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Reproduction of the present-day ocean

We show the reproducibility of the present-day ocean conditions in our model at ASST = 0 °C
(a global mean surface temperature of 15 °C). The observed and calculated vertical profiles of
some physical and biogeochemical tracers in the open ocean and upwelling regions are shown
in Fig. S3. The calculated profiles of potential temperature  and radiocarbon A!*C as physical
tracers fall within the ranges of observational data from GLODAP (Key et al. 2015; Olsen et al.
2016), generally consistent with the averages in the Indian and Pacific oceans. Given the one-
dimensional vertical structure, the model does not represent horizontal pattern of deep-water
aging from the North Atlantic to the North Pacific, where A*C values reach approximately
—250%o. Nevertheless, it adequately reproduces the overall aged deep waters, providing a
reasonable representation of the ocean biogeochemical structure. The calculated profiles of
dissolved Oz and POy also fall within the ranges of the observational data. In the open ocean,
the Oz concentration reaches a minimum of ~48 uM at a depth of 700 m, which corresponds to
OMZ. The overall profiles are similar to those of the Indian and Pacific oceans, but the deep-
water O and PO4 concentrations are ~166 pM and ~1.9 uM, respectively, which are relatively
close to those of the Atlantic Ocean. This discrepancy may be attributed to the simplified
representation of the global conveyor belt in our model, which prevents the deep water from

aging sufficiently to form the nutrient-rich, Oz-poor characteristics of the deep Pacific. Despite



38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

this limitation, our model reproduces the fundamental vertical distribution of oceanic tracers
for the present-day ocean.

The simulated global net primary production (NPP) was 54.8 Gt C yr !, which falls well
within the estimated range of 44—67 Gt C yr ! (Behrenfeld and Falkowski 1997; Behrenfeld et
al. 2005; Carr et al. 2006; Berelson et al. 2007; Johnson and Bif 2021; Ryan-Keogh et al. 2023).
Similarly, the export production, the flux of organic matter transported below the euphotic zone,
was 9.8 Gt C yr !, which is consistent with previous estimates of 8.5-12 Gt C yr ! (Laws et al.
2000; Sarmiento and Gruber 2006; Dunne et al. 2007; Heinze et al. 2009). The total burial flux
of organic carbon was 9.2 Tmol C yr !, which agrees with the previous estimate of ~10 Tmol
C yr'! (e.g., Berner 1982). The global N, fixation rate (NPP of N»-fixing cyanobacteria) was
216 Tg N yr'!, which also aligns with the recent estimate of 223 + 30 Tg N yr ! (Shao et al.
2023). The primary production is overwhelmingly dominated by oxygenic photoautotrophs,
with only a minor contribution from N»-fixing cyanobacteria. The simulated NPP values of
oxygenic photoautotrophs and N»-fixing cyanobacteria were 13.5 and 0.33 mol Cm 2 yr !,
respectively, in the open ocean. In the coastal upwelling region, these values were 45.8 and 2.1
mol C m 2 yr !, respectively. The elevated NPP in the upwelling region agrees with observed
values of ~40-90 mol C m 2 yr ! in some eastern boundary upwelling systems (Steinfeldt et al.

2015; Testa et al. 2018). As expected for the fully-oxic present-day ocean, GSB are completely
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absent and not active in both regions. Collectively, these results confirm the model's ability to
reproduce the present-day marine environment.
Relationship between AT and riverine P input
In this study, ASST and riverine P input rate J5V are taken as independent parameters.
However, for reference, the trajectory of the relationship between temperature and chemical
weathering shown by the white dotted curve in the parameter spaces (Figs. 6 and 7) is an
approximate prediction based on the assumption that warming progresses on a geological
timescale. Here, this appendix describes the equations used to derive this trajectory.

First, we assume that ASST equals the global mean surface temperature anomaly, AT
(in °C). AT is calculated as follows (e.g., Berner and Kothavala 2001):

AT =T —T* = ESSlog; Reo, — Ws (%), (S8.1)
where T, Rco,, and ¢ denote the global mean surface temperature (in °C), the ratio of the
atmospheric CO; partial pressure pCO; to pCO,", and time (in Ma), respectively. £SS denotes
Earth-system sensitivity set to 3 °C, and W denotes the effect on AT of an increase in solar
radiation over geological time set to 7.4 °C. ¢ is set to 0 Ma in this study. An asterisk denotes
the present-day (pre-industrial) value, i.e., 7" = 15 °C and pCO," = 280 ppm.

Next, the continental weathering rate (in mol yr!) is formulated based on the

GEOCARB model (e.g., Berner 2004). Carbonate weathering, ]&C%, and silicate weathering,
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]&5103, are represented as follows:
JEacos = fac(®) fab () Jeaco,s (5.2)
Jcasio, = fee(t) fep (D) ]&’;i%- (S5.3)

Here, the temperature- and CO»-dependent factors are described as follows:

ZRCOZ 0.4
= (Lo ) 5.4
fBb (1 n Rc02> (S5.4)
ves  (AE AT
for = (L+ TS exp (= =), (5.5)
ch =1+ fcalAT- (S- 6)

For simplicity, we do not consider the weathering of organic matter and assume that J5V is
proportional to the sum of chemical weathering rates of carbonate and silicate; therefore, the

normalized riverine P input rate can be expressed as follows (Komar and Zeebe 2017):
B _ JCaco, T JCasio,

v W wr
Jp " Jcaco, tcasio,

(S.7)
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88  Figure S1. Global distribution of annual net primary production in 2021. Data were obtained
89  from Ocean Productivity (https://orca.science.oregonstate.edu/index.php) and estimated using
90 the vertically generalized productivity model (VGPM; Behrenfeld and Falkowski 1997) based

91 on MODIS dataset.
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Figure S2. Oceanic bathymetry and upwelling rate in the open ocean. (a) Oceanic areal fraction

A(z) (normalized by sea surface area) (GEBCO Bathymetric Compilation Group 2025). (b)
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Upwelling rate in the open ocean (m yr ') of the standard run.
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Figure S3. Vertical profiles of physical and biogeochemical tracers in the standard case. Panels
show (a) potential temperature & (°C), (b) radiocarbon A*C (%o), (c) dissolved O, (uM), and
(d) PO4 (uM). Solid black and red lines denote the simulated profiles in the open ocean and
upwelling region, respectively. Observational data from the Global Ocean Data Analysis Project

(GLODAP) database are also shown as scatter plots (Key et al. 2015; Olsen et al. 2016).
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Figure S4. Sensitivity analysis of the structures of marine microbial ecosystem, decomposed by
individual temperature-dependent factors. The results for the coastal upwelling region are
shown. The contour plots show (a—d) NPP (mol C m2 yr '), and the relative contribution to
NPP for (e-h) oxygenic photoautotrophs, (i—1) N>-fixing cyanobacteria, and (m—p) GSB. The
columns correspond to different experimental settings. “Standard” represents the full model run

including all temperature-dependent factors (identical to Fig. 7). The other columns represent
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sensitivity experiments where specific temperature-dependent factors were disabled: “[O2]sat

fixed” (O solubility fixed at ASST = 0 °C), “Q10 = 1" (constant organic matter decomposition

rates), and “ux®* fixed” (maximum growth rate fixed at 15 °C). The thick dashed and solid

white contours indicate the boundaries of oxic/PZA and PZA/PZE for each experiment,

respectively. For comparison, in the right three columns, the boundaries of oxic/PZA and

PZA/PZE for the "Standard" case are overlaid as thin dashed and solid white contours,

respectively. Black shaded areas denote conditions where no GSB activity occurs.
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