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Although the macromolecular composition of phytoplankton shapes

the nutrition available to marine ecosystems and regulates global
biogeochemistry, there are no mechanistic, predictive models for its
global distribution. Here, using a cellular allocation model, we simulate
phytoplankton allocation to proteins, carbohydrates and lipids in the
present day and awarming scenario. Our simulations predict spatial
variations consistent with available observations: in nutrient-sufficient,
low-light, high-latitude regions, phytoplankton allocate more to
nitrogen-rich proteins, while in nutrient-depleted subtropical regions,
allocation favours carbohydrates and lipids. Under warming, subtropical
phytoplanktonincrease protein allocation by -20%, as subsurface
populations rich inlight-harvesting proteins thrive, whereas high-latitude
protein allocation declines by ~15-30% due to warming and relief from
light limitation. In situ macromolecular measurements in polar regions
show recent trends consistent with our predictions. These results suggest
that macromolecular composition responds measurably to changing
environmental conditions, reshaping the nutritional landscape at the base
of the marine food web.

Unicellular marine phytoplankton are responsible for half of the
global conversion of carbon dioxide into organic macromolecules'.
The production of these macromolecules, primarily proteins, lipids
and carbohydrates, fuels the marine ecosystem and drives global
biogeochemistry?°. While phylogenetic differences exist®?, environ-
mental conditions seemto play asubstantial role in determining cellular
macromolecular composition'®". For example, low-nutrient, high-light
conditions favour investmentin carbon-rich carbohydrates and lipids
over nitrogen-rich proteins' ™.

Because macromolecules have distinct elemental compositions?,
shifts in their relative abundance can modify the stoichiometry of
marine particulate organic matter (POM). These changes can alter

ocean carbon sequestration via the biological pump'®", influence grazer

growth rate and biomass, and affect trophic transfer efficiency™ .

Asubstantialbody of literature has explored the factors controlling
cellular allocationinenvironmental samples”” (Supplementary Table1).
Previous studies characterized allometric relationships with macro-
molecules in phytoplankton® and estimated environmental macro-
molecular concentration using remotely sensed ocean colour data®.
While this effort is crucial for estimating and monitoring present-day
stocks, predicting responses to climate change requires a more
mechanistic approach.

Here, we simulate the cellular allocation of phytoplankton to
proteins, lipids and carbohydrates by implementing an allocation
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Fig.1| Global variations in phytoplankton composition. a,b, Modelled
depth-integrated mean pre-industrial values of cellular allocation (mol C (mol C) ™)
to (a) proteins and (b) combined carbohydrates plus lipids. ¢, The energy content
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(kcal gC™) in phytoplankton cells. d-f, Elemental C:N,,,, (d), C:P,, () and N:P,, (f)
in organic matter encompassing phytoplankton, grazers and POM (molar ratios).
White areas indicate regions where sea-ice cover exceeds 50%.

model that integrates experimentally derived relationships between
macromolecular composition and environmental conditions*>,ina
global oceanmodel. Our ecosystemis configured with two phytoplank-
ton, broadly representing picocyanobacteria and large eukaryotes,
differing in size, nutrient affinity, maximum photosynthesis rate and
phosphorous storage” (Methods). Our simulations predict variations
inmacromolecular cellular allocation under present-day conditions,
consistent with available observations, and reveal contrasting geo-
graphic responses to warming, simulated under a high-emissions
climate change scenario (consistent with the SSP5-8.5 scenario).

Global composition of marine phytoplankton

We simulated the macromolecular composition of marine phytoplank-
ton under pre-industrial conditions by initializing the model with
observed tracer distributions and equilibrating it under a pre-industrial
atmospheric CO, partial pressure (pCO,) of 278 parts per million by
volume (ppmv) (Methods). This simulation suggests that the average
phytoplankton cell is predominantly composed of proteins (48.1%)
and carbohydrates plus lipids (45%) on a molar carbon basis (mol C
(mol C)™7). Smaller contributions come from RNA, DNA, chlorophyll
a and nitrogen storage (Extended Data Table 1). Cellular allocation
exhibits global variation: allocation to proteins ranges from 32% to
78%, while carbohydrates plus lipids range from 32% to 68% of cellular
carbon (Fig. 1a,b). These variations are driven by environmental con-
ditions: in high-latitude, nutrient-sufficient, low-light environments,
phytoplankton allocate more to protein, particularly those related to
light harvesting (Fig. 1a). Conversely, in the mid-latitude, oligotrophic
regions where nutrient concentrations are low and light is saturated,
the relative growth rate of phytoplankton is low, and phytoplankton
store the excess of light energy into carbon-rich storage macromol-
ecules (Fig.1b).

Based on the global average macromolecular composition, the
average caloric content of these macromolecules®, and assuming
that carbon storage is equally divided between carbohydrates and
lipids¥, we estimate a global mean energy content of 8.8 kcal gCin
marine phytoplankton (Supplementary Methods). Our model fur-
ther predicts spatial variations, with caloric content varying between
8.5kcal gC'and 10 kcal gC™ (Fig. 1c), higher in the mid-latitude gyres
where lipid-rich biomass dominates, and lower at the high latitudes
where phytoplankton invest more in proteins (Fig. 1c).

Our pre-industrial equilibrium simulation further predicts that
depth-integrated elemental ratios of total POM vary between 4 and 15
for C:N,,, 83 and 180 for C:P,,,, and11and 33 for N:P,, (Fig. 1d-f). These
values deviate from the canonical Redfield ratio (C:N:P,,,=106:16:1),
with both lower and higher ratios, depending on the location. C:N,,
and C:P,, are elevated at the subtropical gyres and are lower at the
high latitudes. While variations in C:N,,, primarily reflect variations
in cellular allocations to nitrogen-rich proteins, variations in C:P,,,
are mostly a result of changes in community composition. Smaller
phytoplankton, representing picocyanobacteria, with higher nutrient
affinity, lower maximum biomass-specific growth rates, and reduced
phosphorus storage capacity, dominate the nutrient-poor subtropical
gyres. Meanwhile, larger phytoplankton, representing opportunistic
eukaryotes, with higher growth rates and higher phosphorous storage
capacity, dominate the nutrient-sufficient high latitudes®***. N:P,,, com-
bines these two effects, reflecting both cellular allocation strategies
and shifts in community composition across environmental gradients.

To compare the model simulations with observations, we com-
piled a dataset of published in situ, photic zone measurements of
macromolecular composition in POM (colorimetric methods) and
phytoplankton (carbon isotope labelling) (Supplementary Methods
and Supplementary Table 1). The simulated global means are within
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Fig. 2| Projected change in cellular allocation to proteins and surface biomass.
a-c, Drift-corrected simulated change (2070-2100 relative to 1870-1900) of depth-
integrated cellular allocation (mol C (mol C)™) to photosynthetic (Photo.) (a) and
biosynthetic (Biosyn.) (b) proteins, and surface (0-115 m) biomass (mmol C m) (c).

the range of these observations (Extended Data Fig. 1). Most of the
studies were conducted in polar regions, the Sea of Japan, and some
restricted basins and coastal environments, which may not be well
resolved in our coarse-resolution, global model. Within this dataset,
we haveidentified three studies that measured macromolecular com-
position across open-ocean gradients?”***°, and we compare them
with the model simulations. Observed sections in the North Pacific
and Southern Ocean”*° suggest agradual increasein protein fraction
towards high latitudes, associated with a decrease in carbohydrates
and lipids (Extended Data Fig. 2d,e), trends that are well captured by
our model (Extended Data Fig. 2a,b). Furthermore, a long transect in
the Pacific Ocean” indicates a negative relationship between protein
contentand seasurfacetemperature (SST), also captured in the simula-
tions (Extended DataFig. 2c,f). The simulations qualitatively reproduce
large-scale patterns of macromolecular allocation observed in the
sparse open-ocean datasets.

While data on measurements of macromolecules are scarce, larger
datasets of in situ elemental composition of organic matter from1974
t02020 wereavailable®*. We compared the modelled C:N,,, C:P,, and
N:P,, withthe global observations by clustering the observed and mod-
elled datainto17 ecoprovinces® (Extended Data Fig. 3 and Supplemen-
tary Fig.1). Overall, the model C:N,,, C:P,,and N:P,, exhibit narrower
distributions inthe different ecoprovinces relative to the observations
(Supplementary Figs. 2-4), partly because environmental conditions
are less variable in the coarse-resolution simulations; however, the
model consistently captures the median values and the trends along
the ecoprovinces (Extended Data Fig. 3). The agreement between the

model and observationsin the different ecoprovinces is quantified by
the distance between the modelled and observed distribution means
of the log-transformed data and by the Kolmogorov-Smirnov test
(Supplementary Methods), indicating that the simulations successfully
capture the observed distributions (Supplementary Tables 2-4). How-
ever, thereis weaker agreement between the model and observations
insome regions, mainly in the North Atlantic (Extended DataFig. 3d-f).
We note that the macromolecular model does not resolve nitrogen
fixation or, therefore, allocation to nitrogenase. The introduction of
nitrogen fixation could partially relieve the modelled nitrate limitation
and shift the North Atlantic towards phosphate limitation®’, which
wouldimprove the model-observed agreements specifically for C:P,,,.

Climate-driven shifts in phytoplankton
composition

Phytoplankton cellular allocationis projected to shift under awarming
climate; here, we consider a high-emissions scenario (consistent with
SSP5-8.5). Biochemical changes are a response to physical changes
involvingameanglobal SST increases of 3 °C, sea-ice retreats, reduced
mixing and enhanced stratification, which overall reduced the nutrient
supply tothe surface (Extended Data Figs. 4 and 5). Our model simula-
tions project that, in polar regions where sea-ice retreats, photosyn-
thetic protein levels will decline due to increased photosynthetically
activeradiation (PAR) (Fig. 2a). Inthese regions, where light limitation
isrelieved, phytoplankton biomassis higher, and faster-growing phy-
toplankton invest more in biosynthetic proteins (Fig. 2b,c). However,
theincreasein the biosynthetic proteins does not compensate for the
concurrent reduction in light-harvesting proteins, and total protein
levels are predicted to decline by 15-30% with a similar increase in
carbohydrates and lipids (Fig. 3a,b).

In the temperate subpolar regions, between latitudes 40° S and
70°S, biomass s projected to decline due to higher mortality, as phy-
toplankton mortality rates accelerate with temperature following an
Arrhenius-type relationship (Supplementary Fig. 5). In theseregions,
investment in biosynthetic proteins decreases because of a higher
catalytic rates at the higher SST (Fig. 2b and Extended Data Fig. 4b).
In these latitudes, photosynthetic proteins, which dominate the sig-
nal of the total protein, are projected to decline, specifically in the
Southern Ocean, because of higher PAR driven by reduced shading
(Fig. 2a,c), with overall increases in allocation to carbohydrates and
lipids (Fig.3a,b).

In the oligotrophic subtropical gyres, our model simulation
projects a 20% increase in the depth-integrated cellular photo-
synthetic protein (Fig. 2a). This increase results from contrasting
responses of the surface and subsurface phytoplankton. At the surface
(0-75m), phytoplankton biomass is projected to decline by ~-50%,
due to enhanced stratification and reduced nitrogen delivery into
the surface (Extended Data Fig. 6¢). By contrast, in the subsurface
layer (75-170 m), phytoplankton biomass is projected to increase by
~40% (Extended DataFig. 6d) due to enhanced stratification, reduced
nutrient availability and higher SST. Subsurface phytoplankton have
more photosynthetic proteins to capture light more efficiently.
Thus, the downward shift of phytoplankton biomass in the water
column brings higher allocation to photosynthetic proteins and,
overall, increases the depth-integrated cellular protein allocation
(Extended Data Fig. 6e). Because the change in photosynthetic pro-
teinsisthelargest, it controls the total cellular protein change (Fig. 3a
and Extended DataFig. 6e). We note that the introduction of nitrogen
fixersinto our model would partially mute these projected changesin
biomass and protein levels, specifically in the subtropics where iron
is relatively abundant®®*’, Nevertheless, the mechanisms and signs of
the projected responses are robust. Furthermore, such vertical pro-
files of a higher subsurface productivity were observed in the highly
oligotrophic subtropical gyres (inthe ALOHA station), indicating that
suchascenario is feasible®.

Nature Climate Change


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-026-02598-w

Fig. 3| Temporal trends in macromolecular compositionin polar
phytoplankton. a,b, Modelled drift-corrected simulated change (2070-2100
relative to 1870-1900) of depth-integrated cellular allocation (mol C

(mol C)™) to total proteins (a) and combined carbohydrates and lipids (b).

c,d, Observed Arctic protein (n,,,=307) (c) and combined Arctic carbohydrate
plus lipid content (n,,,=302) (d). Arctic data were obtained from: Irwinetal.,
1980* (circle), Irwin et al., 1984*° (plus), Irwin et al., 1983a* (cross), Irwin et al.,
1983b* (star), Kimet al., 2015" (square), Yun et al., 2015" (diamond), Ahn
etal.,2019”* (pentagon), Choe et al., 2021°? (upward triangle) and Kim et al.,
2020* (downward triangle). e,f, Observed Antarctic protein (n,,,= 85) (€) and
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combined Antarctic carbohydrate and lipid (n,,.= 93) (f). Antarctic data were
obtained from: Handa and Tanoue 1983*° (circle), Fabiano et al., 1993 (plus),
Fabiano etal.,1996% (cross), Fabiano and Pusceddu 1998 (star), Puseceddu
etal., 1999% (square), Kim et al., 2016 (diamond), Kim et al., 2018'° (pentagon),
Misic etal.,2024* (upward triangle) and Jo et al., 2021°° (downward triangle).
Box plotsin c-fshow the median (50th percentile) as the centre line, with the
interquartile range (25th-75th percentiles) represented by the box boundaries.
Whiskers represent the 5th and 95th percentiles of the data. Only data obtained
with colorimetric methods are included. For linear regression statistics, see
Supplementary Table 5.

In response to these changes, phytoplankton energy and ele-
mental content are projected to change (Fig. 4). At high latitudes, the
depth-integrated caloric content is projected to increase by ~3.5%
(thatis, 0.3 kcal gC™) due to a reduction in protein and increase in
lipids, which are calorie dense. At polar latitudes where ice retreats, the
depth-integrated caloric contentis projected toincrease even further,
thatis, by 12% (that s, 1kcal gC™) due to anincrease in the lipid content
ofthe organic matter at the expense of photosynthetic proteins. In the
oligotrophic subtropical gyres, the depth-integrated caloric content
is projected to decrease by ~3.5% (0.3 kcal gC™) due to an increase in
proteins and areductionin cellular allocation to lipids (Fig. 4a).

Depth-integrated C:N,,, values are projected toincrease by ~3-18%
at high latitudes owing to lower protein levels driven by a reduced
supply of bioavailable nitrogen, and decrease by 6-7% in the oligo-
trophic subtropical gyres where protein level increases owing to
enhancement in subsurface phytoplankton, consistent with previ-
ous studies®**° (Fig. 4b). In the poles, a reduction of ~30% proteins
leads to only about a 1-unit change in C:N,,,, partly because light- or
iron-limited growing phytoplankton cellsincrease their nitrogen stor-
age (Extended Data Fig. 7). Consequently, change in elemental com-
position are less likely to stand out from background environmental
variability. This indicates that the macromolecular composition of
freshly produced organic matter may be amore sensitive indicator of
changing environmental conditions than elemental ratios.

C:P, is projected to increase at high latitudes by 6-18% as
small phytoplankton become more dominant as a result of a reduc-
tion in nutrient supply rates (Fig. 4c and Extended Data Fig. 5¢,f).
Variation in N:P,, is a result of two competing mechanisms: higher
abundance of small phytoplankton is predicted to increase N:P,,,
(Fig.4d, redregions), and areductionin cellular proteins is predicted
to decrease N:P,,.

The higher projected C:P,,, and C:N,,, projected by our model
would increase the capacity of the ocean to store more carbon by the
biological pump relative to a fixed stoichiometry case”, and may mute

aprojected decreasein organic carbon export of 9-16% in response to
thedeclinein net primary productivity* (Extended DataFigs. 4 and 5).
These findings are consistent with previous studies***° that used
internal-stores models of phytoplankton; the macromolecular frame-
work also provides adynamic, biologically mechanistic underpinning.
Theincreasein C:N,,is duetoareductionin proteinat the expense of
carbon-richlipids and carbohydrates, whereas theincreasein cellular
C:P,, results from a community shift towards smaller phytoplankton
with lower phosphorus storage.

Observed polar shiftin phytoplankton
macromolecules

In the subtropical gyres, macromolecular measurements with suf-
ficient temporal resolution are limited (Supplementary Table 1). By
contrast, the polar regions provide a unique opportunity to test our
model predictions, as they have been sampled since the 1970s owing
to their critical role in global primary productivity and fisheries** **,
Measurements of macromolecules in the Arctic between 1978 and
2004 suggest a relatively high protein content in bulk POM (median
0.35), with carbohydrates and lipids together accounting for 0.60
(refs. 45-48) (Fig. 3¢,d and Supplementary Table 1). Incubations of
Arctic phytoplankton with inorganic labelled carbon from 1980 to
2004 alsoindicate a high fraction of photosynthetic carbonallocated
to protein*****° (Extended DataFig. 8 and Supplementary Table1). Later
measurements between the years 2011 and 2017 suggest lower pro-
tein content and higher lipid plus carbohydrate in POM"*'"** (median
0.14 and 0.86, respectively; Fig. 3c,d). Overall, the observed declinein
protein and the corresponding increase in carbohydrates plus lipids
inthe Arcticover recent decades are small but statistically significant
(Supplementary Table 5). In the Antarctic, most studies'*****¢° show
adeclining trend in protein and an increase in the sum of lipid and
carbohydratesinbulk POM (Fig. 3e,f, Extended Data Fig. 8c,d and Sup-
plementary Tables 5and 6). An exception is Smith and Morris (1980)*,
who estimated significantly higher carbonincorporationinto lipidsin
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Fig. 4 | Projected change in energy content and elemental composition. a-d, Drift-corrected simulated change (2070-2100 relative to 1870-1900) of depth-
integrated energy content of phytoplankton cell (kcal gC™) (@), C:N,, (b), C:P,,, (c) and N:P,,, (d) in organic matter encompassing phytoplankton, grazers and

POM (molar ratios).

phytoplankton usingisotope labelling techniques. These trendsinthe
polarregions, whichemerge fromdifferent studies across different sam-
plingenvironments and analytical procedures (Supplementary Table1),
arein qualitative agreement with our model-projected declinein pro-
tein content and the increase in carbohydrates plus lipids. Notably,
this trend is evident in the Arctic, where warming over the past two
decades hasbeenmore than double the global average, and the region
has experienced the most rapid sea-ice loss®’. Thus, the Arctic is the
most likely region for such a signal to appear first.

Ecological consequences for the marine
ecosystem

Our model simulations project that at high latitudes phytoplankton
willinvest-10%lessin cellular proteins, withasimilarincreaseininvest-
mentincarbohydrates and lipids by the end of the twenty-first century
(Fig.3a,b).In polar regions, these changes are exacerbated, with cells
investing ~15-30% less in cellular proteins with a similar increase in
lipids and carbohydrates. We detected these trends in Arctic samples
collectedbetween1978 and 2018, suggesting adecline in protein alloca-
tion and an increase in allocation to carbohydrates plus lipid (Fig. 3).
Our mechanistic model suggests thatincreasing light availability due
toice melting reduces investment in photosynthetic proteins, although
macromolecular remodelling in the field is probably influenced by
multiple environmental factors. Our model further suggests that these
rearrangements will increase the caloric content of organic matter as
lipids are more calorie dense (Fig. 4a). While the caloric content of
planktonic biomass may be higher in high latitudes, the nutritional
value will probably decline (thatis, higher global C:N,,,and C:P,,,, lower
proteins and higher calories; Fig. 4a—c).

Such degradationin the nutritional value of marine primary pro-
ductivity echoes the ‘dilution effect’ of CO, fertilization in terrestrial
plants, which drives a decline in their nutritional content®>®*, However,
inmarine phytoplankton, the mechanism of change of the food quality
isdifferentandis driven by acombination of warming, stratification, ice
melting and nutrient reduction, which globally increases carbon-rich,
nitrogen-poor macromoleculessuch as lipids and carbohydrates at the
expense of proteins (Fig. 3a,b).

The biochemical alteration of food quality can further impact
higher tropic levels. Experimental studies have shown that the
egg production and growth rate of marine copepods feeding on

nitrogen-depleted algae were dramatically reduced due to lack of
essential proteins and prey selectivity'®** -, This effect of food quality
inalgae was channelled up the food web, ultimately reducing larval fish
survival*”. Therefore, a projected decline in proteins and bioavailable
nitrogen at high latitudes can negatively influence zooplankton and
fish populations.

In polar regions, the marine food web heavily relies on polyun-
saturated fatty acids. It has been documented that polar grazers have
evolved specific strategies to accumulate lipids from low-energy phy-
toplankton to survive prolonged periods of continuous darkness®®.
Higher projected lipid and energy content of polar phytoplankton
by the end of the twenty-first century may benefit zooplankton lipid
accumulation, enhance their winter survival and support the entire
polarecosystem®’. However, the timing of phytoplankton-zooplankton
interaction in the Arctic is synchronized. Melting of sea ice and rising
temperatures have already altered the timing and duration of phyto-
plankton blooms, creatingamismatch in predator-prey interactions’.
Our findings that phytoplankton alter their biochemical composition
might cause anadditional biochemical mismatch between the predator
and prey, whichwould further alter grazer’s reproductive cycles, with
consequences for the entire Arctic marine ecosystem.

Phytoplankton in the subtropical oligotrophic gyres supporta
diverse pelagic ecosystem. Under warming, this ecosystem will suffer
fromlower surface nutrientinput due to enhanced stratification. The
increase in protein-rich, subsurface phytoplankton biomass projected
by our model may counteract the reduction in surface primary pro-
ductivity. This protein enrichment of phytoplankton biomass could
potentially enhance their quality asafood source, positively affecting
local biodiversity, the vertical migration of zooplankton and pelagic
fish, and the sustainability of deep pelagic communities”.

Conclusions

We identify how the macromolecular composition of phytoplankton
is shaped by environmental conditions. Currently, in nutrient-rich,
low-light, high-latitude regions, phytoplankton are protein-dense,
whereas in nutrient-poor, oligotrophic subtropical gyres, they are
enriched in carbohydrates and lipids. Our model projects geographi-
cally variable responses to warming: by the end of the twenty-first cen-
tury, under a high-emissions scenario, phytoplankton at high latitudes
will have more carbohydrates and lipids at the expense of proteins. We
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detected early signs of these temporal trends in our compiled dataset,
specifically in Arctic phytoplankton, where the environmentis under-
going extremely rapid change. Such alteration in the macromolecu-
lar composition of marine phytoplankton will alter the nutrients and
calories available for higher trophic layers, eventually affecting the
natural resource availability for human beings. Our findings emphasize
the importance of continuously monitoring changes in the macro-
molecular composition of phytoplankton, not only because of their
significance to the marine ecosystem and global biogeochemistry, but
also because their biochemical composition serves as an indicator of
changing environmental conditions.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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ability are available at https://doi.org/10.1038/s41558-026-02598-w.
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Methods

Macromolecular and ecological model

We simulated the macromolecular composition using the Cell Flux
Model (CFM-phyto®%), which is now part of the Darwin model”, the
ecological and biogeochemical module embedded in the Massachu-
setts Institute of Technology (MIT) general circulation model™. The
macromolecular model estimates the growth rate of phytoplankton
and the cellular composition based on a cellular mass balance of car-
bon, nitrogen, phosphorus and iron. Carbon is distributed among
photosynthetic and electron transport proteins (QE"""’“’“’), biosyn-
thetic proteins (Qf°-*) and a constant ‘structural’ pool of proteins
(QE’°—°"‘”), which includes nutrient acquisition-related proteins and
structural proteins. Although some studies suggests that the relative
contribution of nutrientacquisition-related proteins may change, for
example, under nutrient limitation”, we did not explicitly include this
effect, asitsimpact on overall stoichiometry appears limited>”. RNA
(QENA), DNA (Q2M*), chlorophyll (QE™), carbon in phospholipids in the
thylakoid membrane (QE“"), carbonstorage as carbohydrates and lipids
(Q¥°r), carbon associated with nitrogen storage (Q}***") and constant
poolof structural carbohydrates and lipids (Q2™*<"). Q. are the mol Ciin
macromolecules per mol C; see Supplementary Table 7 for symbol
definition and units:

Pro—photo —Dbi — PLij
Qc = QC p + Qféro bio + Qréro other + Q(R:NA + Q[C)NA + Qghl + QC P+

Stor NStor yC:N
+QC +QN ylc\lsto

+ Qgther. (1)

Nitrogen in the cell is distributed among proteins (Q¥°/Yg:N),
where ¥&:Nisthe molar carbon-to-nitrogenratioin proteins, RNA (QfM),
DNA (Q2M4), chlorophyll (QSM) and nitrogen storage (QY>*"). Qi are in
mol N in macromolecules per mol C:

QN — Q(P:r()/yPCr:oN + QENA + QRNA + Q(’E‘hl + QEStor. )

Cellular phosphorus is distributed between RNA (QiN*), DNA

DNAP:C :C i R - ini
(@ YENA), where Y‘BNA is the molar phosphorous-to-carbon ratio in

DNA, Qg"y is phosphorousin the thylakoid membrane, @5"is phospho-
rus storage and Q0" is the small constant phosphorous pool. Q. are
inmol Pin macromolecules per mol C:

A AyP:C Thy S Oth
Qp = Q™ + QWYL + QY + Q" + QP &)

Iron in the cell is associated with photosynthesis proteins (QF°)
andironstorage (Q3'"). @, arein mol Fe in macromolecules per mol C:

Qre = Q°1° + Q3. @)

The molar fractions of these macromolecules are a function of
light, temperature and nutrient uptake. Chlorophyll, Q<", has a
negative relationship with light and a positive relationship with
growthrate:

1+E m
= +—, 5
Htp ) &)
where E is respiratory costs associated with cell synthesis (unitless),
mis maintenance respiration rate (per day), uis growth rate (per day)
and P (/) is photosynthesis rate (mol C (mol Cin Chl)'day™), whichisa
function of light (/; umol m™2s™):

P() = V7™ (1 - exp™), ©)

where V¥ is the maximum chlorophyll-specific photosynthetic rate
(molC (molCinChl)™day™) and 4, is the absorption cross-sectionand

turnover time of the photosynthesis unit (m*s pmol™). Photosynthetic
proteins (QZ"’“’*““") and phosphorous in the thylakoid membrane (Ql“y)
positively relate to chlorophyll:

QU™ = Apno Q™ @
Thy _ 4P:Chl HChl

QP _Allzho QC (8)

oR = AaE. ©

Here, App, (mol C (mol Cin Chl)™), 4:"(mol P (mol Cin Chl)™) and
AFeChl (mol Fe (mol C in Chl)™) are stoichiometric parameters
(Supplementary Table 9). Biosynthetic protein and RNA content are
assumed to scale linearly with temperature-normalized growth rate:

. Ap:
QEI’O—DIO - At:—l: (10)
AENA
Qi = L qQlou+ g, an

Here, Q-*°is carbon allocation to biosynthetic proteins (mol C
(mol C)™), and Q%™ is the phosphorous allocated to RNA (mol P (mol
C)™). Apio (mol C (mol C)™ day) and ARNA (mol P (mol C)™ day) are pro-
portionality constants for biosynthetic proteinand RNA investments
asafunctionofgrowthrate. Qﬁf:’];‘inis the minimum RNA quotaatgrowth
rate (mol P (mol C)™), and Arr is the temperature dependencies on
metabolism®*, based on the Arrhenius equation

E.
Arr:exp(—ﬁa x(;—%)) (12)
rel

where E, is the activation energy (equal to 70,000 ) mol™)*, Ris the
universal gas constant and T, is the reference temperature (293 K).

These cellular balances for each element, without the storage com-
ponent, yield trinomial equation for growth rate, which solve numeri-
cally. The minimum growth rate based on the cellular mass balance
is selected to be the growth rate based on the Liebig’s minimum law.
After detecting the limit element from the cellular mass balances, the
storage macromolecules of the non-limited elements are calculated,
and the nutrient uptake of these elements are reduced®.

These macromolecule pools are resolved for two phytoplankton
types: small phytoplankton (0.41 um?®) broadly representing picocy-
anobacteria (for example, Prochlorococcus), and large phytoplankton
(46 pm®) representing larger eukaryotes (for example, diatoms). Both
phytoplankton are independently grazed by a single grazer. The two
phytoplankton types differ in their maximum photosynthesis rates,
maximum nutrient uptake rates, nutrient-half saturation constant,
sinking rates and palatability to grazers (Supplementary Table 8). We
assume a Holling type 2 grazing functional response modified by prey
preference, prey availability and temperature. We assume that grazers
regulate their elemental composition by keeping internal quotas within
aspecific range (Supplementary Table 9). When the stoichiometry of
phytoplankton and zooplankton is mismatched, excess elements are
routed todissolved organic matter and POM. In this way, zooplankton
decouples the stoichiometry of phytoplankton from that of POM and
dissolved organic matter’®. Dead phytoplankton and zooplanktonare
alsorouted into the particulate and dissolved pools. All these tracers
are advected and mixed by the physical fields (see the following sec-
tion). The mortality and remineralization of POM and dissolved organic
matter follow the same temperature dependence, with an activation
energy of 34,000 mol™ (ref. 76).
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Physical model

Thebiogeochemical tracers are transported and mixed by the oceanic
component of the MIT Integrated Global System Model (IGSM)”"7°.
ThelGSMis an Earth system model of intermediate complexity, witha
zonally averaged two-dimensional atmosphere and three-dimensional
(3D) ocean circulation model, and is coupled to terrestrial, atmos-
pheric, economic and dynamic sea-ice models. The atmospheric model
includes several greenhouse gases (CO,, CH, and N,0) and several
aerosols (SO, and black carbon). The 3D ocean model is forced with
wind stress (detrended wind speed from the National Center for Envi-
ronmental Prediction (NCEP) reanalysis®°). For each year of the simula-
tion, werandomly sample from the computed wind stress (1948-2007).
Thisapproach produces arealistic EINifio-Southern Oscillation signal,
although not corresponding to the exact historical years. For simplic-
ity, the wind stress forcingis notimpacted by climate change, because
there are considerable model uncertainties. The terrestrial component
addresses surface heat fluxes, hydrological processes, and carbon and
nitrogen dynamics, and the economic componentisahuman activity
model that predicts gas emissions through populationand economic
growth estimations. We refer the reader to the citation above for more
information on the different components of the model.

The 3D oceanic component of the IGSMis the MIT General Circula-
tionModel, configured here with alongitudinal resolution of 2.5°, lati-
tudinal resolution of 2°and 22 vertical depth levels: 10 m at the surface,
increasing to 500 m at the bottom. To integrate the biogeochemical
tracers, we use physical fields from previous forward runs where a
specific set of parameters, coupling procedures and flux adjustment
schemeswere applied asinref. 77. The monthly mean fields that drive
thebiogeochemical simulations include 3D velocities, mixing param-
eters, potential salinity, temperature, freshwater flux and sea-ice cover.

Our model calculates the absorption and scattering of spectral light
(average 25-nmbands from 400 to 700 nm) through the water column,
whichis a function of chlorophyll, phytoplankton carbon, particulate
detritus (POM) and water molecules®. Input light fields are monthly
averages of direct and diffusive lightineach waveband, estimated from
the Ocean-Atmosphere Spectral Irradiance Model (OASIM), which
accounts for role of clouds, aerosols and water vapours in the atmos-
phere aswellas surfaceroughness andreflectance at the ocean-atmos-
phereinterface®. Surface forcings of PAR and iron dust flux are derived
from SeaWiFS and an atmospheric transport and chemical model®,
respectively. Light and dust fields are climatological monthly means
and did not change in the future projection described below.

Simulation set-up

Phase1: Pre-industrial equilibrium conditions. In this experiment, the
macromolecular and ecosystem model is initialized with observed
distributions of phosphate, nitrate, iron, oxygen, alkalinity and carbon
tracers, and integrated for 50 years with atmospheric carbon dioxide
fixed at the pre-industrial mixing ratio of 278 ppmv. After this spin-up,
the biogeochemical tracers reach a quasi-steady state and are in rea-
sonable agreement with global observations (Supplementary Fig. 6).

Phase 2: Pre-industrial control. The pre-industrial conditions were
used for another 240 years. This experiment provides ameasure of the
biogeochemical and ecological drifts (Supplementary Fig. 7).

Phase 3:1860-1990 transient response. In this experiment, the
tracers are initialized from the equilibrium state of phase 1. Here, the
climate system is forced with observed solar irradiance, greenhouse
gases, aerosols and tropospheric ozone. Natural emissions of methane
and nitrogen, as well as terrestrial carbon uptake by land, are provided
by the coupled IGSM models.

Phase 4:1991-2100 transient response. In this experiment, the
tracers are initialized from the 1990 tracer concentrations of phase
3 and are transported and mixed by the fully coupled model. In addi-
tion, the economic model provides emissions of greenhouse gases and
aerosols, and the climate model simulates the atmospheric chemistry

andtheland and ocean biogeochemical cycles. We use a high-emissions
scenario consistent with the SSP5-8.5 scenario and amodel configura-
tion with a climate sensitivity of 3.0 °C.

Uniqueness and limitations of the model

Our method is built upon basic knowledge from extensive labora-
tory experimental work samples”***, Nevertheless, some gaps in our
knowledge still exist that may introduce uncertainty in our results. A
key limitation of the modelis the allocation of carbonand energy stores
betweenlipid and carbohydrate. Here, we simply assume equal alloca-
tion of storage carbon between lipid and carbohydrates. While this is
clearly an oversimplification, there is some empirical support from
field observations”, and no obvious mechanistic representation cur-
rently exists to our knowledge. We suggest that new laboratory experi-
ments linked to this modelling goal would be valuable, for example, to
examine and quantify trade-offs between the energetic and enzymatic
costs of synthesis and their relative value as energy stores.

Our modelled ecosystemincludes two phytoplankton (large and
small) and one zooplankton. We recognize that the simplified represen-
tation of ecosystem structure has limitations (for example refs. 85,86).
Here, we choose this limited system to focus on the physiological
dynamics of macromolecular allocation in climate-scale simulations.
We note that, even with this idealized ecosystem, our model success-
fully captures large-scale patterns of macromolecular and elemental
compositionacross the ocean (Extended Data Figs. 2and 3). The inter-
action with a highly taxonomically and trophically resolved system is
aninteresting avenue for future research.

Calculation of global averages of ratios and drift correction
The depth-integrated ratios of Protein—C:C and Carb+Lipid-C:C in
maps (Fig. 1a,b) were calculated by setting

¥, (Xieh + X2c2) Vol;)

B S @ evon)

13)

where X! and X2 are cellular carbon allocation to proteins and to car-
bohydrates + Ilplds (mol C (mol C)™) of phytoplankton 1and 2 inte-
grated over depth i (m), ¢! and ¢} are the carbon concentration of the
two phytoplankton (mmol C m 3) and Vol; is the grid volume (m?).
Simulated, drift-corrected absolute changes between the
depth-integrated meansin Figs. 2-4 were calculated by setting

lim ctrl
Aclim =X : Czo7o 2100 =X C3070:2100-

a4

— cli
Here, X: C;(,';T):mo is the projected means (phase 4), and
— ctrl
X: ng70:2100is’drifting’pre-industrialconditions(phaseZ) from 2070

t0 2100, both calculated from equation (13).

Global, volume- and mass-weighted means were calculated as

C, _ Z Z z:l(( il ljl+X12,[[ tjl)voli’j’l>
I (( it t/l)VOI’/’)
Herei,jand/are depth, latitude and longitude, respectively.

Simulated, drift-corrected percentage changesin the global means
shown in Extended Data Figs. 5a-c and 6¢-e were calculated as

s

,clim ,ctrl

X 1870:2100 — -X 1870:2100
ctrl

X'1870

Aclim (%) = x 100, (16)

where x'&im _ ois the time evolution of global means from 1870 to 2100

in the climate simulations (phases 3 and 4), and XS0 is the corre-

sponding time evolutionin the ‘drifting’ control (simulation phase 2).

ctrl

X'1g7oistheinitial value of the control simulation in 1870, whichis equal

clim

o X'1570-
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Data availability

All data are available in the Article or its Supplementary Informa-
tion. The model outputs used in this study, the Excel file contain-
ing the macromolecular dataset (Supplementary Table 1) and the
MATLAB scripts used to generate the figures are available viaZenodo at
https://doi.org/10.5281/zenod0.15070334 (ref. 87).

Code availability

To run the model, download the code and input archives available via
Zenodo at https://doi.org/10.5281/zenodo.15070334 (ref. 87). The
Darwin model package source code, including the macromolecular
composition developments implemented by the coauthors, is available
via GitHub at https://github.com/darwinproject/darwin3/releases/
tag/darwin_ckpt69j (ref. 88). The original model description is given
inref.73.
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Extended Data Table 1| Mass-weighted global means of modeled macromolecular composition (% mol C in
macromolecule/mol C)

Macromolecule Molar Percentage (%)
Proteins 481

Carbohydrates 217

Lipids 23.3

RNA 0.4

DNA 01

Chlorophyll-a 1.4

N-Storage (Cyanophycin) 5.0
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Extended Data Fig. 1| Macromolecular field data compilation. (a) Protein-C:C, are the number of observations by study. For ratios with fewer than three
(b) carbohydrate-C:C, and (c) lipid-C:C are summarized for each study observations, values are displayed as individual points. The vertical orange line
(mol C (mol C)™). Box plots show the median (50th percentile) as the center line indicates the model’s estimated global mean values. Blue and gray shaded areas
ofthe interquartile range (25th-75th percentiles) as the box bounds. Whiskers indicate the Arctic and Antarctic samples, respectively.

represent the 5th and 95th percentiles of the data. Numbers in parentheses

Nature Climate Change


http://www.nature.com/natureclimatechange

Article https://doi.org/10.1038/s41558-026-02598-w

a Model d Observations g NPP (Pg C yr')
100 100 s ,
60 N 0.02
50 | Carbohydrates 50 | carbohydrates 30° N 0.01
. 0’
0 Proteins 0 Proteins 0
30 35 40 30 35 40
Latitude (°) Latitude (°)
@)
5 -1
= 100 100 NPP (Pg C yr-1)
3
© 0.02
€ 50 Carbohydrates 50
9 Carbohydrates 0.01
O
S : 0
S 0 Proteins 0 Proteins
S 62 60 -58  -56 62 60 58  -56
S Latitude (°) Latitude (°)
c f
100 - - : 100
W
50 Carbohydrates 50
Proteins Proteins
0 0
0 10 20 0 10 20
SST (°C) SST (°C)
Extended Data Fig. 2| Comparison between modeled and observed 1973%, showing macromolecular allocation trends at corresponding latitudinal
macromolecular carbon allocation across latitudinal and temperature transects and SST gradients. (g-i) Maps displaying the geographic locations of
gradients in the Pacific and Southern Oceans. Model results (a-c) of cellular observational sampling sites. Heat maps in the upper and middle rows show the
allocation (mol C (mol C)™) to proteins, carbohydrates, lipids, and chlorophyll depth-integrated decade mean of net primary productivity (Pg C/yr), and the
and nucleic acids across latitude (top and middle columns) and sea surface bottom map shows sea-surface temperature (°C). See Supplementary Methods
temperature (SST) (bottom column). In the second row, observational data for model-data comparison procedure.

from (d) Liefer et al., 2024” (e) Handa & Tanoue, 1983°° and (f) Handaet al.,
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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:N,,,
(mol C (molN)™), (b) C:P,, (mol C (mol P)™), and (c) N:P,, (moIN (mol P)™),
encompassing phytoplankton and particulate organic matter. Points mark
sampling locations. Panels (d-f) show comparisons between modeled and
observed C:N,, C:P,,, and N:P,, (molar ratios), at different ecoprovinces
defined in Fig. S1**. Gray boxplots summarize the observed distributions®*,
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with the box representing the interquartile range (25th-75th percentiles) and the
center indicating the median (50th percentile). Whiskers extend to the Sth 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
lineindicates the Redfield ratio (C:N,, = 6.625, C:P,,, =106, N:P,,, = 16). The
acronyms for ecoprovinces are explained in Fig. S1.
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Extended DataFig. 4 | Projected temperature and seaice changes. Drift-corrected global mean of (a) extent of ocean covered by seaice (km?) and (b) global mean sea
surface temperature (SST; °C). 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 integrated over the top 170 m. Panels d-fshow spatial patterns of simulated
productivity, and relative abundance of small phytoplankton over the 21* absolute change in these variables averaged over 2080-2100 relative to
century. Simulated percentages of global changes of (a) upper 100 m nitrate 1870-1900 for high emission scenario. All the values are calculated as the
concentrations (mmol/m3), (b) upper 100 m net primary productivity (Pg C/yr), difference between the climate-change simulations and the baseline control
and (c) relative concentration of small (solid) and large (dashed) phytoplankton simulation (see Methods).
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Extended DataFig. 6 | Vertical profiles of temperature, cellular allocation to
photosynthetic proteins, biomass, and nutrients in the subtropical Pacific
(thelocation marked with ared 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 21* century
under a high-emission climate change scenario. The background colormap
represents temperature (°C). The gold stars mark the cellularinvestmentsin
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photosynthetic proteins at depth where biomass is at its maximum. Dashed
black horizontal lines denote isopycnal surfaces at ¢ = 23, 24, and 25 kg/m3.
Theblue 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
21° 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) ™).
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Extended Data Fig. 8| Temporal trends in macromolecular composition
inpolar phytoplankton. Arctic (a) protein (n,,:=359) and (b) combined
carbohydrate and lipid content (n,,;=342). Arctic data were obtained from:

Irwinetal., 1980% (circle), Irwin et al., 1984 (plus), Irwin et al., 1983a* (square),
Liand Platt,1982* (cross), Smith et al.,1997* (star), Lee et al.,2009°° (diamond),

Kimetal.,2015" (upward triangle), Yun et al., 2015" (dlownward triangle),
Ahnetal., 2019”* (right triangle), Choe et al., 2021%* (pentagon), and
Kimetal.,2020% (left triangle). Antarctic (c) protein (n,,,=96) and (d)
combined carbohydrate and lipid content (n,,;=101). Antarctic datawas

1980 1990 2000 2010 2020 1980 1990 2000 2010 2020

Year

obtained from: Smith and Morris, 1980* (circle), Handa and Tanoue, 1983*°
(plus), Fabiano et al., 1993* (cross), Fabiano et al., 1996 (star), Fabiano and
Pusceddu1998° (square), Puseceddu et al., 1999 (diamond), Kim et al., 2016°®
(pentagon), Kimet al., 2018" (upward triangle), Misic et al., 2024*° (downward
triangle), and Jo et al., 2021°° (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 5thand 95th percentiles of the data. For
linear regression statistics, see Table Sé6. Pink indicates measurements made with
carbonisotope labeling.
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