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Extended Data Fig. 2 | Comparison between modeled and observed 
macromolecular carbon allocation across latitudinal and temperature 
gradients in the Pacific and Southern Oceans. Model results (a–c) of cellular 
allocation (mol C (mol C)−1) to proteins, carbohydrates, lipids, and chlorophyll 
and nucleic acids across latitude (top and middle columns) and sea surface 
temperature (SST) (bottom column). In the second row, observational data 
from (d) Liefer et al., 202427 (e) Handa & Tanoue, 198330 and (f) Handa et al., 

197329, showing macromolecular allocation trends at corresponding latitudinal 
transects and SST gradients. (g–i) Maps displaying the geographic locations of 
observational sampling sites. Heat maps in the upper and middle rows show the 
depth-integrated decade mean of net primary productivity (Pg C/yr), and the 
bottom map shows sea-surface temperature (oC). See Supplementary Methods 
for model-data comparison procedure.
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Extended Data Fig. 3 | Comparison between modeled and observed organic 
matter C:N, C:P, and N:P. Depth-integrated (0–170 m) annual averages 
under pre-industrial equilibrium conditions are shown for modeled (a) C:Norg 
(mol C (mol N)−1), (b) C:Porg (mol C (mol P)−1), and (c) N:Porg (mol N (mol P)−1), 
encompassing phytoplankton and particulate organic matter. Points mark 
sampling locations. Panels (d–f) show comparisons between modeled and 
observed C:Norg, C:Porg, and N:Porg (molar ratios), at different ecoprovinces 
defined in Fig. S134. Gray boxplots summarize the observed distributions31–33, 

with the box representing the interquartile range (25th–75th percentiles) and the 
center indicating the median (50th percentile). Whiskers extend to the 5th and 
95th percentiles. Each observation represents an independent sampling location. 
The number of observations contributing to each ecoprovince is reported in 
black. Blue boxplots summarize the modeled values across grid cells, with the 
number of grid cells in each ecoprovince is reported in blue. The dashed-black 
line indicates the Redfield ratio (C:Norg = 6.625, C:Porg = 106, N:Porg = 16). The 
acronyms for ecoprovinces are explained in Fig. S1.
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Extended Data Fig. 4 | Projected temperature and sea ice changes. Drift-corrected global mean of (a) extent of ocean covered by sea ice (km2) and (b) global mean sea 
surface temperature (SST; oC). Right panels show spatial patterns of simulated change (2080–2100 relative to 1870–1900) in (c) fraction of sea ice area (unitless), and 
(d) SST.
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Extended Data Fig. 5 | Surface nitrate concentration, net primary 
productivity, and relative abundance of small phytoplankton over the 21st 
century. Simulated percentages of global changes of (a) upper 100 m nitrate 
concentrations (mmol/m3), (b) upper 100 m net primary productivity (Pg C/yr), 
and (c) relative concentration of small (solid) and large (dashed) phytoplankton 

integrated over the top 170 m. Panels d–f show spatial patterns of simulated 
absolute change in these variables averaged over 2080–2100 relative to  
1870–1900 for high emission scenario. All the values are calculated as the 
difference between the climate-change simulations and the baseline control 
simulation (see Methods).
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Extended Data Fig. 6 | Vertical profiles of temperature, cellular allocation to 
photosynthetic proteins, biomass, and nutrients in the subtropical Pacific 
(the location marked with a red star in Extended Data Fig. 3a). (a, b) Vertical 
profiles of photosynthetically active radiation (L, white), total phytoplankton 
biomass (B, black), cellular investment in photosynthetic proteins (APpt, green), 
and bioavailable nitrogen concentrations (N, magenta). All values are normalized 
to their maximum value. Panel a shows the vertical profiles of pre-industrial 
conditions, and Panel b shows simulated change at the end of the 21st century 
under a high-emission climate change scenario. The background colormap 
represents temperature (°C). The gold stars mark the cellular investments in 

photosynthetic proteins at depth where biomass is at its maximum. Dashed 
black horizontal lines denote isopycnal surfaces at σ = 23, 24, and 25 kg/m³. 
The blue horizontal line indicates the depth of the photic zone (PZ), where the 
photosynthetically active radiation is reduced to 1% of its surface value. (c–e) 
Drift-corrected percentage of changes of phytoplankton biomass (black, left 
y-axis; %), nitrate concentration (magenta, left y-axis; %), and cellular allocation 
to photosynthetic proteins (green, right y-axis; mol C in proteins/mol C) over the 
21st century of (c) surface (0–75 m) phytoplankton, (d) subsurface (75–170 m) 
phytoplankton and (e) depth-integrated values (0–170 m).
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Extended Data Fig. 7 | Projected change in cellular allocation to nitrogen storage. Drift-corrected simulated change (2070–2100 relative to 1870–1900) of 
depth-integrated cellular allocation to nitrogen storage (mol C (mol C)−1).
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Extended Data Fig. 8 | Temporal trends in macromolecular composition 
in polar phytoplankton. Arctic (a) protein (nobs=359) and (b) combined 
carbohydrate and lipid content (nobs=342). Arctic data were obtained from:  
Irwin et al., 198045 (circle), Irwin et al., 198446 (plus), Irwin et al., 1983a47 (square), 
Li and Platt, 198244 (cross), Smith et al., 199749 (star), Lee et al., 200950 (diamond),  
Kim et al., 201551 (upward triangle), Yun et al., 201511 (downward triangle),  
Ahn et al., 201972 (right triangle), Choe et al., 202152 (pentagon), and  
Kim et al., 202053 (left triangle). Antarctic (c) protein (nobs=96) and (d)  
combined carbohydrate and lipid content (nobs=101). Antarctic data was  

obtained from: Smith and Morris, 198043 (circle), Handa and Tanoue, 198330 
(plus), Fabiano et al., 199354 (cross), Fabiano et al., 199655 (star), Fabiano and 
Pusceddu 199856 (square), Puseceddu et al., 199957 (diamond), Kim et al., 201658 
(pentagon), Kim et al., 201810 (upward triangle), Misic et al., 202459 (downward 
triangle), and Jo et al., 202160 (right triangle). Box plots show the median (25th 
percentile) as the center line of the interquartile range (25th–75th percentiles) as 
the box bounds. Whiskers represent the 5th and 95th percentiles of the data. For 
linear regression statistics, see Table S6. Pink indicates measurements made with 
carbon isotope labeling.
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