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Figure 1 | Map of (C:P)exp values inferred from the inverse model.
The values correspond to the location of the maximum of the posterior
probability density function (pdf). The error bars correspond to ± 1
standard deviation of the posterior pdf. Nutrient-depleted subtropical
regions are indicated in dark green and nutrient-rich regions are indicated in
light green. The boundary separating the regions is based on the
(0.3 mmol/m�3)-contour of the annually averaged PO4 concentration. The
sensitivity of the inversion results to the choice of boundary threshold is
explored in Supplementary Methods and Supplementary Table 3.

measurements show considerable scatter, the available data suggest
that (C:P)particles is elevated in the subtropical gyres compared to
the tropical upwelling and sub-polar regions, in agreement with
our inverse-model estimates. It has been hypothesized that the
variability observed in plankton elemental ratios might be averaged
out by the seasonal succession of phytoplankton, or possibly by
trophic interactions18. The general agreement between the large-
scale variability in (C:P)exp and (C:P)particles is inconsistent with
the ecosystem-averaging hypothesis and suggests that the spatial
variations in the C:P ratio of exported organic material reflect the
C:P variability of phytoplankton. Furthermore, the high (C:P)exp
values in the gyres indicate that oligotrophic ecosystems can make
an appreciable contribution to carbon export fluxes by more
e�ciently using the limited P resource24.

The spatial variability of (C:P)exp has important implications for
the spatial pattern of annual net community production (ANCP).
At present, satellite-derived estimates of ANCP are fairly uncertain,
but tend to show values that are at least a factor of two lower in the
subtropics compared to high latitudes25,26. In contrast to the satellite-
based estimates and those of most global ocean biogeochemical
models, the limited number of sites with experimental determina-
tions of ANCP indicate less variation10. We compare these exper-
imentally determined ANCP values against the export production
computed with either a constant (C:P)exp or the optimal spatially
varying (C:P)exp (Fig. 4). Both models have the same globally inte-
grated export production, but the model with a constant (C:P)exp
underestimates carbon fluxes in the subtropical gyre sites (BATS
and HOT) by ⇠60% and overestimates carbon fluxes in the high-
latitude North Pacific site (OSP) by more than 40%. In contrast, the
carbon export fluxes estimated from the model with the variable
(C:P)exp are in agreement with the experimentally determined fluxes
at all locations. Particularly notable is the increase in the fraction
of the globally integrated carbon export for the subtropical North
Atlantic Ocean from ⇠3% for the fixed C:P= 105:1 model to 9%
for the variable stoichiometry model (Supplementary Fig. 4e,f). The
agreement of our estimates with the experimental determinations
points towards the need for continued evaluation of the satellite-
based NCP estimation algorithms and for the need to implement
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Figure 2 | Layer-averaged root mean squared (r.m.s.) DIC misfit
(µmol C kg�1). The red circles correspond to the spatially varying (C:P)exp
model and the blue squares correspond to the constant (C:P)exp model.
Data for only the upper 2,000 m (shaded region) were used to optimize the
(C:P)exp parameters, but the improvement in the fit extends to the bottom
of the ocean. Further figures showing the model-data misfits are available in
Supplementary Figs 2 and 3.

variable stoichiometry in marine biogeochemical models. If we use
our model to extrapolate the limited number of experimentally
determined ANCP values to the global ocean, the resulting spatial
pattern of export flux implies a more e�cient biological carbon
pump in the subtropical gyres because the residence time of carbon
exported from subtropical gyres tends to be longer than that of
carbon exported from upwelling regions27.

In this study we developed a new method for inferring (C:P)exp
from PO4 and DIC tracer data that uses a Bayesian inverse
method with a numerical optimization technique applied to a
global biogeochemical model coupled to a data-assimilated ocean
circulation model. The use of a three-dimensional model to
explicitly account for the dominant physical and biogeochemical
processes that maintain the climatological PO4 and DIC gradients
greatly reduces the unexplained fraction of data variance. In
comparison to simple endmembermixingmodels, this newmethod
provides a more powerful technique for detecting the regional
(C:P)exp signal in the tracer data.However, it is important to consider
possible limitations of the model. In particular, the analysis assumes
that organic carbon and phosphorus remineralize at the same rate.
In support of this simplifying assumption, we find that the results
from this simpler model are qualitatively robust, when compared
to a model with element- and region-specific rates (Supplementary
Methods and Supplementary Figs 5–7). The inferred (C:P)exp from
both the complex and simpler models agree within two standard
deviations in all regions and within one standard deviation in
8 of the 11 regions. For the model with element- and region-
specific rates the remineralization C:P ratio tends to increase with
depth in most regions, but the general pattern of a higher C:P
ratio for material exported from nutrient-poor surface regions
persists with depth (Supplementary Fig. 6). Ourmodel also assumes
that, apart from the invasion of anthropogenic carbon into the
ocean, the marine carbon and phosphorus cycles are in steady
state. This assumption is made because of the lack of data to the
contrary, but the possibility that global marine biogeochemical
cycles may not be stationary is something that needs to be explored
with prognostic biogeochemical models that allow for variable
elemental stoichiometry.

The general correspondence between patterns of C:P variability
in phytoplankton and in C:P variability of remineralization fluxes
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After the cellular allocation model by Pahlow et al. (2013) 
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cell	quota)	[Droop,	1973].	The	model	assumes	that	for	given	ambient	environmental	
conditions,	phytoplankton	will	optimize	their	physiology	and	hence	their	cellular	

stoichiometry	in	order	to	maximize	their	net	growth	rate	[Smith	et	al.,	2011].	
	

The	starting	point	of	our	model	development	is	the	optimality-based	chain	model	of	

co-limitation	developed	by	Pahlow	et	al.	[2013]	(Figure	1).	The	“chain”	refers	to	the	
hierarchy	of	elements	in	the	cell,	in	which	cellular	P	limits	N	acquisition	and	cellular	N	

in	turn	limits	C	fixation	[Agren,	2004].	This	chain	is	a	result	of	assigning	physiological	
roles	of	N	and	P	to	specific	functional	cellular	compartments.	For	example,	P	is	a	key	

element	required	in	nucleus	and	biosynthetic	apparatus	(i.e.,	ribosomes).	The	reason	

that	P	controls	N	acquisition	in	the	chain	model	is	because	the	proteins	(i.e.,	enzymes)	

required	for	nutrient	uptake	are	synthesized	in	the	biosynthetic	apparatus	during	N	

assimilation	[Sterner	and	Elser,	2002].	Cellular	N	In	turn	limits	C	fixation	in	the	chain	
model,	because	the	enzymes	such	as	Rubisco	that	are	produced	during	N	assimilation	

are	required	for	photosynthesis	[Falkowski	and	Raven,	2007].		
	

	

	

This	model	has	three	levels	of	optimization.	The	first	maximizes	net	cell	growth	by	

optimizing	the	allocation	of	cellular	N	into	the	nutrient	uptake	apparatus,	chloroplast,	

or	the	cell	structure.	For	example,	if	the	ambient	nutrient	concentrations	of	either	P	

or	N	are	low,	the	optimization	will	tend	to	increase	N	allocation	for	nutrient	

acquisition	at	the	expense	of	N	allocation	for	chloroplast	and	cell	structure.	The	N	

allocation	also	depends	on	the	availability	of	light,	such	that	the	model	will	tend	to	

allocate	more	N	towards	chloroplast	if	light	is	limiting.	The	second	level	of	

optimization	involves	prioritizing	which	nutrient,	N	or	P,	to	pump	into	the	cell.	

Finally,	the	third	level	of	optimization	applies	only	to	diazotrophs,	which	can	acquire	

N	by	either	N-fixation	using	nitrogenase	or	uptake	of	DIN	(i.e.,	nitrate	and	nitrite).	

Depending	on	the	availability	of	DIN,	diazotrophs	have	the	capacity	to	switch	back	

and	forth	between	the	two	modes	of	N	acquisition.	The	chain	model	optimizes	the	

allocation	of	cellular	resources	in	terms	of	nutrients	and	energy	at	all	three	levels,	so	

that	the	net	cell	growth	(i.e.,	C	fixation	minus	respiration)	is	maximized.	This	can	lead	

to	dynamic	cellular	stoichiometry.	

	

To	our	knowledge,	this	German	model	by	Pahlow	et	al.	[2013]	is	state	of	the	art	in	
predicting	phytoplankton	stoichiometry	as	a	function	of	environmental	variables.	

Figure 1: Schematic diagram of 
chain model by Pahlow et al., (2013) 
showing allocation of cellular N 
(dashed blue line) between cellular 
compartments. The three new 
features that we will develop are 
indicated by shading. They are the 
new dependences of C:N:P 
stoichiometry on DOP, Fe, and 
temperature. See text. 

The ratio model 
(shaded not yet implemented) 



After Arteaga et al. (2014)  

Predictions using the ratio model with WOA and MODIS data 



The ratio model coupled to a global ocean 
model 



 
Preliminary result: Small buffer < 1%... 
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