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Introduction

The Supporting Information contains text sections presenting more detailed mathemat-
ical analysis of the dynamic model and its properties, in particular a derivation of the
optimal trait values and explanation of how the model incorporates the diel cycle (Text
S1), a discussion and figure describing biogeographic patterns of trait investments and
their contribution to the P-quota (Text S2 and Figure S1), an analysis of the temperature

scaling of rates in the dynamic model and dynamic with translation compensation models
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(Text S3 and Figures S2 and S3), a map of biome definitions used to aggregate model
predictions over biomes (Figure S4), a map of the differences in N:P between the frugality
model and growth rate model (Figure S5), and a table listing all data sources used in
this paper for comparisons between model predictions and observations along with the
appropriate references (Table S1).
Text S1: Calculating Optimal Strategies

Here we consider the problem of solving for investments in £ and L that maximize the
growth rate p. Under our model formulation for photosynthesis rates, the photosynthetic
functional response depends linearly on the total investment L. = F; + F5, with a more
complex dependence on the individual F; and Fy investments. To see this let Fy = cL,
with F; = (1 — ¢)L. Then, if we let P; = min (k1(1 — ¢), kac), we find after substituting

in Main text Eq. 19:

B

1+¢

LP; (1 — exp (—%)) — bresp

(1)

Might =

Note how uigns depends linearly on L for fixed choice of ¢, because L does not appear
inside the exponential. For a given irradiance Irr, we can find the growth maximizing
solution by first solving for the value of ¢ that maximizes the coefficient of L in the above

expression:

Pypec = max P (1 — exp (_oﬂ]cj]rr)) (2)

c€[0,1]
We define the function ¢*(Irr) as the value of ¢ that maximizes this expression. Using
this ¢*(Irr), which we can efficiently compute offline, we can find optimal solutions in
constant light environments. However, the dynamic ATOM-COBALT model resolves ir-

radiance over the diel cycle, and fully accounting for this in computing optimal allocations
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would dramatically increase the computational complexity and make this model unsuit-
able for use in global-scale simulations. Instead, we will model phytoplankton resource
allocations by assuming phytoplankton maximize growth in an environment with constant
irradiance over the light period, and zero irradiance over the dark period. Phytoplankton
will retain memory of the mean irradiance during the day and the length of the day.

We will calculate optimal strategies under the assumption that light is constant over the
day, which has length fraction D and irradiance I774,y. In each grid cell, ATOM-COBALT
computes the day-time irradiance and the day-length using an exponential memory term,
and we assume that phytoplankton living in that grid cell have access to these estimates.
Under the assumption of constant irradiance during the day, and 0 irradiance during the

night, the photosynthesis limitation term becomes:

_ DLPypec(Ir7day) — bresp
,uhght - 1 +C (3)

There exist two scenarios for optimal strategies: they can occur either on the line
E*+ L*+ S5 =1, or beneath it: E*+ L*+ 5 < 1.
First we consider the scenario in which all three growth rates are equal. Here E* =

nutlim, and we can solve for L*:

PonaxE* (14 C) + bresp
DPyyec(I77day)

Lr = (4)

This solution (E*,L*) is only valid if E* + L* + S < 1. If the solution is invalid,
it means that nutrient concentrations are so high that the optimal strategy would fill
more space than the cell has available. If this happens, the optimal strategy will instead
be a maximum growth rate strategy, balancing synthesis and light limitation under the

constraint that E* + L* 4+ .S = 1, which leads to the following equation:
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(14 ¢) + bresp L3

E*
+ DPyyec(IT7day)

—1=0 (5)

This equation is linear and has exact solution:

B (1 = 5) DPypec(Ir7day) — bresp (6)
B DPspec(ITrday) + pcmax (1 + C)

We modify the optimal solution arising from these heuristics by multiplying the total

allocation to light harvesting by a constant factor Ly, so that:

E°P* = nutlim (7)
PonaxEP (1 4 () + bresp
Lopt _ cmax I e
( DPoyec(Ir7day) d ®)

if Eopt + Lopt + 5 < 1, and

Fopt — (1 — S) Dpspec(”?"day) — Lfacbresp
DPipec(ITTday) + Pemax (14 €) Lae

opt
Lovt _ <PcmaXE (1+¢)+ bresp) L
DPipec(I17day)

otherwise.

This factor accounts for the fact that the heuristic solution will not be the optimal
solution in a real light environment, but that it might systematically over or underestimate
the optimal constant allocation to light harvesting relative to biosynthesis. We determine
L 4. using simulations, comparing the levels of light limitation to synthesis limitation and
setting the factor so that the two are as close as possible over a range of different light
levels.

To determine actual phytoplankton growth rates in dynamic light environments, we as-
sume that phytoplankton perform nutrient uptake and biosynthesis throughout the entire
diel period, but can only acquire carbon at a rate governed by the instantaneous irradi-

ance. We model the decoupling between carbon acquisition and nutrient uptake/synthesis
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by introducing an irradiance memory, which measures the average growth rate implied
by carbon acquisition over the previous day (using an exponential forgetting). Then the
instantaneous growth rate realized by the cell is the minimum of the growth rate from

irradiance memory and from synthesis limitation:

opt _ _afclrrins: ) ) .
{4 = min (PcmaxEOPt, /t a (L Pypee (1 exp ( T e bresp) exp (—(t — t/)/tday)) |

1 +< tday
(11)

— 00

where %44, is the length of a day.
Text S2: Global Distribution of Optimal Strategies

To show how phytoplankton N:P emerges in ATOM-COBALT, we computed and plot-
ted the contribution of each modeled phosphorus pool to cell phosphorus quotas (Fig.
S1). Average values were computed over the entire euphotic zone, weighting by the depth
profile of small and large phytoplankton biomass and the level of total export from the
euphotic zone. The contribution of biosynthesis investments to the P-quota peaks in pro-
ductive ecosystems and declines towards oligotrophic gyres, with an opposite trend in the
contribution of the structural pool. Although luxury P-storage also declines from HNLC
regions towards gyres, its contribution exhibits a different pattern than that of biosynthe-
sis, being relatively elevated in tropical regions and the Pacific ocean while being depressed
in the Atlantic.
Text S3: Temperature Dependence of Growth Rates

Main text Eq. 19 describes the photosynthetic functional response in ATOM-COBALT

(including the dynamic model and all alternative models), repeated here:

P, <1 — exp (—%fer)) — bresp
1+¢ '

Hiight =
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Temperature enters this equation in two places: P, is proportional to exp (Kphotol’) and
bresp is proportional to exp (Keppleyl'). However, the temperature scaling of the first term

on the right hand side depends on the value of irradiance. When Irr < we can

¢F’

perform a Taylor expansion in powers of Irr and dropping terms higher than first order

we find that (and for now assuming that investments are fixed and not being optimized):

(appFolrr) — bresp
1+¢

Hlight =

All terms containing P,, canceled from this expression, and it does not depend on the
value of Kphoto- The only temperature dependence in this expression comes through byegp,
which is an exponentially increasing cost.

In the other limit, Irr > the exponential term can be dropped and:

¢F’

Pm_bresp
1+¢

Hight =

This expression also depends on temperature through the term F,,. These results
suggest that when Irr is small, photosynthetic carbon fixation doesn’t scale with temper-
ature, and when 77 is large, it scales exponentially with coefficient Kphoto. Fig 52 shows
how this effect manifests for the dynamic model (Kphoto = Keppley) and for the dynamic
with translation-compensation model (Kppoto = 0). In both cases, the realized growth
dependence on temperature scales more slowly than Keppiey, however in the dynamic with
translation compensation model this is universal across all irradiance levels whereas in
dynamic the temperature dependence at high irradiance is close to Keppley. This change

drives differences between the two models in high-temperature, high irradiance environ-

ments.
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Fig. S3 show the impact of temperature on N:P for small phytoplankton in the dynamic
and the dynamic with translation compensation model over the same range of irradiance
values. The response of N:P ratios reflects the temperature response, growth rate having
a weak temperature scaling is accompanied by a large increase in N:P with temperature.
In the dynamic with translation compensation model this effect occurs at all levels of

irradiance, but the figure also shows a weaker increase in N:P with temperature at low

irradiance in the ATOM-COBALT simulations.
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Figure S1. Biomass and productivity weighted average of the contribution of biosynthesis
investments, luxury phosphorus storage, and structure to phosphorus quotas in small and large

phytoplankton.
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Figure S2. Temperature scaling of growth rates at different values of irradiance for the

ATOM-COBALT and dynamic with translation compensation model. Nutrient concentrations
were [NOs] = 0.1umol/L, [NH4| = 0.01pmol/L, [PO4] = 0.01pmol/L, and an internal Fe quota
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the dynamic with translation-compensation model. The environmental conditions are identical

to Fig. S2.

October 2, 2023, 4:24pm



Observed Biomes

ATOM-COBALT Biomes
= i i NN

Figure S4. Definition of biomes used for comparison between simulation models and observa-

tions.
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Figure S5.

Frugal Model

Comparison of export N:P ratios in the frugal and growth rate models.
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Cruise Year Samples Latitude Longitude Reference
GO-SHIP NH1418 2014 15 -3to 19 -158 to -150 (Lomas &  Martiny, 2020c;
C. A. Garcia et al., 2020; Lo-
mas et al., 2021)
GO-SHIP T9N 2016 34 -31to 18 85 to 110  (Martiny & Lomas, 2021; C. A. Gar-
cia et al., 2018, 2020; N. S. Garcia et
al., 2022)
GO-SHIP I7N 2018 38 -30 to 18 40 to 69  (Martiny, Garcia, et al., 2022)
GO-SHIP P18 2016-2017 57 -70 to 29 -116 to -100 (Moreno et al., 2020; Martiny et al.,
2020; Lee et al., 2021)
GO-SHIP AMT28 2018 33 -48 to 50 -3 to -6  (Moreno et al., 2022; Larkin et al.,
2020; N. S. Garcia et al., 2022)
GO-SHIP C'13.5 2020 27 -41to 35 -T4to 17 (Martiny, Garcia, et al., 2022)
AE1319 2013 16 32to b5  -69 to-40 (Lomas &  Martiny, 2020a;
C. A. Garcia et al., 2020; Baer
et al., 2017)
SKQ2018-13S 2018 13 63 to 69 -173 to -165 (Tanioka, Larkin, et al., 2022)
SKQ1709s 2019 14 63 to 69 -172 to -164 (Tanioka, Larkin, et al., 2022)
0OS1701 2017 29 67 to 72 -169 to -154 (Tanioka, Larkin, et al., 2022)
0S1901 2019 34 63 to 73 -171 to -154 (Tanioka, Larkin, et al., 2022)
SEED 2001 6 49 to 49 164 to 165 (Yoshimura et al., 2009)
X0804 2008 20 20 to 32 -66 to -45 (Martiny, Pham, et al., 2013)
BV39 2007 10 20 to 34 -66 to -64 (Martiny, Pham, et al., 2013)
BV46 2011 15 20t039 -66 to-64 (Lomas &  Martiny, 2020b;
C. A. Garcia et al., 2020; Baer
et al., 2017)
X0705 2007 23 27 to 38  -66 to -56 (Martiny, Pham, et al., 2013)
ATP3 2006 13 21 to 32 -66 to -64 (Martiny, Pham, et al., 2013)
BATS 2003 to 2010 61 31to 32 -66 to-64 (Lomas et al., 2010)
HOT 1989 to 2009 186 23 -158 (Karl et al., 2001)
Atlantic 1973 4 -31 10 (Copin-Montegut & Copin-
Montegut, 1983)
MDO03/ICHTYO 1974 123 -56to-24 26 to78 (Copin-Montegut & Copin-
Montegut, 1978)
Tuamotu 1985 to 1996 13 -18 to -15 -148 to -141 (Charpy et al., 1997)
Copin-Montegut 1974 10 -56 to -26 61 to 75  (Copin-Montegut & Copin-
Montegut, 1978)
Loh-Bauer 1996 4 -54 to 36 -176 to -122 (Loh & Bauer, 2000)
FluPAC 1994 36 -14to 6 -179 to -149 (Rodier & Le Borgne, 1997)
BIOSOPE 2004 20 -35to 8  -141 to -73 (Moutin et al., 2008)
PROSOPE 1999 22 31to43  -10to 22  (Van Wambeke et al., 2002)
DIAPAZON 2002 to 2003 28 -24 to -20 166 to 168 (Van Den Broeck et al., 2004)
Bering Sea 2009 to 2010 27 54 to 63 -179 to -161 (Martiny, Pham, et al., 2013)
BULA/CMORE 2007 7 -16 to 17 -170 to -159 (Hewson et al., 2009)
Medar 1991 to 2001 12 41 to 45 5to 14  (Fichaut et al., 2003)
NABE 1989 20 18to 34 -31to-21 (Passow & Peinert, 1993)
Latitud-II 1995 10 -33to 25  -45to-18 (Gasol et al., 2009)
Kahler 2002 10 18 to 32 —20 (Dietze et al., 2004)
OMEX 1993 10 1995 lkoperlDiodhs, foleaT (Bode et al., 2004)
SUPER-HI-CAT 2008 28 fo 35 —155 to -138 (Clemente et al., 2010)

Table S1.

Sources of data on N:P ratios of particulate organic matter



