nature geoscience

Article

https://doi.org/10.1038/s41561-025-01735-y

Global-scale shiftsin marine ecological
stoichiometry over the past 50 years

Received: 23 October 2024

Accepted: 30 May 2025

Published online: 3 July 2025

% Check for updates

JiLiu®'?, Hai Wang?, Juan Mou?, Josep Penuelas ® 34,

Manuel Delgado-Baquerizo®5, Adam C. Martiny ® ¢, Guiyao Zhou®°,

David A. Hutchins ®’, Keisuke Inomura®32, Michael W. Lomas®?,

Mojtaba Fakhraee ®°, Adam Pellegrini®", Tyler J. Kohler®,

Curtis A. Deutsch®", Noah Planavsky ® ', Brian Lapointe ®**, Yong Zhang ® ",
Yanyan Li'", Jiacong Zhou', Yixuan Zhang', Siyi Sun', Yong Li"’, Wei Zhang'®,

Junji Cao®" & Ji Chen®'8"°

The elemental stoichiometry of carbon (C), nitrogen (N) and phosphorus (P)
regulates marine biogeochemical cycles and underpins the Redfield ratio
paradigm. However, its global variability and response to environmental
change remain poorly constrained. Here we compile a global dataset of
56,031 plankton (particulate) and 388,515 seawater (dissolved) samples
from1971t02020, spanning surface to 1,000 m depth, to assess spatial

and temporal dynamics in marine C:N:P ratios. We show that planktonic
C:Pand N:P, and oceanic C:N and C:P ratios, consistently exceed Redfield
ratio throughout the study period, indicating widespread deviation from
canonical stoichiometry. Planktonic C:N and N:P ratios rose markedly in

the late twentieth century, followed by a decline, suggesting a progressive
alleviation of P limitation, probably driven by increased anthropogenic
Pinputs. Depth-resolved patterns show decreasing oceanic C:Nand C:P, and
increasing N:P ratios with depth, attributable to differential remineralization
and microbial nutrient cycling. Our findings highlight dynamic, non-static
stoichiometric patterns over decadal scales, offering critical observational
constraints for refining the representation of elemental cycling in
biogeochemical models and improving projections of marine ecosystem
responses to global change.

Marine carbon (C), nitrogen (N) and phosphorus (P) cycling plays a
fundamental role in global ecosystem processes'”. The elemental ratios
of C:N:P in plankton (particulate) and seawater (dissolved) are key
regulators of material transformation and energy flow in the marine™*.
Redfield’s seminal work revealed a remarkably consistent elemental
composition of marine organic matter, proposing the C:N:P molar ratio
0f105:15:1 as a product of marine biological activity"**. The average
molar ratios of C:N:Pin plankton (106:16:1) and ocean (1,017:15:1) have
become foundational in oceanography and marine ecology, offering
useful baselines and important insights into nutrient dynamics that
sustain marine life and drive global biogeochemical cycles®’.

However, recent environmental changes may have altered the pre-
sumed stability of these ratios® . The Redfield ratio, derived primarily
from North Atlantic observations, may not represent the full spatial
and temporal variability of global ocean stoichiometry. For example,
planktonic C:N:Pratios show significant latitudinal variationinfluenced
by trophic conditions, and regional studies have increasingly reported
deviations from the canonical Redfield ratio®°.

Moreover, the influence of seawater depth on stoichiometry is
underexplored at the global scale. Light availability and nutrient sup-
ply vary dramatically with depth, affecting ecological stoichiometry.
Inthe epipelagic zone, high light and low nutrient availability typically
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lead to elevated C:P and N:Pratios" . In the mesopelagic zone, where
lightis scarce and nutrients areredistributed viaremineralization and
advection, different patterns emerge”. Yet, a depth-resolved global
synthesis remains lacking.

Ecological stoichiometry in marine ecosystems is shaped by mul-
tiple factors, leading to complex temporal trends in C:N:P ratios'>'®.
Increased N and P inputs from atmospheric deposition and river-
ine fluxes, combined with the relatively constant rate of oceanic C
uptake, may contribute to areduction in oceanic C:N and C:P ratios"” ™"
(Extended DataFig.1). Conversely, rising carbon dioxide (CO,) concen-
trations could increase planktonic C:N and C:P ratios by enhancing C
utilization in marine organisms?>?. Furthermore, regional variations
innutrientavailability, in particular, increasing N and P inputsin Asia,
add another layer of complexity to these dynamics®. Climate-induced
changes such as ocean warming and stratification generally favour
higher planktonic C:Pratios, through enhanced C-mobilizing enzyme
activity and reduced ribosomal P demand®?**. Despite these potential
drivers, the factors influencing marine ecological stoichiometry often
actinopposingdirections, leaving the overall trajectory and magnitude
of changes in marine stoichiometry unresolved.

To address these gaps, we compiled an extensive dataset: 56,031
planktonic and 388,515 seawater samples collected globally from
1971 to 2020, across depths from the surface to 1,000 m (Fig. 1).
Our study aims to (1) quantify deviations from the Redfield ratio in
planktonic and oceanic stoichiometry, (2) identify potential tempo-
ral trends in planktonic and oceanic ecological stoichiometry and
(3) develop theoretical models to predict changes in planktonic and
oceanic ecological stoichiometry across seawater depths.

Shifts in the marine ecological stoichiometry

Our analysis reveals significant global deviations in marine C:N:P
stoichiometry from the Redfield ratio across all major ocean basins
and depth layers. Planktonic C:P (median 141:1) and N:P (21:1) ratios
markedly exceed the canonical Redfield ratios (106:1and 16:1), con-
sistent across both the epipelagic and mesopelagic zones (Table 1).
This deviationis consistently observed across both the epipelagic and
mesopelagiczones (Fig.2a) and across the four major oceans (Extended
Data Table 1). The dramatic increase in global P fluxes to the oceans,
driven largely by anthropogenic agriculture”, might suggest a corre-
spondingrisein P assimilation by phytoplankton. However, this is not
the case, and may be in part explained by the partial pressure of CO,
(pC0,) and rising ocean temperatures'*?°. Specifically, C and N load-
ing from humanactivities has surged over the past century—elements
that can be sourced from the atmosphere, while P relies primarily on
riverine inputs. Consequently, as pCO, levels rise, plankton can main-
tain their C and N balance through enhanced biological N, fixation,
contributing to the relative scarcity of P and, thereby, elevating the
planktonic C:P and N:P ratios® (Extended Data Fig. 1). Furthermore,
global warming-induced ocean stratification has reduced vertical
mixing, limited nutrient transport and further contributed to C-rich
conditions??*%, which elevates the C:P ratio. The shift towards more
C-rich planktonic communities has significant implications for the
marine food-web structure. Higher C content in primary producers
may reduce the availability of P and N for grazers, particularly those
with high P and N demands, such as metazoans'¢. This imbalance
coulddisrupt trophicinteractions and reduce the efficiency of energy
transfer across food webs™. In addition, the nonlinear effects of rising
CO, further complicate these dynamics; the risein ocean temperature
can boost respiratory outputs, potentially offsetting the impact of
enhanced C fixation and creating a complex feedback loop in marine
stoichiometry?.

Interestingly, the planktonic C:N ratio at depths of 0-1,000 m
(6.55:1) closely aligns with the Redfield ratio (6.63:1) (Table 1).
This alignment persists across both the epipelagic and mesopelagic
zones (Table 1 and Fig. 2a), as well as across the four major oceans

(Extended Data Table 1). Despite significant increases in atmospheric
CO, concentrations since the Industrial Revolution, the global plank-
tonic C:Nratio has remained remarkably stable. Some studies have sug-
gested thatincreased atmospheric CO, concentrations could enhance
oceanic C assimilation through photosynthesis and physical uptake,
potentially increasing the planktonic C:N ratio’. For example, ina
25-day large-scale mesocosm experiment in Norway, the uptake of
inorganic C by planktonincreased by 39% after the CO, concentration
wasincreased to1,050 ppm, and the planktonic C:N ratio could reach
7.5-8.25 (ref. 29). However, our findings suggest that plankton may
adjust their metabolism or alter their species composition to adapt to
the new environment, such as by increasing biological N, fixation from
the atmosphere®, thereby maintaining a relatively stable C:N ratio.

Global oceanic C:N (165:1) and C:P (1919:1) ratios at depths of
0-1,000 m significantly exceed the Redfield ratio by factors of 2.43
and1.89, respectively (Table 1). These findings support the hypothesis
that rising CO, levels can elevate oceanic C:N and C:P ratios, contrib-
uting to a C-rich epoch in the ocean®. Moreover, our analysis reveals
anexponential decrease in oceanic C:N and C:P ratios with increasing
seawater depth (Fig. 3). In the epipelagic zone, the increases in N and
P concentrations (AN and AP, where A denotes changes in elemental
stoichiometry with depth relative to surface seawater) are 29 and 57
times greater, respectively, compared with that of C concentration
(AC). This trend is even more pronounced in the mesopelagic zone,
where AN and AP exceed AC by 61- and 91-fold, respectively (Fig. 3a).
These asynchronous changes in N and P concentrations also increase
the oceanic N:P ratio with increasing seawater depth (Fig. 3b).

Adecreaseinoceanic C:Nand C:Pratios with depthwas observed,
despiteincreasing concentrations of C, Nand P (Fig. 3). This phenom-
enon canbe attributed to changesin remineralization processes, par-
ticle settling kinetics and microbial activity as depth increases. As
organic matter sinks through the water column, it undergoes microbial
decomposition, releasing C predominantly as volatile CO,. This dif-
fuses out of the water column more rapidly than N and P, which are
released as dissolved inorganic forms such as nitrate and phosphate?.
In the mesopelagic zone, light availability is severely limited, leading
to a near-complete absence of photosynthesis”. Consequently, only
chemoautotrophic organisms, such as nitrifying archaea and bacteria,
contribute to minimal levels of C fixation®. In this zone, microbial
remineralization processes are slower for N and P compared with C,
with N and P being converted to inorganic forms at a much slower
rate®. This results in the relative accumulation of N and P, leading
to higher concentrations of N and P relative to C as depth increases.
In addition, the composition of bacterial communities shifts with
depth: photosynthetic bacteriadominate in the epipelagic zone, while
heterotrophic bacteria, which tend to have higher P quotas, become
more abundantinthe mesopelagiczone. These heterotrophicbacteria
contribute to enhanced respiration, consuming more C and, thus, fur-
ther reducing the C:P ratio®. Moreover, the fraction of detrital C-rich
particles increases with depth, and their slower remineralization in
deeper waters probably amplifies the relative scarcity of C compared
withNandP.

TheoceanicN:Pratioincreases with depth, primarily due to differ-
ential remineralization rates and microbial activity (Fig. 3). As organic
matter descends through the water column, it undergoes microbial
decomposition, releasing dissolved inorganic nutrients such as nitrate
and phosphate. Pis generally remineralized more efficiently and rap-
idly than N, resulting inrelatively higher P concentrations at shallower
depths and lower concentrations at greater depths*. Moreover, as
oxygen levels decrease with depth, denitrifying bacteriareduce nitrate
to N gas, further decreasing the available N pool in deep waters. This
process further elevates the relative abundance of P, contributing to
the observed trend of increasing N:P ratios with depth®.

In contrast to the significant variability observed in oceanic C:N:P
ratio with increasing seawater depth, planktonic C:N:P ratios remain
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Fig.1| Global marine ecological stoichiometry patterns. a-c, Spatial (a),
temporal (b) and ecological stoichiometry (c) patterns of globally sampled
plankton and oceans. Sampling depths were divided into two intervals:
epipelagic (0 m < depth <200 m) and mesopelagic (200 m < depth <1,000 m).
The delineation of marine regions adhered to categorizations defined by the
International Hydrographic Organization and the Flanders Marine Institute
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(https://www.marineregions.org/): (1) North Pacific Ocean, (2) South Pacific
Ocean, (3) North Atlantic Ocean, (4) South Atlantic Ocean, (5) Mediterranean
Region, (6) Southern Ocean, (7) Arctic Ocean, (8) South China and Eastern
Archipelagic Seas and (9) Indian Ocean. ‘e’ refers to the base of the natural
logarithm, anirrational number approximately equal to 2.71828. The utilized
datasetis delineated in Supplementary Table 1.
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Table 1| A summary of the ecological stoichiometric ratio for plankton and ocean globally across different depth ranges

Depth(m) Seawater analyses C:N (molar ratio)

C:P (molar ratio) N:P (molar ratio)

Values (95%Cl) Redfieldratio P

Values (95% Cl)

Redfieldratio P Values (95% Cl) Redfieldratio P

0-200 Plankton 6.53(6.51-6.54) 6.63 141 (140-142) 106 ***20.8(20.6-21.0) 16.0 bl
Ocean 231(228-234) 67.8 *** 3,314(3,286-3,340) 1,017 *** 126 (12.5-12.6) 15.0 o

Biological activity =~ 5.83(5.80-5.86) 7.00 *** - 91.6(911-92.0) 105 ***12.5(12.5-12.5) 15.0 E

200-1,000 Plankton 7.07 (6.97-717) 6.63 127 (M7-136) 106 *** o 22.3(201-25.0) 16.0 x
Ocean 103 (101-104) 67.8 1172 (1,167-1179) 1,017 o 14.2(14.2-14.3) 15.0 x

Biological activity ~ 6.19 (6.17-6.22) 7.00 ***  85.2(85.0-85.4) 105 ***14.0(14.0-14.0) 15.0 b

0-1,000  Plankton 6.55(6.54-6.57) 6.63 *** o 141(140-142) 106 *** 20.8(20.6-21.0) 16.0 o
Ocean 165 (164-166) 67.8 ***1,919 (1,909-1,929) 1,017 ***18.7(13.6-13.7) 15.0 o

Biological activity ~ 6.33(6.31-6.35)  7.00 *** 97.4(971-97.6) 105 ***13.3(18.3-13.3) 150 Hx

The values for plankton and ocean are the median of the elemental ratios. The value for biological activity is the slope of the fit representing the ratio of changes in elemental concentrations
due to biological activity. Values in parentheses are 95% confidence intervals (Cl). The Wilcoxon rank-sum test (two-sided) was used for statistical testing, with computational details for

confidence intervals and P provided in the Methods. ***P<0.001.

remarkably stable (Fig. 3 and Extended Data Fig. 2). Plankton achieve
this stability throughintricate physiological adjustments that compen-
sate for the large variations in light and nutrient availability encoun-
tered with depth. Phytoplankton, being more flexible, can adjust their
internal stoichiometric contentin response to changing environmental
conditions. By contrast, zooplankton, while capable of adjusting their
stoichiometric composition to some extent, are generally less flexible
than phytoplankton®*. Furthermore, zooplankton often migrate ver-
tically in response to environmental changes, which influences their
exposure to different nutrient and light conditions. These organisms
optimize light energy utilization by modulating the synthesis of photo-
synthetic proteins and pigments in response to low-light conditions™.
Moreover, nutrient storage and utilization are tightly regulated: under
N scarcity, plankton increase carbohydrate and lipid storage, while
in P-limited environments, they reduce ribonucleic acid synthesis to
conserve P (ref.36). Adaptations in cell size and morphology also play
a critical role, with smaller cells predominating in nutrient-rich shal-
low waters and larger cells more common in deeper, nutrient-scarce
zones?. Moreover, plankton adjust their metabolic pathways and real-
locate biochemical components in response to nutrient availability,
thus ensuring efficient resource use®. These physiological strategies
arefurther reinforced by the regulation of gene expression and enzyme
activities, optimizing photosynthesis and nutrient metabolism across
varying environmental conditions”. Collectively, these adjustments
enable plankton tomaintainastable C:N:Pratio across different depths,
facilitating their survivaland growth in diverse marine environments.

Temporal dynamics for marine ecological
stoichiometry

Contrary to existing paradigms, our analyses further indicate that
global marine ecological stoichiometry changes over time rather than
remaining static (Fig. 4). Planktonic C:P and N:P ratios showed signifi-
canttemporal fluctuations, increasing steadily from 1970 to 2007, and
converging towards median values of C:P (141:1) and N:P (21:1) observed
in the epipelagic zone (Fig. 4a). This temporal trend is particularly
evidentinthe Pacificand Atlantic Oceans, although alack of sufficient
time-series data limits the analysis in the Indian and Arctic Oceans
(Extended DataFigs.3-6). Theincreasing C:P and N:P ratios suggesta
trend towards P limitation, probably driven by adaptations to elevated
pCO, levels, which enhance C assimilation and stimulate biological N,
fixation, thus maintaining the balance of C and N while exacerbating
P limitation®. The relatively limited availability of P from terrestrial
sources, in contrast to the more abundant atmospheric sources of C
and N, further contributes to the rising planktonic C:P and N:P ratios,
particularly in the presence of sufficient micronutrients such asiron®.

Inthe early twenty-first century, however, planktonic C:P and N:P
ratios exhibited a declining trend (Fig. 4a). The intensification of soil
erosion and weathering, exacerbated by increased tillage and climate
warming, hasled to higher annualinputs of Pfrom terrestrial to marine
systems, alleviating P limitation”?®, Integrated modelling studies
also project adecline in the inorganic N:P ratio of terrestrial inputs to
the ocean, with predictions suggesting changes in these inputs could
range from —-2% to 9% for N and 37% to 57% for P between 2000 and
2050 (ref. 39). Recent observational data corroborate these findings,
indicating increased P inputs from the Amazon River to the Atlantic
Ocean, which have alleviated P limitation in the tropical Atlantic and
Caribbean Sea, contributing to the formation of Sargassum blooms
since 2011 (refs.40,41). These findings suggest that the rising terrestrial
Pinputs to the ocean in the early twenty-first century may alleviate P
limitation in plankton, potentially leading to declines in planktonic
C:Pand N:Pratios.

While previous biogeochemical models predict an increase in
phytoplankton P limitation, our observations of a decline in plank-
tonic C:P and N:P ratios between 2007 and 2020 present a potential
conflict*. One possible explanation for this discrepancy is that models
may underestimate P inputs or fail to incorporate the full range of
environmental factorsinfluencing nutrient cycling. These models typi-
cally assume consistent nutrient availability and fixed stoichiometry,
butreal-world variations in nutrientloading, atmospheric deposition
and the complex dynamics of climate change may lead to different out-
comes. Our findings suggest that the P limitation hypothesis may need
to be revisited, especially when considering the multifaceted nature
of marine biogeochemical processes. A more recent model** shows
that the Pis rarely limited, at least primarily, in the ocean, consistent
with the compiled observations**. As a result, the P storage capacity
of individual taxon has asubstantialimpact on planktonic C:P and N:P
ratios*. At the same time, C:P and N:P ratios may also be impacted by
the dissolved P concentration, especially when the concentration is
low*. Thus, the combination of change in oceanic P concentrationand
community shift at the observed locations could explain the temporal
shiftin C:Pand N:Pratios. Evenif the oceanic P concentrationincreases,
this effect on the planktonic C:P and N:P could be overwhelmed by that
of the community shift.

The exception is the global planktonic C:N ratio, which shows
no significant temporal trend from 1970 to 2020 in either the epipe-
lagic or mesopelagic zones (Fig. 4a). The homeostasis observedinthe
planktonic C:N ratio supports the hypothesis that plankton are capable
of maintaining a stable C and N balance through metabolic regula-
tion®. This homeostasis, evident across large spatial and temporal
scales, indicates a strong resilience to environmental perturbations.
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Fig.2|Distributions of C, N and P concentrations in planktonic and oceanic
environments. a,b, Planktonic (a, n = 56,031, particulate) and oceanic

(b, n=388,515, dissolved) concentrations of C, N and P. The dashed black lines
indicate the Redfield ratio (a,106:16:1) and changes due to biological activity
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M, median; S, slope; n, sample size.

Although the oceanic C:N ratio remains higher than the Redfield
ratio, it has shown relative stability since the early twenty-first cen-
tury (Fig. 4b). This suggests that plankton actively regulate their C:N

ratio in response to elevated atmospheric pCO, levels by modulating
growth and metabolic processes, thereby contributing to the overall
stability of marine ecological stoichiometry. Through photosynthesis
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Fig. 3 | Depth-related changes in oceanic concentrations and stoichiometric
ratios of C, NandP. a,b, Trends in the oceanic concentrations (a) and ecological
stoichiometries (b) of C, N and P with different seawater depths. A represents the
amount of change in the oceanic C, N and P concentrations at different seawater
depths relative to that of the surface water. Predictor variables (C, Nand P) plus
lowercase O represent the mean value of the predictor variable at the seawater
surface. Predictor variables (C:N, C:P, N:P) plus lowercase O represent the median

value of the predictor variable at the seawater surface. The solid lines and
shading area represent the mean for AC, AN and AP or median for AC:N, AC:P,
and AN:P and 95% confidence intervals of the predictor variables, respectively.
Predictor variables divided by depth represent the change coefficient of

the predictor variables with increasing seawater depth in the epipelagic and
mesopelagic zones. **P < 0.001.

and trophic interactions, plankton effectively manage their C:N ratio
in C-enriched marine environments®. These processes involve the
transformation of CO, and N into fixed proportions of organic C and
N, reflecting the plankton’sinherent stoichiometric ratio'. The organic
C and N synthesized in plankton biomass are subsequently released
through growth and decay cycles, maintaining the overall C:Nratioin
the marine ecosysteminastablestate®. Also, arecent globalmodel with
phytoplankton physiology suggests that planktonic C:Nratiois largely
controlled by phytoplankton’s physiological acclimation to environ-
mentespecially the NO;” concentration and light intensity*, aswell as
temperature®, as these factors affect the ratio of N-rich protein to C

in the cell?”**¢, The stability of the planktonic C:N ratio may indicate
relative stability in these factors, or changesin these factors cancelling
eachother atthe observed locations.

Uncertainties

Despite the robustness of our findings, several limitations should
be acknowledged. First, the resolution of global marine C:N:P ratios
is constrained by uneven sampling coverage, especially in mes-
opelagic zones at high latitudes. This spatial bias may underrep-
resent certain regional or seasonal variations in stoichiometry**5,
Second, our large-scale analysis may overlook microscale ecological
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Fig. 4| Temporal variation in marine ecological stoichiometric ratios

over the past five decades. a,b, Temporal trends in planktonic (a, n = 56,031,
particulate) and oceanic (b, n = 388,515, dissolved) ecological stoichiometry.
The boxplot represents the distribution of data for all years from 1970 to 2020.
For the boxplot, the straight line in the centre represents the median, or second
quartile (Q2), the top edge of the box represents the third quartile (Q3) and the
bottom edge of the box represents the first quartile (Q1). The dashed black and
blue lines represent the Redfield ratio and the ecological stoichiometric ratio
established in this study, respectively. The error bars represent the mean and

standard deviation of the stoichiometric ratios for each year. The significance of
the non-zero coefficients in the segmented model fitting is evaluated through

atwo-tailed t-test. If P> 0.05, it indicates that there is no obvious trend of

change in the stoichiometric ratio over time. The shaded area of the fitted line
represents the 95% confidence interval of the predicted values. The shaded area
atthe segmentation point represents the uncertainty of the time breakpoints,
whichis derived from the standard deviation of the breakpoint estimates across
iterations based on resampling. *P < 0.05, **P < 0.01, ***P < 0.001.
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vary across spatial scales and over time. The curves showing stoichiometric
ratio changes with ocean depth are adapted from Fig. 3, while those reflecting
temporal variations are based on Fig. 4.

processes—such as algal blooms, pollution events or community
composition shifts—that significantlyimpact local elemental ratios®.
Third, although we assessed long-term patterns, the potential influ-
ence of instrumental changes remains a concern. For instance, the
Hawaii Ocean Time-series (HOT) reported a notable shift in plank-
tonic P measurements after a 2011 equipment update®®°'. However,
sensitivity tests excluding HOT and Bermuda Atlantic Time-series
Study (BATS) data still reproduced consistent C:P and N:P trends,
supporting the overall robustness of our results. Lastly, the drivers of
stoichiometric shifts remain complex. While our analyses emphasize
pCO,, nutrient inputs and stratification, other variables—such as
temperature, iron and bioactive metals—also play significant roles
but are difficult to quantify due to limited historical data'*">*>,
Future studies should incorporate datasets such as GEOTRACES to
explore theinfluence of trace metals on particle stoichiometry more
comprehensively®.

Conclusions

Our study reveals substantial global deviations from the classical
Redfield ratios, with marine C:N:P stoichiometry varying markedly
across depth and time (Fig. 5). These findings underscore the dynamic,
non-static nature of marine elemental ratios, emphasizing the need
for next-generation biogeochemical models that incorporate spa-
tial heterogeneity, flexible stoichiometry and temporal feedbacks.
Understanding such variability is crucial for predicting how marine
ecosystems will respond to accelerating global change.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41561-025-01735-y.
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Methods

Planktonic and oceanic ecological stoichiometries

We integrated data encompassing samples of plankton (n =56,031)
and ocean (n = 388,515) from depths ranging from 0 to 1,000 m to
determine variations in marine ecological stoichiometry*>*"**% (Fig.1
and Supplementary Table1). The calculation of planktonic ecological
stoichiometry used particulate organic carbon, particulate organic
nitrogen and particulate organic phosphorus as indicators. Due to
the difficulty in distinguishing living from dead plankton in practical
applications, the ecological stoichiometry of plankton is referred
to as ‘particulate state’ without further differentiation. For oceanic
ecological stoichiometry, dissolved inorganic carbon, dissolved inor-
ganic nitrate plus nitrite, and dissolved inorganic phosphate were
utilized. These measurements follow globally standard protocols,
where seawater particles are collected on glass fibre filters (Whatman
GF/F,nominal 0.7 pm pore size) and analysed using a combustion gas
chromatography-infrared spectroscopy elemental analyser°.

Adopting Redfield’s statistical framework, we calculated plank-
tonic and oceanic ecological stoichiometry ratio using median values
of C:N:P, while biological activity ratio was derived from the slopes of
least-squares fitted equations correlating C, N and P molar concen-
trations” (Fig. 2). Notably, Redfield did not specify the intercepts for
these fitting equations; therefore, in our analysis, we used the slope of
the best-fit least-squares equation to ascertain the biological activity
ratio. Biological activity refers to the dynamic regulation of oceanic
chemical composition through marine organisms’ life processes (for
example, nutrient assimilation, metabolic excretion and organic mat-
ter decomposition).

Considering the huge volume and high degree of overlap of plank-
tonic and oceanic samples, to visualize the distribution of C:N:P ratio
across the epipelagic (0-200 m) and mesopelagic (201-1,000 m)
zones, we used the R package ‘Hexbin’ to present the distribution
patterns of the samples in the form of density maps. We divided the
concentration range of oceanic C, N and P concentration into 50 x 50
hexagonal cells, with each hexagon representing a specific region. The
density of these regionsisreflected by the number of data points within
each hexagon. The calculation formulais

Count;
Total ’

Density = 1)
where Count;represents the number of sample points within the con-
centration range of the ith hexagonal cell and Total represents the total
number of sample points. By observing the colour variations across
different regions, one can intuitively understand the distribution
characteristics of C, Nand P concentration combinations and identify
hotspots or sparse areas within the dataset.

To assess whether the Redfield ratio significantly differs fromthe
ecological stoichiometricratio established in this study, we computed
confidence intervals for the medians to evaluate the variability of
marine ecological stoichiometry relative to the Redfield ratio. We used
anon-parametric approach®®to estimate the confidence interval for the
population median, using the following formulas (Table 1, Extended
Data Table1and Supplementary Fig. 3):

Jj=nq—-zynq(1-q) 2)
Jj=ng+zynq(1-q), 3)

where nrepresents the sample size, g represents the quantile ofinterest
and zrepresents the critical value. For the median, we use g = 0.5. For
a95% confidence level, we use z=1.96.j and k represent the positions
of the lower and upper bounds of the confidence interval. We roundj
and kup tointeger. Theresulting confidence interval lies between the
Jjthand kth observationsin the ordered sample data.
For the P values of differences between current stoichiometric
ratio (1970-2020) and Redfield ratio, we used the Wilcoxon rank-sum

test (also known as the Mann-Whitney U test)*”*® (Table 1, Extended
DataTable1and Supplementary Fig.3). Observations from both groups
(group A and group B) were combined and sorted in ascending order.
Each observation was assigned arank. Inthe case of ties (that is, identi-
calvalues), the average rank was assigned. The sum of ranks was calcu-
lated separately for each group, denoted asR, (group A) and R, (group
B). Thetest statistic Uwas computed on the basis of the rank sums using

ny(n; +1)

U=
nn; + 2

—Ry, 4)
where n, and n, are the sample sizes of the two groups, and R, is the
rank sum of group A. The Pvalue was derived from the U statistic and
sample sizes, either by referencing a statistical table (for small sam-
ples) or using anormal approximation (for large samples). The Pvalue
represents the probability of observing the calculated U (or amore
extreme value) under the null hypothesis that the medians of the two
groups are equal. The test was implemented using the Wilcox.test
function in R. This method is advantageous as it does not require the
assumption of normality and is robust to outliers, making it suitable
for non-parametric comparisons.

Dueto the significant variationin ecological stoichiometric ratio
observedinthe epipelagic zone, we further calculated the medianval-
ues oftheseratios at 10-mintervals from O m to100 mto better under-
stand the changes at these depths. We also used Dunn’s Kruskal-Wallis
method to assess the significant variability of oceanic ecological stoi-
chiometry ratio across different water depths (Supplementary Fig. 4).

Vertical trends in oceanic ecological stoichiometry

In our analyses, we observed notable depth variability in the oceanic
ecological stoichiometry, while such variability was less pronounced
in planktonic ecological stoichiometry (Fig. 3 and Extended Data
Fig. 2). To explore these depth-dependent variations in the molar
concentrations and ratios of C, N and P, we applied a power function
and exponential function to model the trends in oceanic ecological
stoichiometry as a function of depth. The relative changes (A) in the
concentrations and ratios of C, N and P with increasing depth were
calculated using

C (NP~ Co (NoiPo)

1
Co (NoiPo) 00 ®

AC (AN;AP) =

AC : N(AC : P;,AN : P)

_CiNEC:PN:P)—C:No(C:PoN:P) o (6)
- C:No(C:PyN: Py ’

where C, N and P denote the oceanic concentrations of carbon, nitro-
gen and phosphorus (umol kg™), respectively, and C,, Ny and P, rep-
resent the concentrations of C, N and P in the surface seawater (O m),
respectively. C:N, C:Pand N:P denote the oceanic molar ratio of carbon,
nitrogenand phosphorus (mol mol™),and C:N,, C:P,and N:P, represent
the molarratio of C:N, C:Pand N:Pin the surface seawater (0 m), respec-
tively. The baseline values are C,=1,982 + 71 (umol kg ’; mean £s.d.),
No=4.94 + 6.43 (umol kg™; mean £s.d.), P, = 0.222 + 0.374 (umol kg %;
mean *s.d.), C:N,=1,050 +1,391 (mol mol™; median + median absolute
deviation (MAD), C:P,=23,974 + 30,720 (mol mol™; median + MAD),
N:P,=9.8 + 4.83 (mol mol™; median + MAD). Thes.d. s the square root
of the average degree of deviation of data from the mean, reflecting
the volatility of data around the mean. The MAD is the median of the
absolute deviations of data from the median, reflecting the volatility
of dataaround the median.

MAD = median (|x; — median|), @

where x; represents the ith observation in the dataset. We utilized
the ‘plot3D’ package to visualize the vertical variability of oceanic
and planktonic C, N and P concentrations and their stoichiometric
ratiosacrossthe 0-1,000 mdepthgradient (Fig. 3 and Supplementary
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Fig.5). Incorporating key biogeochemical processes into the analysis
of marine ecological stoichiometry enables a spatially explicit under-
standing of how these processes drive stoichiometric heterogeneity.

Temporal trends in the planktonic and oceanic ecological
stoichiometries
We analysed the ecological stoichiometric ratio of C,Nand Pacross 11
global marine regions within a calendar year, utilizing area-weighted
averages to assess global marine ecological stoichiometry. This
methodology helps to mitigate the uncertainty in global assessments
caused by sampling biases, which may occur due to the concentration
of sampling efforts in a limited number of regions during certain
years. Toaddress this, we partitioned the global seasinto several areas
based on classifications provided by the International Hydrographic
Organization and the Flanders Marine Institute. These areas include
the Arctic Ocean, the North and South Atlantic Oceans, the North
and South Pacific Oceans, the Southern Ocean, the Indian Ocean,
the Baltic Sea, the Mediterranean Region, and the South China and
Eastern Archipelagic Seas (source: https://www.marineregions.org/)
(Supplementary Fig.1).

Weighted averages were used to calculate the global stoichio-
metric ratio, factoring in the total oceanic area represented by these
regions. The calculations were conducted using

n
X=X x —nrea ®
i=1 Ej:l Areaj
1 Area;
Var(X) =Y | Var(X) x ——— |, 9)
i=1 Zj:l Areaj

where X represents the mean stoichiometric ratio, Var(X) represents
the variance of the stoichiometric ratio, (i, /) represents the sea area
where samples were collected, n represents the number of sea areas
covered by all sampling points in a year, and we mark the sea areas as
1,2,3...n) (Fig.1).

To assess changes in marine ecological stoichiometry from1971to
2020, we utilized the ‘segmented’ package in R (ref. 59). This analysis
identified breakpoints in linear fits, serving as threshold years that
indicate potential shifts in marine ecological stoichiometry (Fig. 4,
Extended DataFigs.3-6 and Supplementary Figs. 6-14). The 95% confi-
denceintervals for thefitted lines and breakpoints were calculated and
visualized as shaded areas. In cases where relationships between vari-
ables were not statistically significant, visual smoothing was applied
using the loess function to elucidate underlying patterns.

Furthermore, boxplots were incorporated into temporal trend
plots tocompare differences between planktonic and oceanic ecologi-
cal stoichiometry relative to the Redfield ratio over the study period
(Fig. 4). In these boxplots, the central line represents the median or
second quartile, offering a robust measure of central tendency. The
top and bottom edges of the box denote the third and first quartiles,
representing the upper and lower 25% of the data, respectively. This
graphical representation aids inillustrating the distribution and vari-
ability of ecological stoichiometry over time.

Data availability

The datasets generated and analysed during the current study are
available viafigshare at https://doi.org/10.6084/m9.figshare.27282792
(ref. 60).
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Extended Data Fig. 1| Fluxes of carbon (C), nitrogen (N), and phosphorus (P) in
atmospheric inputs to the surface versus surface returns to the atmosphere
from 1971t0 2000 (a) and 2001 t0 2020 (b). The data on the global Ccycle are
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from Reay et al.®, Graber et al.®?, and Friedlingstein et al.”’. The data on the global
Nare from Galloway etal.®’, Zhang et al.**, and Ackerman et al.". The data on the
global P cycle are from Wang et al..

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-025-01735-y

2 AC (%) AN (%) AP (%)
-200 0 200 400 -200 0 200 400 -200 200 400
0 N Co = 22.3 pmol L " No = 3.03 pmol L P, = 0.085 pmol L
AN _ P _
Dopth = 0373 Dopth = -0-415
200 [ aeee— | |
400 :
é — I
< P
5 ; i
- _AC_ _ - AN _ _AP _
600 Dogt: = 00166 g Depth= 0:0190 Dopth ™ -0.0431
- -
800 Eh
y = 166x°22- 111 y = 189x021 - 115 y = 88100 841
R? = 0.0907** R2=0.109%** R?=0.332%*
n = 55977 Z n=56695 | |..___ e n=18139
10007 - - - - - e I e
b AC:N (%) AC:P (%) AN:P (%)
0 300 600 900 -150 0 150 300 0 200 400
0 C:Ng = 7.11 mol mol" i1 C:Po=188 mol mol-1 1 N:P, = 22.5 mol mol-1
ACN _ i\ ACP _ AN:P _
Desth = 00755 . Dopth = 0127 Dopth = 00367
20017451 [~ 555] 735
400 '
3 :
< ]
s I
a i AC:P
600 ! Deoth = 0.0679 0.0456
800
y = _574 e—D 00642x 4 31 y = 0373 60.0051)( - 265 y = _67 e-0.00194x + 528
R? = 0.0494** R?=0.0245 R?=0.0589**
h = 55445 n = 13440 n = 13770
10007 ----= 30.1

Extended Data Fig. 2| Trends in the planktonic concentrations (a) and
stoichiometries (b) of carbon (C), nitrogen (N) and phosphorus (P) at different
seawater depths. A represents the amount of change in the planktonic C, N,

and P concentrations at different seawater depths relative to that of the surface
water. Predictor variables (C, N, P) plus lowercase O represent the mean value

of the predictor variable at the seawater surface. Predictor variables (C:N, C:P,

N:P) plus lowercase O represent the median value of the predictor variable at the
seawater surface. The solid lines and shading area represent the mean for AC, AN,
and AP or median for AC:N, AC:P, and AN:P and 95% confidence intervals of the
predictor variables, respectively. Predictor variables divided by depth represent
the change coefficient of the predictor variables with increasing seawater depth
inthe epipelagic and mesopelagic zones. ***, p < 0.001.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Temporal trends in planktonic (a, n = 28135) and
oceanic (b, n = 177487) ecological stoichiometry of the Pacific Ocean.
Theboxplot represents the distribution of data for all years from 1970 to0 2020.
For the boxplot, the straight line in the center represents the median, or 2nd
quartile (Q2), the top edge of the box represents the 3rd quartile (Q3), and the
bottom edge of the box represents the 1st quartile (Q1). The black and blue
dashed lines represent the Redfield ratio and the ecological stoichiometric ratio
established in this study, respectively. The error bars represent the mean and

standard deviation of the stoichiometric ratios for each year. The significance of
the non-zero coefficients in the segmented model fitting is evaluated through
atwo-tailed t-test. If p > 0.05, itindicates that there is no obvious trend of
change in the stoichiometric ratio over time. The shaded area of the fitted line
represents the 95% confidence interval of the predicted values. The shaded area
atthe segmentation point represents the uncertainty of the time breakpoints,
whichis derived from the standard deviation of the breakpoint estimates across
iterations based on resampling. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-025-01735-y

Atlantic Ocean

a
De%ﬂj (m) b
NN o p=074 | 3% Slope = 101 Slope = -435
RS R =0.06 R? = 0.50"*
~cD
20 15000
10 ! }H 1 m m 0
—~ 6.7 pm 0 elo-----"7 7T M llede I 0eel [e- 1 - -~
- PG e S S e !
° 6.6 % *e { % % -
€
200{ & 0 -15000
% p=033 | °°
O
400
16
} 200
8{.72 } { ‘ :
21 il - % """ 0
1000- 0 -200
O -
= Slope = -1545 Slope = 495
600 p=0.06 100000 R =0.40* | { R2=0.11
400 50000 { W
‘ f‘JQZJﬁ F
‘TAzOO 154 - _% 3 { :}H o1z [ 7 I
g [T Brroers-- TI717787°
2004 E 0 -50000
o p=0.06
(5400 } 8000
ol M
01108 1 ,"f 4000
T 1773 1
-400 ofiorz T[T T
1000d 800 -4000
07 10 Slope = 0.77 Slope = -1.24 24 p=0.89
R? = 0.34* | R2=048
I
100 !
; 1615 L _ |4 o
[ R
50 ol
5 _?i% F f\\u s
_ F - - -—— = —*— - R
S o[ E 1
2004 g ,—2007 0
Q120 = 25 _
Ex p=0.89 p=0.05
80 l _ 2
40 ] % 5 f i M H ”
22 | :'_" ______ ¢ o _ ]
_'_"_ _____________ }_\_ - ;*_ _________ s 15 = i ? {% {}H
16 § ;
0
1000+ 10
1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020
Year Year

Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4| Temporal trends in planktonic (a,n = 23788) and
oceanic (b, n = 105541) ecological stoichiometry of the Atlantic Ocean.
Theboxplot represents the distribution of data for all years from 1970 to0 2020.
For the boxplot, the straight line in the center represents the median, or 2nd
quartile (Q2), the top edge of the box represents the 3rd quartile (Q3), and the
bottom edge of the box represents the 1st quartile (Q1). The black and blue
dashed lines represent the Redfield ratio and the ecological stoichiometric ratio
established in this study, respectively. The error bars represent the mean and

standard deviation of the stoichiometric ratios for each year. The significance of
the non-zero coefficients in the segmented model fitting is evaluated through
atwo-tailed t-test. If p > 0.05, itindicates that there is no obvious trend of
change in the stoichiometric ratio over time. The shaded area of the fitted line
represents the 95% confidence interval of the predicted values. The shaded area
atthe segmentation point represents the uncertainty of the time breakpoints,
whichis derived from the standard deviation of the breakpoint estimates across
iterations based on resampling. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Extended Data Fig. 5| Temporal trends in planktonic (a, n = 3612) and
oceanic (b, n = 45558) ecological stoichiometry of the Indian Ocean.
Theboxplot represents the distribution of data for all years from 1970 to0 2020.
For the boxplot, the straight line in the center represents the median, or 2nd
quartile (Q2), the top edge of the box represents the 3rd quartile (Q3), and the
bottom edge of the box represents the 1st quartile (Q1). The black and blue
dashed lines represent the Redfield ratio and the ecological stoichiometric ratio
established in this study, respectively. The error bars represent the mean and

standard deviation of the stoichiometric ratios for each year. The significance of
the non-zero coefficients in the segmented model fitting is evaluated through
atwo-tailed t-test. If p > 0.05, itindicates that there is no obvious trend of
change in the stoichiometric ratio over time. The shaded area of the fitted line
represents the 95% confidence interval of the predicted values. The shaded area
atthe segmentation point represents the uncertainty of the time breakpoints,
whichis derived from the standard deviation of the breakpoint estimates across
iterations based on resampling. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Temporal trends in planktonic (a, n = 296) and oceanic
(b, n = 59929) ecological stoichiometry of the Arctic Ocean. The boxplot
represents the distribution of data for all years from 1970 to 2020. For the
boxplot, the straight line in the center represents the median, or 2nd quartile
(Q2), the top edge of the box represents the 3rd quartile (Q3), and the bottom
edge of the box represents the 1st quartile (Q1). The black and blue dashed lines
represent the Redfield ratio and the ecological stoichiometric ratio established
in this study, respectively. The error bars represent the mean and standard

deviation of the stoichiometric ratios for each year. The significance of the
non-zero coefficients in the segmented model fitting is evaluated through
atwo-tailed t-test. If p > 0.05, itindicates that there is no obvious trend of
change in the stoichiometric ratio over time. The shaded area of the fitted line
represents the 95% confidence interval of the predicted values. The shaded area
atthe segmentation point represents the uncertainty of the time breakpoints,
whichis derived from the standard deviation of the breakpoint estimates across
iterations based on resampling. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Extended Data Table 1| A summary of the global planktonic and oceanic ecological stoichiometric ratio of different sea

areas across different depth ranges

C:N (molar ratio)

C:P (molar ratio)

N:P (molar ratio)

Sea-water
Depth
°p analyses  SSRATAS yes (95% cry Redfield Values 95% 1y Redfield Values (95% ¢y Redfield
ratio ratio ratio
Pacific 6.41(6.40-6.43) o 144 (142-146) w6 20.9(20.5-21.0) ok
Atlantic 6.73 (6.70-6.76) Ho 154 (153-156) ¥x 22.6(22.522.9) wn
AR e 635 (631-640) 0 ok 119 (118-120) 106 Howox 183(183-18.5) 100w
0200 Arctic 7.18 (7.10-7.31) Hoe 122 (117-130) s 17.0 (16.0-17.7) wn
- Pacific 234 (228-238) work 3975 (3875-4061) ok 12.0 (12.0-12.0) w
Atlantic 234 (229-238) Hork 4107 (4043-4173) o 14.5 (14.5-14.5) wn
S Indian 112 (108-117) 678 s 215220672250 01T e 134(133-134) D0 e
Arctic 277 (271-283) Hoe 2856 (2840-2873) ¥k 9.66(9.51-9.82) wn
Pacific 7.14 (7.03-7.25) wrk 161 (140-180) ¥6 225(20.5-25.0) wx
Atlantic 7.17 (6.95-7.32) Hoe 108 (91.9-119) * 22.0 (18.8-26.3) woen
Plankton Indian 6.00 (5.80-6.23) 6.63 . 106 16.0
200- Arctic
1000 Pacific 77.2 (76.1-78.2) Hk 1010 (1008-1012) wx 13.9 (13.9-13.9) wx
Atlantic 122 (121-123) wor 1773 (1757-1786) ok 15.3 (15.3-15.3) Hoen
Ocean Indian 745(73.676.1) 0% s 1052 (1050-1055) 1017 wws 140 (14.0-141) 0 s
Arctic 169 (169-169) wor 2413 (2407-2419) wor 14.5 (14.5-14.5) Hk
Pacific 6.45 (6.43-6.46) 144(142-147) ¥6 20,9 (20.6-21.1) wx
Atlantic 6.75 (6.72-6.78) Hoe 153 (152-155) wr02.6(22.5-22.9) wor
Plankon ) fian 633(628-6.38) 003 ok 119 (118-120) 106 Hoxx 183(183-185) 00 an
01000 Arctic 7.18 (7.10-7.31) work 122 (117-130) wox 17.0 (16.0-17.7) wo
. Pacific 145 (143-148) Hek 1406 (1397-1415) wx 13.2 (13.1-13.2) wx
Atlantic 156 (155-158) Hork 2170 (2160-2182) whx 14.8 (14.7-14.8) wn
Ocean Indian 048(932:967) 018 e 1265 (1255-1277) 1017 wes 1373136137 0 e
Arctic 198 (198-200) Hrk 2559 (2553-2566) . 12.7 (12.6-12.8) .

The values for plankton and ocean are the median of the elemental ratios. Values in parentheses are 95% confidence intervals (Cl). *, p<0.05; **, p<0.01; ***, p<0.001.
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