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Significance

 The chemical composition of 
ocean particulate matter varies 
among ocean regions, with major 
implications for ocean carbon 
storage. However, this particulate 
matter is typically assigned a 
mean C:N:P (106:16:1, the 
Redfield Ratio) in models of the 
global carbon cycle since a 
mechanistic understanding of 
ocean C:N:P patterns is elusive 
yet also critical for developing 
predictive models. We show that 
the C:N:P of surface ocean 
particulate matter reflects 
changes in its content of major 
biomolecules like proteins, 
carbohydrates, and lipids along 
an environmental gradient. This 
C:N:P variation is also predictable 
based on how phytoplankton 
adjust their content of major 
biomolecules in response to 
environmental conditions, 
highlighting a possible 
mechanism for ocean C:N:P 
patterns that can be used in 
carbon cycle models.
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The proportions of carbon (C), nitrogen (N), and phosphorus (P) in surface ocean par-
ticulate matter deviate greatly from the canonical Redfield Ratio (C:N:P = 106:16:1) 
in space and time with significant implications for global carbon storage as this matter 
reaches the deep ocean. Recent work has revealed clear latitudinal patterns in C:N:P, yet 
the relative importance of ecological, physiological, or biochemical processes in creating 
these patterns is unclear. We present high-resolution, concurrent measurements of par-
ticulate C:N:P, macromolecular composition, environmental conditions, and plankton 
community composition from a transect spanning a subtropical-subpolar boundary, 
the North Pacific Transition Zone. We find that the summed contribution of macro-
molecules to particulate C, N, and P is consistent with, and provides interpretation for, 
particulate C:N:P patterns. A decline in particulate C:N from the subtropical to subpolar 
North Pacific largely reflects an increase in the relative contribution of protein compared 
to carbohydrate and lipid, whereas variation in C:P and N:P correspond to shifts in 
protein relative to polyphosphate, DNA, and RNA. Possible causes for the corresponding 
trends in C:N and macromolecular composition include physiological responses and 
changes in community structure of phytoplankton, which represented approximately 
1/3rd of particulate C across the transect. Comparison with culture experiments and 
an allocation-based model of phytoplankton macromolecular composition suggest that 
physiological acclimation to changing nutrient supply is the most likely explanation for 
the latitudinal trend in C:N, offering both a mechanistic interpretation and biochemical 
basis for large-scale patterns in C:N:P.

elemental stoichiometry | phytoplankton | nutrients | acclimation

 The elemental stoichiometry (carbon:nitrogen:phosphorus; C:N:P) of particulate matter 
sinking from the surface ocean affects fundamental global processes including how effi-
ciently atmospheric C can be sequestered in the deep ocean ( 1 ). Redfield ( 2 ) identified a 
mean C:N:P of marine particulate matter of 106:16:1 (the Redfield Ratio) that has often 
been treated as a constant in models of the global carbon cycle. Recent studies show that 
surface particulate C:N:P varies widely and systematically across the ocean as C:N, C:P, 
and N:P generally exceed Redfield proportions in subtropical regions and fall below these 
proportions in high-latitude and equatorial upwelling regions ( 3   – 5 ). Building on these 
observations, newer models that utilize a flexible particulate C:N:P suggest that materials 
exported from the surface ocean are more C-rich and result in greater carbon storage 
capacity for the ocean relative to a world with a fixed particulate C:N:P ( 6 ,  7 ). Yet obser-
vational coverage of surface ocean particulate stoichiometry is sparse and the drivers of 
its variability are not well understood. Due to this constraint, as well as computational 
costs, many climate and carbon cycle models still represent particulate matter with a fixed 
Redfield Ratio.

 The C:N:P of surface particulate matter has been proposed to mainly reflect its mac-
romolecular composition rather than its content of small monomeric organic matter or 
inorganic material. Wakeham et al. ( 8 ) showed that carbohydrates, amino acids, lipids, 
and pigments account for >80% of particulate organic carbon in the surface waters of the 
central equatorial Pacific. However, a complete macromolecular basis for surface particulate 
C:N:P has not been demonstrated since previous field studies (compiled in SI Appendix, 
Table S1 ) have not measured C, N, and P in parallel with all major macromolecules that 
contribute to these elements.

 Phytoplankton are a major component of surface particulate matter and the ultimate 
source of organic material that is consumed and transformed by heterotrophs. The ele-
mental composition of phytoplankton reflects their macromolecular allocation to C-rich 
carbohydrates and lipids, N-rich proteins, and P-rich nucleic acids and polyphosphate D
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storage bodies ( 9 ). There are systematic differences in the C:N:P 
of major phytoplankton taxa ( 10 ,  11 ) that correspond to their 
underlying macromolecular composition ( 12 ), so biogeographical 
variations in phytoplankton community structure could contrib-
ute significantly to spatial trends in C:N:P ( 3 ,  5 ,  13 ,  14 ). 
Phytoplankton also reallocate their macromolecular content 
according to environmental conditions, changes in growth rate, 
and to form “luxury” stores of nonlimiting elements ( 15 ,  16 ) 
leading to large variations in elemental composition. Variations 
of threefold in phytoplankton C:N and more than 10-fold in C:P 
occur as a function of nutrient supply ( 17   – 19 ) with smaller var-
iations as a function of light intensity or temperature ( 19 ,  20 ), 
suggesting that physiological acclimation may profoundly impact 
surface ocean particulate stoichiometry ( 21 ,  22 ). Zooplankton 
consumers and bacterial decomposers may also make an important 
contribution to bulk particulate matter and its C:N:P ( 23 ,  24 ), 
as would their differential remineralization of particulate substrates 
( 25 ,  26 ). The detritus from phytoplankton and heterotrophic 
plankton also makes a large contribution to surface particulate 
matter and is estimated to comprise >50% of surface particulate 
organic carbon ( 27   – 29 ). Although the biochemical nature of this 
detritus is poorly understood, it may also affect large-scale C:N:P 
patterns ( 30 ,  31 ).

 Through measurements made along an environmental gradient 
in the North Pacific Ocean we address two key hypotheses that 
emerge from the review above:

i) � Large-scale horizontal gradients in surface ocean particulate 
C:N:P can be explained by changes in the relative abundance of 
major macromolecules like protein, carbohydrate, lipid, DNA, 
RNA, and pigment.

ii) � Variations in the macromolecular content of phytoplankton 
driven by physiological acclimation can explain and predict 
patterns in surface ocean C:N:P.

 We measured the C:N:P and macromolecular composition of 
surface (~6 m depth) particulate matter, plankton community 
composition, and environmental variables along a meridional 

transect (158°W) in the North Pacific Ocean from ~25 to 42°N. 
The transect spans the transition zone (TZ)-chlorophyll front and 
passes from the oligotrophic subtropical gyre to more productive 
subarctic waters ( Fig. 1 ), regions with strong contrasts in macro-
nutrient supply rates and phytoplankton community structure. To 
help interpret these data, we compared them with measurements 
and models of laboratory populations of diverse phytoplankton. 
Our findings support the hypotheses that the macromolecular com-
position of surface particulate matter underpins large-scale patterns 
in particulate C:N:P and reflects the acclimation of phytoplankton 
to changes in nutrient supply and growth rate.         

Results and Discussion

Spatial Patterns in Environmental Conditions and Elemental 
Stoichiometry. In describing the spatial variation of particulate 
C:N:P and its drivers, we define three regions with distinct 
environmental conditions and phytoplankton communities: the 
NPSG as well as the southern and the northern regions of the North 
Pacific TZ (Fig. 1). The boundary between the NPSG and the STZ 
was defined by the 34.8 surface isohaline at ~32.8°N (32, 33) and 
the boundary between the STZ and the NTZ was delineated by the 
location of the 0.15 mg m−3 surface chlorophyll concentration at 
36.2°N (34); the northern most extent of the NTZ was not reached 
on the transect. SST varied from ~27 °C in the NPSG to ~12 °C in 
the NTZ during the transect (Fig. 1). DIN and dissolved inorganic 
phosphorus (DIP) were <0.1 µM and <0.2 µM, respectively, in 
the NPSG and STZ and increased 2- to 20-fold within the NTZ. 
DIN:DIP was low (0.2 to 1.0) relative to the canonical Redfield 
N:P value of 16 throughout the transect except north of 39.5°N 
in the NTZ, where it increased to 1.9 to 4.3. In the NPSG, the 
picocyanobacterium Prochlorococcus was numerically dominant, 
while the picocyanobacterium Synechococcus and eukaryotic 
picophytoplankton were more abundant in the TZ (Fig. 1F). These 
patterns are broadly consistent with previous observations (35, 36) 
and the greater supply of macronutrients from upwelling, deeper 
winter convection, and Ekman transport in the TZ (37) that would 
promote larger eukaryotic phytoplankton (38, 39).
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Fig. 1.   (A) The mean sea surface temperature (SST) of the study area from 1955 to 2015 over the period of the cruise (27 May to 12 June), illustrating the 
environmental gradient spanning the North Pacific Subtropical Gyre (NPSG) and North Pacific TZ. Symbols on the map indicate major sampling points for the 
northbound (black) and southbound (white) portions of the cruise. Additional panels show the latitudinal variation in particulate carbon (B), particulate nitrogen 
(C), particulate phosphorus (D), dissolved inorganic nitrogen (DIN) (E), and community structure of phytoplankton ≤4 μm in estimated spherical diameter (F). The 
particulate element measurements represent 110 samples. The different symbols on panel E indicate samples collected by underway flow-through system at ~6 m 
depth (circle, n = 15) or by CTD-rosette at ~15 m depth (star, n = 15). Error bars in panel F indicate one SD among triplicate measurement at each discrete sample 
point (n = 15). The dashed line at 32.8°N delineates the subtropical gyre (NPSG) and TZ based on salinity while the dotted line at 36.2°N delineates the south 
transition zone (STZ) and north transition zone (NTZ) based on surface chlorophyll concentration (see Results and Discussion for regional boundary definitions).D
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 Particulate C, N, and P concentrations increased sharply (~4.5- to 
sixfold) northward from the NPSG to the TZ ( Fig. 1 ). This north-
ward trend was superimposed over local variability that was relatively 
low in the NPSG, with particulate C and P displaying less variability 
(15.0 to 20.6%) than particulate N (31.3%) and increased (along 
with mean values) in the STZ (33.9 to 41.6%) and NTZ (37.9 to 
48.8%) ( Fig. 1 ). In addition, there was a clear trend of declining 
particulate C:N moving northward across the North Pacific gradient 
( Fig. 2 ). Particulate C:N had a strong negative relationship with 
latitude (Spearman’s Rho = −0.69, P  < 0.001) and was significantly 
higher within the oligotrophic NPSG (8.0 ± 1) than in the STZ 
(6.7 ± 0.9) and NTZ (6.1 ± 0.5) regions [P  < 0.001, multivariate 
ANOVA (MANOVA) with Games-Howell post hoc tests;  Fig. 2  
and SI Appendix, Table S2 ]. This northward trend in C:N is con-
sistent with the general subtropical-to-subpolar trend observed in 
recent global data compilations ( 4 ). In contrast, C:P and N:P of 
particulate matter were more variable (25.1 to 25.8%) than C:N 
(16.9%) and showed no significant relationship with latitude 
(Spearman’s Rho = 0.02 to 0.16, P  = 0.02 to 0.80) or significant 
difference among study regions (P  = 0.2 to 0.8, MANOVA with 
Games-Howell post hoc tests;  Fig. 2  and SI Appendix, Table S2 ).          

Major Macromolecules Account for the Amount and Stoichiometry 
of Surface Particulate C, N, and P. To address the hypothesis that large-
scale latitudinal variation in the C:N:P of particulate matter reflects 
its macromolecular composition, we measured the concentrations 

of major macromolecular pools (protein, carbohydrate, lipid, DNA, 
RNA, pigments, and polyphosphate) across the North Pacific gradient. 
As with surface particulate C, N, and P, all the macromolecule 
concentrations increased with latitude to the north of the NPSG 
(SI Appendix, Fig. S1). The contribution of each macromolecule to 
particulate C, N, and P was calculated using their known elemental 
stoichiometry (9) or directly measured in the case of P content in 
phospholipids and polyphosphate. The majority of C, N, and P 
in surface particulate matter is accounted for by the contributions 
from these macromolecules. The summed elemental contents of these 
macromolecules contributed 90.1 ± 11% of particulate C, 76.7 ± 
15% of particulate N, and 96.8 ± 8% of particulate P (SI Appendix, 
Fig.  S1) when compared to the independent measurements of 
particulate C, N, and P (Fig. 1). The combined macromolecular 
elemental content also has a stoichiometry, a macromolecular C:N:P, 
that can be compared to the independently measured total particulate 
C:N:P (Fig. 2 A and B). The macromolecular C:N shows a northward 
decline and strong negative relationship with latitude (Pearson’s R = 
−0.86, P < 0.001) that closely matches the magnitude and direction 
of the trend in particulate C:N. However, macromolecular C:N 
values were generally higher than particulate C:N (10 ± 2 vs. 8.0 
± 1, mean difference of 19.3%) largely due to the lower proportion 
of particulate N (76.7 ± 15%) accounted for by macromolecular 
measurements as compared to particulate C (90.1 ± 11%). As with 
total particulate stoichiometry, macromolecular C:P and N:P showed 
no clear latitudinal trend (Fig. 2 B and C; Pearson’s R, P = 0.1 to 

Macromolecular C:N

Particulate C:N Particulate C:P 

Macromolecular C:P

Particulate N:P

La
tit

ud
e 

(°
N

)

Macromolecular N:P

4 1086 1412 50 100 150 200 10 20 30

S
ou

th
N

or
th

T
ra

ns
iti

on
 Z

on
e 

(T
Z

)

S
ub

tro
pi

ca
l G

yr
e

(N
P

S
G

)

25

30

35

40

84 106 1412 50 100 150 200 10 20 30

A B C

Fig. 2.   Latitudinal variation in the macromolecular (n = 12) and total particulate (n = 110) molar ratio of (A) carbon:nitrogen, (B) carbon:phosphorus, and (C) 
nitrogen:phosphorus. Error bars for macromolecular ratios indicate one SD among replicate samples. The elemental contents of macromolecules in sampled 
particulate matter were calculated as described in Materials and Methods and in full detail in SI Appendix. The horizontal lines and inset of the vertical axis indicate 
the boundaries between the NPSG and the TZ (dashed line at 32.8°N) as well as the STZ and NTZ regions of the TZ (dotted line at 36.2°N). The vertical lines 
indicate the macromolecular elemental stoichiometry determined in N-starved cultures of Prochlorococcus marinus MED4 (cyan dotted lines), representative 
of the oligotrophic, picocyanobacteria-dominated NPSG, and nutrient-replete cultures of Ostreococcus tauri OTH95 (green dashed lines), representative of the 
more nutrient-rich, eukaryote-dominated NTZ.D
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0.2). Macromolecular C:P values were lower than (mean difference 
of 20.0%) but fell within the same range as particulate C:P values. 
Macromolecular N:P was considerably lower than particulate N:P 
(mean difference of 46.2%), which reflects the greater proportion of 
particulate P (96.8 ± 8%) accounted for in macromolecules and the 
higher overall variability in particulate C:P and N:P values (Fig. 2 
B and C and SI Appendix, Table S2). The strengths and possible 
sources of error in our estimates of macromolecular contributions to 
particulate C:N:P are addressed further in SI Appendix.

 The finding that C, N, and P content of intact macromolecules 
can be used to effectively reconstruct bulk particulate matter may 
be unexpected given that detritus has been estimated to comprise 
>50% of total particulate organic carbon ( 27   – 29 ) and the propor-
tion of particulate matter that can be measured as macromolecules 
declines quickly with age ( 8 ). Yet organic detritus in the open ocean 
is ultimately derived from phytoplankton ( 40 ) and much of the 
detrital decomposition that would significantly alter macromolecu-
lar contents is thought to occur as particles sink out of the euphotic 
zone ( 41 ). Given that the composition of particulate matter we 
sampled is largely accounted for by measured macromolecules, we 
hypothesize that most of the detritus in the surface waters (i.e., at 
~6 m depth) across the North Pacific gradient must be of recent 
planktonic origin and relatively unprocessed.

 Variation in surface particulate C and N and its macromolecular 
basis across the transect was generally driven by changing protein 
content ( Fig. 3 A  and B  ). Protein represented the largest pool of 
total particulate C (19.2 to 42.9% of C) (SI Appendix, Table S3 ) 
and macromolecular C (22.3 to 51.5% of C) ( Fig. 3A  ) along the 
transect except south of ~29° N in the NPSG, where contributions 
from carbohydrate (33.8 ± 5 %), lipid (31.7 ± 5 %), and protein 
(31.7 ± 10%) to particulate C were similar (SI Appendix, Table S3 ). 
Protein also accounted for the majority of total particulate N (60.8 
± 15 %) (SI Appendix, Table S4 ) and macromolecular N (79.4 ± 
14 %) across the transect ( Fig. 3B  ). The ~15-fold increase in 
N-rich protein from the NPSG to the NTZ, a greater increase 
than all other macromolecules (e.g., ~6-fold for carbohydrate and 
lipid) (SI Appendix, Fig. S2 ), explains the corresponding north-
ward decline in particulate C:N across these regions ( Fig. 2A  ).        

 The composition of macromolecules contributing to particulate 
P showed a clear shift across the North Pacific gradient ( Fig. 3C  ) 
from DNA in the oligotrophic NPSG (39.4 ± 5% of total partic-
ulate P) to RNA (24.6 ± 2%) and polyphosphate (24.8 ± 2%) in 
the NTZ (SI Appendix, Table S5 ). The contribution of phospho-
lipids to particulate P was comparatively small and consistent (8.4 
± 2%) across the transect. Notably, we find that polyphosphate 
represents a major portion of surface particulate P across the tran-
sect (18.0 to 48.7% of P) and had the greatest spatial variation 
(12.7-fold) among P-rich macromolecules (SI Appendix, Table S5 
and Fig. S2 ).  

Potential Drivers of Macromolecular Variation and Particulate 
C:N:P. The macromolecules that largely determine surface 
particulate C:N:P also play specific functional roles in their 
living sources and provide a bridge to mechanistic interpretation 
and modeling of large-scale elemental patterns. Large-scale 
variations in ocean particulate C:N:P have been attributed to 
changes in phytoplankton community composition (5, 14) and 
the acclimation of phytoplankton cell contents to environmental 
conditions (5, 6, 21). The relative contribution of heterotrophic 
zooplankton and bacteria to particulate matter (25, 42, 43) or the 
contribution of detritus and its alteration by heterotrophs (31) 
have also been suggested to regulate particulate C:N:P. To evaluate 
these potential controls, we estimated the abundance and cell size 
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Fig. 3.   The allocation (%) of macromolecular (A) carbon, (B) nitrogen, and 
(C) phosphorus among each macromolecular pool across the study area. 
Elemental contents of macromolecules were determined as described in 
the legend of Fig. 2 and SI Appendix. The error among replicate samples is 
not shown but was generally low (mean of 12% variation) and is shown in 
SI Appendix, Tables S6–S8. The arrow at the bottom of the figure indicates 
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from the NTZ to the NPSG. The vertical lines and inset of the horizontal axis 
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of living phytoplankton and heterotrophic plankton using flow 
cytometry and cell imaging and then calculated their contribution 
to particulate carbon using published group-specific carbon to 
volume relationships (SI  Appendix, Table  S9). Phytoplankton 
biomass represents an estimated 32.90 ± 2.2% of particulate C 
across the transect with smaller contributions from heterotrophic 
bacteria (8.5 ± 8%) and heterotrophic protists (1.47 ± 1.0%) 
for a total contribution of 42.9 ± 8% to particulate C by intact 
plankton. While these conservative estimates for the contribution 
of heterotrophic bacteria have large uncertainties, they are 
comparable to previous estimates of 6.8 ± 1.1% in the NPSG (44) 
and ~ 8 to 14% in analogous laboratory studies (31). Additionally, 
our estimated contribution of intact plankton to particulate C falls 
between previous estimates for the contribution of living plankton 
to particulate C of 29.8% in the NPSG (45) and 60 ± 17% in 
other ocean regions (5). The remaining particulate material is in 
either living zooplankton or organic detritus. In lieu of direct 
measurements, we can estimate the contribution of zooplankton 
from its typical power law relationship with phytoplankton biomass 
(46), which yields a zooplankton:phytoplankton biomass ratio 
(Z:P) of ~0.8 to 2.5 in open ocean settings, with the higher ratios 
associated with lower phytoplankton biomass. In combination 
with our estimates of phytoplankton and heterotrophic bacteria 
biomass, this Z:P relationship implies a ≥26% contribution of 
zooplankton to particulate carbon and a complementary detrital 
contribution of ≤31%.

 Our data indicate that living phytoplankton biomass contributes 
approximately a third of the total particulate carbon along the tran-
sect, directly affecting elemental and macromolecular ratios and 
indirectly affecting these ratios as a source of detritus. The observed 
northward decline in C:N reflects a greater increase in the N-rich 
protein content of particulate matter relative to C-rich carbohydrate 
and lipid ( Fig. 3 A  and B  ). To what extent might this shift in C:N 
be driven by the community composition or physiological accli-
mation of phytoplankton? Considering community composition, 
we note that the strongest evidence for its influence on C:N:P across 
ocean regions pertains to C:P and N:P ( 6 ,  14 ,  47 ) while its impact 
on large-scale C:N patterns are comparatively small ( 48 ). Likewise, 
culture studies show much greater taxonomic variability in C:P and 
N:P among major phytoplankton taxa than is observed for C:N 
( 10 ,  11 ). The largest phylogenetic differences in C:N are found 
between eukaryotic phytoplankton and cyanobacteria, with the 
latter having greater steady-state protein content and subsequently 
lower C:N ( 12 ). Cell size may also affect variation in C:N among 
phytoplankton communities since the overall size-scaling exponent 
for protein is less than 1 and considerably lower than that of car-
bohydrate ( 49 ), indicating that relative protein content will decline 
and C:N will increase as cell size increases. Considering these tax-
onomic and allometric patterns, the northward shift in dominance 
from picocyanobacteria to larger eukaryotes ( Fig. 1F  ) along the 
North Pacific gradient would be expected to drive a northward 
decline in relative protein content and corresponding increase in 
C:N, which is in opposition to the trends we observed.

 The northward decline in C:N and shift in community com-
position along the transect were also accompanied by a steep gra-
dient of increasing nutrient supply. Incubation experiments 
revealed nitrogen to be the primary limiting resource in the NPSG 
during this study ( 50 ) and fixed nitrogen concentrations increased 
sharply in the TZ ( Fig. 1E  ). In phytoplankton cultures, C:N varies 
by a factor of 3 in response to steady-state N-limitation ( 17   – 19 ) 
as N-rich protein quotas decline in order to lower N demand while 
fixed carbon accumulates due to slower N-limited growth rate. 
Lower light intensity and higher growth rates lead to higher invest-
ments in photosynthetic and biosynthetic proteins respectively 
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Fig. 4.   The predicted growth rate (A), macromolecular C:N (B), and proportion 
(%) of macromolecular C found in (C) protein as well as the (D) the sum of 
carbohydrate and lipid for phytoplankton size classes of 0.5, 1.0, and 3.0 µm 
equivalent spherical diameter (solid and dashed lines). Observed values of 
macromolecular elemental stoichiometry and contribution to macromolecular 
C are shown as discrete symbols in panels B–D for comparison (n = 12). Error 
bars indicate one SD among duplicate (%C in Carb. and Lipid) or triplicate (%C 
in Protein) samples. The vertical lines and inset of the horizontal axis indicate 
regional boundaries.D
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( 9 ,  23 ,  51 ) and thus a reduction in C:N ( 52 ). These relationships 
have been quantitatively encapsulated in an allocation-based 
model of phytoplankton cell composition ( 53 ). Driving the model 
with estimates of N-limited growth rate based on allometric rela-
tionships and observed nutrient concentrations (Materials and 
Methods ) we predicted the acclimated macromolecular and ele-
mental composition of phytoplankton along the transect for cell 
size classes of 0.5 µm, 1.0 µm, and 3.0 µm ( Fig. 4  and SI Appendix, 
Figs. S3 and S4 ), which are largely representative of the commu-
nity as we estimate that cells <4 µm are 65.7 ± 10% of phyto-
plankton biomass (SI Appendix, Table S9 ). Under N-depleted 
conditions, growth rates are slow and excess photosynthate is 
allocated to carbohydrate and/or lipid storage ( 54 ,  55 ). As N avail-
ability and growth rate increase northward ( Fig. 4A  ), the predicted 
macromolecular C:N declines due to increased protein content 
for biosynthesis and less accumulation of carbohydrate and lipid 
as fixed C is diverted from storage to cell growth. The model 
predictions are broadly consistent with the observed trends in C:N 
( Fig. 4B  ) and the relative contributions of protein, carbohydrate, 
and lipid to particulate matter ( Fig. 4 C  and D   and SI Appendix, 
Fig. S3 ), supporting the notion that understanding phytoplankton 
acclimation is key to developing predictive and interpretive models 
of ocean stoichiometry. Although the model captures the overall 
trend in C:N and its macromolecular basis, the observed north-
ward shift from carbohydrates and lipids to protein is of greater 
magnitude than predicted ( Fig. 4  and SI Appendix, Fig. S3 ) and 
not dampened by a northward increase in phytoplankton cell size 
( Fig. 1 ) as the model would suggest. Model predictions for the 
relative contribution of N- and P-rich macromolecules are also 
broadly consistent with our observations (SI Appendix, Figs. S3 
and S4 ), but macromolecular C:P and N:P are overestimated 
across the study area (SI Appendix, Fig. S4 ) due to underestimates 
in per carbon and per nitrogen content of RNA, DNA, and 
polyphosphates. This might reflect the model calibration being 
primarily based on a single laboratory study ( 18 ,  53 ) that may not 
be representative of the whole community. This discrepancy high-
lights the value of laboratory or field studies (SI Appendix, 
Table S1 ) measuring the total content of these P-rich macromol-
ecules and the need for more such measurements to constrain 
mechanistic models of ocean C:N:P.        

 While other environmental factors affecting phytoplankton 
growth and acclimation varied along the North Pacific gradient, 
their effects on phytoplankton C:N were likely minimal compared 
to the effects of N availability. The northward increase in N availa-
bility along the gradient is accompanied by an increase in P availa-
bility, while Fe availability shows a more complex northward pattern 
as it declines within the NPSG, increases in the STZ, and declines 
again in the subpolar NTZ ( 21 ,  50 ,  56 ). In addition to the pattern 
in Fe availability not aligning with the observed pattern in C:N 
( Fig. 2 ), the effects of P or Fe availability on phytoplankton C:N 
and its macromolecular basis appear too small to explain the observed 
northward decline in C:N ( 52 ). Variation in temperature like that 
observed along the gradient (~12 to 27 °C) has been implicated in 
global C:P and N:P variability due to a decline in P-rich ribosome 
content in phytoplankton as translation efficiency increases with 
temperature ( 21 ,  48 ). Yet temperature appears to have little or no 
effect on the variability of C:N in surface particulate matter across 
ocean regions ( 48 ) or in phytoplankton cultures ( 52 ). In contrast, 
N availability has a considerably larger impact on phytoplankton 
C:N ( 17   – 19 ,  52 ) that better corresponds to the magnitude of C:N 
variation observed along the gradient. To compare the stoichiometric 
variation that we observed in the North Pacific with the acclimation 
of phytoplankton to N availability, we measured elemental and mac-
romolecular composition in N-replete and N-starved batch cultures 

of the picocyanobacterium Prochlorococcus marinus  MED4, repre-
sentative of phytoplankton in the oligotrophic NPSG, and the pra-
sinophyte Ostreococcus tauri , which is representative of the 
picoeukaryote-dominated and nutrient-rich TZ regions. As with 
our field observations, the macromolecular composition of both 
cultured species accounted for the vast majority of their particulate 
C, N, and P content (89.6 ± 17%). The macromolecular allocation 
of C and N in the more productive NTZ region ( Fig. 3 A  and B  ) 
closely resembles that of both cultured species during N-replete 
(fast-growing) conditions (SI Appendix, Fig. S5 ). Likewise, C and 
N allocation in the oligotrophic NPSG is similar to that of both 
cultures during N-starvation (slow, or no-growth) except for the 
greater allocation of N to DNA in the NPSG ( Fig. 3B   and 
﻿SI Appendix, Fig. S5 ) that may reflect slower degradation of detrital 
DNA when compared to RNA or protein ( 57 ). These parallels in 
cell composition result in a similar macromolecular C:N between 
N-starved P. marinus  MED4 (9.4 ± 0.5) and the oligotrophic NPSG 
(9.9 ± 0.7) and between N-replete O. tauri  (6.6 ± 0.1%) and the 
nutrient-rich NTZ (7.1 ± 1%) ( Fig. 2B  ). While macromolecular 
C:P and N:P are also similar among the field samples and represent-
ative cultures ( Fig. 2 B  and C  ), the contributions of DNA and 
polyphosphate storage to these elemental ratios differ in all three 
instances ( Fig. 3C   and SI Appendix, Fig. S5 ). This variability and 
uncertainty in phytoplankton P content is also shown in our model 
predictions, which reproduced the observed trends in C:N, protein, 
carbohydrate, and lipid but were less accurate in predicting the con-
tributions of DNA, RNA, and polyphosphate (SI Appendix, Figs. S3 
and S4 ). These differences among observations and predictions of 
P allocation may reflect the lower P availability in the N-limited 
North Pacific compared to the cultures used in this study or those 
constraining the model ( 18 ,  53 ). These differences may also reflect 
the high phylogenetic variability in P content among phytoplankton 
( 5 ,  10 ,  11 ) particularly when growth is limited by N, but not P ( 55 ).

 Although living phytoplankton accounted for approximately a 
third of the biomass along the North Pacific gradient, the impact 
of the potentially similar amount of zooplankton biomass on the 
observed trend in particulate C:N should also be considered. Yet 
expected patterns in their relative contribution to particulate mat-
ter or the flexibility of their stoichiometry suggest that zooplankton 
are unlikely to drive the northward decline in C:N we observed. 
Metazoans that often dominate zooplankton (e.g. copepods) would 
likely contribute a consistently low C:N (~4.5 to 6) to particulate 
matter, even when the C:N of their prey is high ( 42 ,  58 ,  59 ). 
However, empirical allometric scaling across a wide range of marine 
environments suggests that the total zooplankton to phytoplankton 
biomass ratio (Z:P) would decline as phytoplankton productivity 
and biomass increase ( 46 ). These empirical relationships indicate 
that when moving northward from the NPSG to the more pro-
ductive NTZ region, the relative contribution of low C:N zoo-
plankton to sampled particulate material would decrease and thus 
be unlikely to cause the northward decline in particulate C:N. 
Heterotrophic protists within zooplankton communities have a 
more flexible C:N that is typically higher when prey is abundant 
and C reserves accumulate, and a lower C:N during starvation 
when C reserves are depleted ( 60 ,  61 ). Thus, heterotrophic protists 
would likely decrease C:N in the less-productive NPSG and 
increase C:N in the prey-rich NTZ ( 25 ), which opposes the 
observed trend in particulate C:N.

 In short, the observed variation in particulate C:N and its 
underlying macromolecular composition along the North Pacific 
gradient are consistent in direction and magnitude with physio-
logical acclimation of phytoplankton to nitrogen availability in 
an N-limited regime. The accompanying trends in phytoplankton 
community composition and expected elemental contribution of D
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zooplankton would likely drive an opposing trend, while other 
factors that affect phytoplankton acclimation (i.e. temperature 
and P availability) have little effect on particulate C:N ( 48 ,  52 ).  

The Dynamic Macromolecular Basis of Particulate P. Although 
we did not find a clear latitudinal trend in C:P or N:P along the 
North Pacific gradient (Fig. 3C), we observed a shift in the relative 
composition of P-rich macromolecules that may provide insight 
into the mechanisms affecting C:P and N:P in other regions or 
at larger scales. The northward shift from DNA to RNA and 
polyphosphate as the major sources of particulate P could be 
attributed to a difference in detrital turnover rates across the gradient 
since RNA and polyphosphate are more labile than DNA (57, 62). 
Another explanation for this latitudinal shift that is better supported 
by the available data is that it reflects phytoplankton responses to 
increasing growth rate and P availability. A relative increase in RNA-
rich biosynthetic components (i.e., ribosomes) would be expected 
as growth rates increase (23, 63) in the more productive TZ region. 
Similarly, the relative increase in polyphosphate could represent 
luxury uptake as P availability increases (16, 64). The northward 
decline in picocyanobacteria and increase in eukaryotes within 
the TZ could also contribute to spatial gradients in P allocation. 
Picocyanobacteria like Synechococcus have a lower RNA:DNA 
ratio that is less responsive to growth conditions (65, 66) when 
compared to eukaryotic phytoplankton (55), making the increase 
in RNA allocation along the transect consistent with the observed 
taxonomic shift. A shift to larger eukaryotic phytoplankton with 
a greater nutrient storage capacity (38) could also explain the 
northward increase in P allocation to polyphosphate storage. 
These corresponding trends in phytoplankton taxa, RNA, and 
polyphosphate provide a macromolecular basis for the hypothesis 
that global ocean patterns of C:P and N:P are driven by the 
biogeography of major phytoplankton taxa and their intrinsic 
differences in realized P storage and overall P content (3, 14).

Summary and Outlook. Our study gives strong support to the 
hypothesis that gyre- to basin-scale variations in the elemental 
(C:N:P) stoichiometry of surface ocean particulate matter 
corresponds to variations in six major classes of macromolecules: 
protein, carbohydrate, lipid, nucleic acids, polyphosphate, and 
pigment. Though our data span a major transition between 
subpolar and subtropical regimes and thousands of kilometers, 
future complementary datasets spanning other regimes would 
improve the quantitative link between particulate C:N:P and its 
biochemical basis. Similarly, the large-scale patterns we observed 
in C:N:P were superimposed on strong local variations that could 
not be compared to macromolecular measurements that were made 
less frequently. A corollary hypothesis is that the close relationship 
between elemental and macromolecular composition should hold 
across a range of spatial and temporal scales in the surface ocean, 
which could be investigated with a different sampling strategy. 
Our analysis indicated that nearly half of surface particulate matter 
consists of living phytoplankton as well as heterotrophic bacteria 
and protists, with the rest partitioned between zooplankton and 
detritus that originate from all of the above. The relative increase in 
protein and corresponding decline in C:N along the North Pacific 
gradient is unlikely to be driven by changes in phytoplankton 
community structure or the relative contribution of heterotrophs 
or detritus to particulate matter. Instead, the observed shift in 
C:N among ocean regions is consistent with the acclimation of 
phytoplankton to greater N supply and faster growth rates and 
is consistent with expectations based on laboratory cultures and 
empirically constrained models of phytoplankton acclimation. This 
provides a clear interpretation of the predominant basin-scale trend 

in particulate C:N:P in this region and support for acclimation-
based approaches in biogeochemical models. However, since 
phytoplankton directly account for only a third of the particulate 
matter sampled, this interpretation requires investigation. A more 
complete, quantitative partitioning of surface particulate matter 
into major trophic classes (phytoplankton, heterotrophic bacteria, 
zooplankton, and detritus) would be helpful. Characterizing the 
small portion of particulate matter that is not accounted for by 
major macromolecules would also help in understanding the drivers 
of surface particulate C:N:P patterns. In the meantime, acclimation 
models of macromolecular composition are a promising tool for 
predictive and mechanistic simulations of ocean particulate matter.

Materials and Methods

Elemental and Macromolecular Composition. Field data were collected 
between May 29th and June 12th, 2017 aboard the R/V Marcus G. Langseth 
following a latitudinal gradient along 158°W from ~25°N to a northernmost 
latitude of 42.38°N. Discrete samples for dissolved inorganic nutrients were col-
lected from an uncontaminated underway flow-through system with a seawater 
intake located at ~6 m depth near the bow of the vessel (n = 15) and on station 
via CTD-rosette (n = 15 samples from ~15 m depth). Seawater collected by the 
underway flow-through system passed through a coarse screen (~500 µm) while 
seawater from the CTD-rosette was collected via Tygon tubing with an in-line 202 
µm Nitex mesh. All samples were analyzed for nitrate plus nitrite (N + N) (67) and 
soluble reactive phosphorus (SRP, dominantly as phosphate) (68) using a seg-
mented flow SEAL AutoAnalyzer 3 (69). The average precision for N + N and SRP 
was 0.4% and 0.2%, respectively. Accuracy, determined using Wako CSK certified 
reference standard solutions, was within 2%. For low concentrations (<0.5 µM), 
N + N concentrations were determined with a high sensitivity chemiluminescent 
method (70) with a detection limit of 1 nM and a precision ranging between 0.4% 
at 1,000 nM and 7% at 2 nM.

Particulate elemental samples were collected on precombusted (4.5 h at 
450 °C) Whatman GF/F filters from the ship’s underway flow-through system 
using semiautomated filtration systems (SAFS) (71) and described in detail in 
Supporting Information. Particulate C and N were analyzed on a CHNS analyzer 
(Carlo Erba, model NA1500) using cystine as the primary standard. Particulate P 
was analyzed after combustion and extraction (72) via molybdenum blue spec-
trophotometry (67) and quantified using certified reference material (National 
Institute of Standards, NIST 1515). Sensitivity, accuracy, and additional details 
regarding particulate elemental analyses are provided in SI Appendix. Variation 
in the molar stoichiometry (C:N, C:P, N:P) of these particulate elements was 
compared among the previously defined regions within the transect (32–34): 
the NPSG as well as the southern and the northern regions of the North Pacific 
Transition Zone (STZ and NTZ, respectively) (Fig. 1). Particulate elemental ratios 
were compared between regions using a MANOVA (73) with Games-Howell 
tests used for multiple comparisons and their relationship with latitude was 
examined with Spearman’s rank correlation (73) due to uneven sample size and 
variance among regions. Macromolecular elemental ratios were not compared 
categorically between regions due to their small and uneven sample size, but 
their relationship with latitude was examined with a Pearson’s correlation (73).

Surface water samples for macromolecular content were collected from the 
ship’s underway flowthrough system between the hours of ~05:00 and 14:00 
local time at 12 stations. Vacuum filtration under gentle pressure (<18 kPa) and 
low light was used to collect samples for protein (in triplicate), carbohydrate, RNA, 
and DNA (in duplicate) on 47 mm polycarbonate filters with a 0.2 μm pore size 
(Whatman Nuclepore). Triplicate samples for lipid, polyphosphate, and chloro-
phyll a were collected in the same fashion except using precombusted (4 h at 
450 °C) 47 mm GF/F filters (Whatman). Both filter types have been shown to 
collect the smallest phytoplankton (i.e., Prochlorococcus) similarly (74), as well 
as ~50 to 90% of heterotrophic bacteria present (75, 76). Samples were imme-
diately frozen with liquid nitrogen and stored at −80 °C or on dry ice (during 
shipment) until analysis.

All macromolecule samples were freeze-dried prior to analysis. Protein sam-
ples were extracted by bead-milling in lysis buffer (77) and quantified with the 
Pierce BCA Protein assay (Thermo Fisher Scientific). Polyphosphate was extracted D
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with a neutral phenol/chloroform mixture followed by nuclease treatment to 
destroy RNA and DNA and then purified by ethanol precipitation (78). Purified 
polyphosphate was then enzymatically hydrolyzed with acid phosphatase (Sigma-
Aldrich, #P1146) (62) and quantified as orthophosphate (79). Chlorophyll a and 
divinyl-chlorophyll a were extracted in 90% acetone:DMSO (80) and measured 
with a Turner AU-10 fluorometer against a chlorophyll a standard (Sigma-Aldrich, 
#96145). Analyses of carbohydrate, lipid, RNA, and DNA were performed as 
described in Liefer et al. (55) with the exception that extracted carbohydrates 
were quantified with a modified phenol-sulfuric acid method (81). The elemen-
tal contents of measured macromolecules were calculated from their elemental 
stoichiometry, which was based on their single molecular structure (chlorophyll 
a, divinyl-chlorophyll a), on published mean values (carbohydrate, lipid, protein, 
nucleic acids), or measured directly in the case of P content in phospholipids and 
polyphosphate (see SI Appendix for full description of the elemental accounting 
in macromolecules).

Plankton Community Composition and Contribution to Particulate 
Matter. Samples for the abundance and biovolume of surface phytoplankton 
were collected with an underway flow-through system connected to two flow 
cytometers. Picophytoplankton (0.4 to 4 μm) were measured with a SeaFlow 
flow cytometer (82) and categorized as Prochlorococcus, Synechococcus, or 
picoeukaryotes based on fluorescence properties and equivalent spherical 
diameter estimated by Mie light-scattering theory (83). Phytoplankton and 
heterotrophic protists (4 to 100 μm in diameter) were enumerated with an 
Imaging FlowCytobot (IFCB; McLane Research Laboratories) and their bio-
volume was calculated from collected images using a known pixel:µm ratio 
and a distance map algorithm (84). Discrete samples for the abundance of 
surface heterotrophic bacteria were collected by CTD-rosette (n = 15 samples 
from ~15 m depth) from 30 to 42°N, fixed in glutaraldehyde (0.01% vol/vol), 
flash frozen, stained with SYBR Green I dye (Lonza Bioscience, #50513) and 
measured with an Influx flow cytometer (Becton-Dickinson) based on forward 
light scatter, SYBR Green I fluorescence, and lack of chlorophyll fluorescence. 
Estimated biovolumes from SeaFlow and IFCB samples were converted to cel-
lular carbon quotas based on empirical, group-specific allometric relationships 
(85), while a carbon quota of 10 fg C cell−1 was assumed for heterotrophic 
bacteria (86). Biomass estimates (as carbon) for plankton and particulate 
organic carbon (POC) were averaged in 1° latitude bins to estimate the bulk 
contribution of each planktonic group (% of total POC) to surface particulate 
matter (SI Appendix, Table S9). Additional discrete samples for picophytoplank-
ton (Prochlorococcus, Synechococcus, and picoeukaryotes) were collected on 
station via CTD-rosette (n = 15 samples from 15 m depth) and measured with 
an Influx flow cytometer, providing comparable measurements as those made 
with the SeaFlow. These discrete picophytoplankton measurements are shown 
in Fig. 1A to summarize overall community composition trends. A more detailed 
description of flow cytometry methods and group-specific biomass estimates 
are provided in SI Appendix.

Laboratory Phytoplankton Cultures. Axenic P. marinus MED4 (CCMP 2389) 
was obtained from the National Center for Marine Algae and Microbiota (NCMA) 
and O. tauri (OTH95, RCC745) was obtained from the Roscoff Culture Collection 
(RCC). Triplicate cultures of each strain were sampled during nutrient-replete, 
balanced exponential growth and during the onset of N-starvation. Culturing 
methods as well as sampling and analysis for particulate elements (C, N, and 

P) and macromolecules were the same as in Liefer et al. (55) with minor mod-
ifications for culturing of P. marinus MED4 and filter types used for sampling 
(SI Appendix).

Allocation Model. We modeled the macromolecular acclimation and allocation 
of phytoplankton (Fig. 4 and SI Appendix, Figs. S3 and S4) following Inomura 
et al. (53) with distinct model estimates for three cell size classes (0.5, 1.0, and 
3.0 µm) that are broadly representative of the overall phytoplankton community 
in the study area. Under N-limited conditions, all cellular C, N, and P are allocated 
to protein, carbohydrates, lipids, DNA, RNA, chlorophyll a, and polyphosphate, 
each with empirically fixed elemental composition. Protein is allocated among 
the functional pools of light harvesting, biosynthesis and a fixed “essential” pool 
and other macromolecular and protein allocation parameters are constrained by 
laboratory data (53) (SI Appendix). Inputs for the model are growth rate and light 
intensity. We estimated growth rates as the nitrogen-specific, nitrogen uptake 
rate, informed by empirical allometric relationships (87) and assumed that light 
intensity was saturating at 6 m depth and 12 h:12 h light: dark cycle. As an exten-
sion of the Inomura et al. model (53), we assumed phytoplankton polyphosphate 
content was equal to RNA content under N-limitation based on an empirical 
interpretation (64). Lipids and carbohydrates were treated as a single pool and, 
for the purposes of display, shown as equal in magnitude. We did not include the 
explicit representation of carbon in thylakoid phospholipids. Also, we assumed a 
constant C fraction of DNA 1.91 × 10−2 (molC molC−1) based on the P. marinus 
MED4 culture data from this study.

Data, Materials, and Software Availability. All particulate elemental and macro-
molecular data in this study are included in the article and in the SI Appendix. Field 
data for particulate elements (88), particulate macromolecules (89), and plankton 
community composition (90–92) have been deposited and are publicly accessible 
on Zenodo (http://Zenodo.org) and also available through the Simons Collaborative 
Marine Atlas Project (https://simonscmap.com), with dataset names provided in the 
SI Appendix.
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