report 30-60% for heterotrophic bacteria.
Likewise, when biovolume measurements are used, it is important to consider that cell carbon density varies considerably
(12-605 fg(C) um~3; Vrede et al. (2002)). For phytoplankton, wo = 0.5 has been used for Prochlorococcus (Bertilsson et al.,
2003), we = 0.35 for diatoms, and we = 0.45 for other eukaryotic microalgae (Finkel et al., 2016).
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Table S13. Maximal rates Vpoc for heterotrophic DOC uptake.

Range Unit Conversion to model unit Note Source

(fmol(C) (cell day) ™)

0.36-0.65  fg(C) (cell-h)™* 2 g‘i}; Free-living marine (on glucose) Azda and Unanue (2007)
2.71-26.28  fg(C) (cell-h)~* 2 % Aggregate-associated (on glucose)  Azia and Unanue (2007)
0.35-045  fg(C) (cell-h)~* 2 % Free-living marine (on leucine) Azda and Unanue (2007)
0.65-9.05 fg(C) (cell -h) ! % Aggregate-associated (on leucine)  Aziia and Unanue (2007)
1.2 pg(tol) (mg(CDW)h)~* 2.20-1072- x“ Jwc % T Marine bacterium (on toluene) Button (1998)

0.13 pg(ace) (mg(CDW) h)~* 0.96- 1072 X /we MmO melBEMIE T Marine bacterium (on acetate) Button (1998)

0.23-110  nmol(glu) (min-mg(CDW)) ™" 0.104- X /we HEL)alE min 1 Marine cultures (on glucose) Schut et al. (1993)
0.7-124 nmol(glt) (min - mg(CDW))~™*  0.086 - x© /wc % i Marine cultures (on glutamate) Schut et al. (1993)

+: Assuming carbon to constitute w¢ percent of the cell dry weight (CDW), one mg(CDW ) has a molar carbon content of 102 - w¢ /12 fmol(C) mg(CDW) ~ 1. In cell
numbers this gives 102 - (we /12) - (x©) ™ cells/mg(CDW). Further, carbon constitutes 91.3% of the weight of toluene (C7Hzg), giving (0.913/12) (umol(C) pg(tol) 1)
= (0.913/12) - 10° (fmol(C) pg(tol) ~!). Additionally accounting for conversion the rate from h~* to d = yields the tabulated conversion factor. For acetate (C2Hz02), the
conversion is analogous, with 40.1% of its weight constituted by carbon.

#: Using a molar carbon content (6 - 10 fmol(C) /nmol(glu) of glucose, (6 - 106 fmol(C)/nmol(glu) of glucose (CsH1206), (6 - 106 fmol(C)/nmol(glu) of glutamate
(C5H9NOy), 24 - 60 min/day, and the conversion of mg(CDW) to cell number (see ). Using the cell weight estimate above we obtain a total conversion factor of 0.052 - XC for
glucose, and 0.043 - XC for glutamate.

Table S14. Half saturation constants K poc for heterotrophic organic matter assimilation.

Range Unit Conversion to model unit Note Source

2.62-13.62  pg(C)L™* (1/12) pmol(C) ug(C) Free-living marine (on glucose) Azta and Unanue (2007)
101.1-131.0  pg(C)L™* (1/12) pmol(C) ug(C) Aggregate-associated (on glucose)  Azda and Unanue (2007)
1.18-1.70 ug(C) L1 (1/12) pmol(C) ug(C) Free-living marine (on leucine) Azta and Unanue (2007)
5.28-41.08 ug(C)L™* (1/12) pmol(C) pg(C) Aggregate-associated (on leucine) ~ Azda and Unanue (2007)
10.0 ug(tol) L1 0.076 umol(C) ug(tol) Marine bacterium (on toluene) Button (1998)

20000 ug(ace) L1 0.033 umol(C) ug(ace) T Marine bacterium (on acetate) Button (1998)
2.3-590000 nM(glu) 6-10~3 umol(C) nmol(glu) ~* Marine cultures (on glucose) Schut et al. (1993)
18-911 nM(glt) 51073 umol(C) nmol(glt) ~* Marine cultures (on glutamate) Schut et al. (1993)
0.6-255 nM(substrate) (4 —6)-1073 umol(C) nmol(s.)~' ¥  Natural assemblage (low conc.) Casey et al. (2015)

54.2-368.3  nM(substrate) (4—6)-10"% ymol(C)nmol(s.)~* *  Natural assemblage (high conc.) Casey et al. (2015)

7: see notes below Table S13.

#: Cultures on simple substrates with 4-6 carbon atoms and 0—4 nitrogen atoms.

Table S15. Kinetic parameters for heterotrophic organic matter assimilation.

Range Unit Conversion to model unit Note Source

Ypboc 0.81 - Max marine BGE (phytoplankton exudates)  del Giorgio and Cole (1998)
Ypoc 0091 - Max freshwater BGE (plant detritus) del Giorgio and Cole (1998)
Ypoon >Ypoc - e.g., amino acids > sugars del Giorgio and Cole (1998)
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S7.4 Photosynthesis Parameters

Photosynthetic parameters exhibit wide variation across phytoplankton groups and environmental conditions (Enriquez et al.,
1996). Chlorophyll-a normalized rates and carbon-to-chlorophyll ratios are influenced by temperature, nutrient availability,
and light adaptation, requiring careful parametrization for different ecological contexts. In MCoM, the photosynthesis rate
can either be set directly through environment.irradiance when variant.use_P|_curve=false, or it can be parametrized as

a response to the environmental irradiance (PI-curve). The shape of the PI-curve is defined by the light-saturated photo-

mol(C) m? s
mol(chl) day pmol(Q

@ ). Tables S16 and S17 summarize reported ranges for these parameters.

synthesis rate ¢ (mol(C) mol(Chl)~! day~1), its initial slope o (

6 ( mol(C) m? s
mol(chl) day pmol

)), and the photo inhibition coefficient

Carbon-to-chlorophyll ratios (r©*“) generally decrease with increasing light levels and growth rates (Geider, 1987; Lang-
don, 1988). At constant light levels, values for r@:Chl decrease with increasing temperature (Geider, 1987). Nutrient-limitation
can induce elevated 7¢*“" (Geider, 1987; Riemann et al., 1989). For dinoflagellates and cyanobacteria, higher r©*“"! have
been reported compared to diatoms and green algae under comparable conditions. As a consequence, dinoflagellates generally
have a lower light-saturated photosynthesis rate ¢ (Geider, 1987; Lacour et al., 2017). Further, ¢ is strongly influenced by tem-
perature with higher rates at higher temperatures (Edwards et al., 2016; Lacour et al., 2017). The initial Slope of the PI-Curve
() exhibits significant covariation with 5, manifest in a reduced variation of the light saturation index 5/ « (Behrenfeld et al.,

2004). As the light-saturated photosynthetic rate, « is strongly correlated with temperature (C6té and Platt, 1983).

Table S16. Reported ranges for carbon-to-chlorophyll ratios r¢:¢"e,

Range Unit Conversion to model unit’  Note Source
(mol(C) mol(chl) ™)

91-105 g(C) g(chl)~! 74.33 % Natural assemblage, surface (nutrient-poor), California ~ Eppley (1968)

22-28 g(C) g(chl)~! 74.33 ;2‘2;3}% Natural assemblage, deeper (nutrient-rich), California ~ Eppley (1968)

~6-40 g(C) g(chl) ™t 74.33 % Diatoms (decreasing C:Chl-a with temperature) Geider (1987)
50.4-204.6 g(C) g(chl) ™! 74.33 % Synechococcus at different irradiances Kana and Glibert (1987)
15.6-27.0 g(C) g(chl)~! 74.33 TO ) Diatoms Langdon (1988)
11.4-13.3 g(C) g(chl)™! 74.33 O Chlorophytes Langdon (1988)
52.6-77.0 g(C) g(chl) ™! 74.33 TAOI ) Dinoflagellates Langdon (1988)
0.72-3.05 % of total carbon  55.01 % Phytoplankton batch cultures, nutrient-poor Riemann et al. (1989)
1.22-6.08 % of total carbon  55.01 % Phytoplankton batch cultures, nutrient-replete Riemann et al. (1989)
28.28 £ 11.84 g(C)g(chl)™! 74.33 B el Polar diatoms Lacour et al. (2017)
2447 +834  g(C)g(chl)™! 74.33 % Temperate diatoms Lacour et al. (2017)

+: Using the molar weight of chlorophyll-a (1 mol(chl) = 892 g(chl)), with carbon responsible for 74% of the weight (1 g(chl) = 0.74 g(C, chl)), we obtain the tabulated

Chla:C _ (T,C:Ch,la)fl

conversion factors to molar ratios. Note that the model is parametrized by r , i.e., by the inverted value obtained with the tabulated factor.
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Table S17. Reported ranges for PI-curve parameters ¢, o, and 3.

Parameter Range Unit Conversion to model unit’  Note Source

( mol(C) m? s )

ol (ch) day pmol(Q)
« 0.038-0.95 n:"gf;c(si‘m Dy /0w 1 Eukaryotic phytoplankton (mainly diatoms) Platt et al. (1980)
2
a ~0.01-0.30 m I Natural phytoplankton assemblage (California coast) Harding et al. (1982)
2
@ ~0.07-0.26 % 9o/Iw 1 Natural phytoplankton assemblage (North West Atlantic) ~ Co6té and Platt (1983)
2

a ~0.01-0.11 m 9o Natural phytoplankton assemblage (North East Pacific) Forbes et al. (1986)
@ 0.12-0.129 % Pe PE-containing cyanobacteria Langdon (1988)
o 0.013-0.087 (avg. 0.021) % I Compilation of different diatoms Sarthou et al. (2005)

( mol(C) m? s )

mol(chl) day pmol(Q)
~ 2

B 0.0-0.011 % I Eukaryotic phytoplankton (mainly diatoms) Platt et al. (1980)

(mol(C) (mol(chl) day) ")
) ~0.5-20 mg(C) (mg(chl)h)™* 94 Eukaryotic phytoplankton (mainly diatoms) Platt et al. (1980)
F ~0.5-24.3 mg(C) (mg(chl) h)™* 94 Natural phytoplankton assemblage (California coast) Harding et al. (1982)
¢ ~2.3-8.2 mg(C) (mg(chl)h)™* 9,4 Natural phytoplankton assemblage (North West Atlantic) ~ Coté and Platt (1983)
) ~1.0-17.2 mg(C) (mg(chl) h)™* 94 Natural phytoplankton assemblage (North East Pacific) Forbes et al. (1986)
r 1.2-11.4 (avg. 2.6) mg(C) (mg(chl) h)~! 4 Diatoms, smaller ¢ for polar species Sarthou et al. (2005)

+: To convert irradiance values from energy flux density (W m ~2) to flux density of photosynthetically active radiation (umol (m? s) ~1), the conversion factor 9y _, 1

depends on the distribution of wavelengths. Commonly used values are 9y — ;1 = 4.15t0 5.0 pmol(Q) (Ws) ™ ! (Geider, 1987; Enriquez et al., 1996).

mol(C) mg(chl) h
mg(C) mol(chl) day

The factor 94 = 1784

S24

is used to convert chlorophyll-specific, hourly photosynthesis rates in to daily molar rates used in MCoM, cf. note below Table S16.



S7.5 Kinetic parameters for bulk DOM representations

Bulk DOM pool representations in MCoM require careful consideration of effective parameters. Let us assume a population
H consumes a single DOC type Dy with kinetic parameters V) and K. That is, the maximal DOC uptake rate for H is

Vo Do
POC™ Ky + Dy

max

In natural environments, heterotrophic bacteria feed simultaneously on a multitude of different organic compounds (Kovarova
and Egli, 1998; Zakem et al., 2021). In models, these compounds are often represented by one or several pools representing
the entire bulk DOC or different groups of organic compounds (Mentges et al., 2019; Marsland et al., 2020). Let us consider

that Dy represents such a pool of ten different compounds D1, ..., D1g, which are metabolically independent, i.e.,

10
8= wr
o Kt Di
For simplicity, we further assume that all individual compounds have identical concentrations (D; = Dy/10) and identical half
saturation constants ;. Since the total maximal uptake corresponds to the metabolic capacity, it seems reasonable to assume

>~; Vi = Vp. This implies,

10

Vo-Do Vi-D;  Vo-Do/10  Vp-Dy

Ko+ Dy _i:1 K;+ D; - Ki+DO/1O - 10- K; + Dg

Hence, K; = K,/10.
This is a (very rough) argument, which illustrates that the half saturation constant K for the bulk pool has to be assumed

larger than the constants K; of the individual pools. If the assumptions that we made here approximately hold, one may estimate

Kpuk = {no. compounds} X Kiydividual
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S8 Integration scheme

Starting from a given initial state X = (Pg, Ho, Do, Mg, Ng), MCoM generates trajectories using an Adams-Bashforth
explicit two-step method (Butcher, 2005). This method generates state approximations at equidistant time points ¢,, = to+n-dt

using the formula

3 1
Xn+2:Xn+1+ if(tn+17Xn+1)_§f(tnaXn) dt, (SS)

where X, is the vector containing the system state at time ¢,,.
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