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GEOCHEMISTRY

Biogeochemical controls of surface ocean phosphate

Adam C. Martiny"?*, Michael W. Lomas®, Weiwei Fu', Philip W. Boyd*, Yuh-ling L. Chen®,
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Surface ocean phosphate is commonly below the standard analytical detection limits, leading to an incomplete
picture of the global variation and biogeochemical role of phosphate. A global compilation of phosphate mea-
sured using high-sensitivity methods revealed several previously unrecognized low-phosphate areas and clear
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regional differences. Both observational climatologies and Earth system models (ESMs) systematically overesti-
mated surface phosphate. Furthermore, ESMs misrepresented the relationships between phosphate, phytoplankton
biomass, and primary productivity. Atmospheric iron input and nitrogen fixation are known important controls
on surface phosphate, but model simulations showed that differences in the iron-to-macronutrient ratio in the
vertical nutrient supply and surface lateral transport are additional drivers of phosphate concentrations. Our
study demonstrates the importance of accurately quantifying nutrients for understanding the regulation of ocean
ecosystems and biogeochemistry now and under future climate conditions.

INTRODUCTION

Dissolved inorganic phosphate (DIP) plays a central biogeochemical
role in marine environments (I, 2), but the surface DIP concentra-
tion is commonly below the detection limit for standard methods
(3). We know the general pattern of high DIP in high-latitude
regions, low DIP in the subtropical gyres, and intermediate levels in
coastal and equatorial upwelling regions. However, we understand
less about spatial DIP patterns within oligotrophic waters, although
subtle DIP changes could be an important driver (4-6) or tracer (3, 7)
for ocean biogeochemistry.

As a driver, DIP influences phytoplankton growth, abundance,
and diversity. Phosphorus is commonly regarded as the ultimate
limiting nutrient and has the longest ocean residence time of major
biologically limiting nutrients (2). As any N deficits may be offset by
N fixation, changes in surface ocean stratification and the vertical
supply of DIP are thought to be major regulators of future ocean
productivity and downward carbon export (2, 8). DIP can also be a
proximate limiting nutrient in regions such as the western North
Atlantic Ocean (9, 10) and the Eastern Mediterranean Sea (11). In
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addition to phytoplankton growth and productivity, subtle changes in
DIP availability may influence the distribution and biogeochemical
roles of plankton. Ocean heterotrophic and autotrophic plankton
are adapted to relative differences in P versus N availability—often
via the presence or absence of specific nutrient acquisition genes—
and such adaptation can play an important role in regulating phyto-
plankton growth (5, 12). DIP availability can also be a tracer of
ocean biogeochemical processes (I, 7). Regions with low DIP can
have a very efficient biological pump (13), and extreme DIP draw-
down is often indicative of extensive N fixation (3). Thus, mapping
the detailed distribution of DIP at low concentrations is central to
understanding regional differences in core ocean ecosystem and
biogeochemical processes.

The underlying reason for a limited understanding in the distri-
bution of surface DIP is that the standard methodology using an
autoanalyzer combined with a spectrometer has high variance and
low interlaboratory accuracy, below ~100 nM (14, 15). The standard
methodology is routinely used for most oceanographic research
programs including global hydrographic surveys such as GO-SHIP
and GEOTRACES [albeit with a few exceptions (16, 17)]. These
low-sensitivity data get propagated into the World Ocean Atlas,
leading to a potential misrepresentation of the geographic distribu-
tion of DIP in oligotrophic waters. Several alternative and highly
sensitive methods for determining DIP in seawater have been developed
and more widely used in recent years. These include the magnesium-
induced coprecipitation (MAGIC), liquid waveguide capillary cell
(LWCQC), and solid-phase extraction (SPE) methods (18-20). MAGIC
has a detection limit as low as ~0.5 nM, whereas LWCC and SPE
have a detection limit of ~1 to 2 nM. Using these more sensitive
techniques, several studies have proposed regional differences in
DIP among oligotrophic environments (e.g., low DIP in the western
North Atlantic Ocean) (21), but DIP levels are uncertain in most
oligotrophic regions. However, we now have the tools and data
available to develop a global understanding of DIP variation across
surface ocean environments.

Here, we conduct a global assessment of surface ocean DIP con-
centrations based on high-sensitivity measurements. On the basis
of this assessment, we first ask whether there are systematic regional
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differences in DIP concentrations across oligotrophic marine
environments. Second, we evaluate how well observation-based
climatologies and Earth system models (ESMs) capture DIP levels
in oligotrophic environments. Third, we quantify how variation in
surface DIP influences important ocean ecosystem properties using
shipboard measurements, satellite-based estimates, and ESM pre-
dictions. Last, we identify possible physical and biological mechanisms
driving the observed DIP distribution using new simulations within
the ocean component of the Community Earth system model (CESM).

Observed patterns of DIP in oligotrophic regions

To understand the biogeochemical role of P across oligotrophic
regions, we compiled a global dataset of observed DIP concentra-
tions ([DIP]ops) measured using high-sensitivity methods (Fig. 1).
These data originated from 42 cruises from all major oligotrophic
regions (Table 1).

Our extensive compilation revealed strong regional patterns
in observed DIP concentrations (Fig. 1A). Two major Northern
Hemisphere regions were ultraoligotrophic (i.e., [DIP]ops < 10 nM).
As described in past studies [e.g., (3, 11)], the first region included
the North Atlantic Ocean and Mediterranean Sea covering the
width of the ocean basin below 40°N. The second region was detected
in the western North Pacific Ocean centered at ~25°N and stretched
from the Philippine Sea to the Hawaiian Islands. A low-DIP zone in
the western Pacific Ocean has been previously suggested (22, 23),
but our synthesis uncovered the broad extent of this region (Fig. 1A).
In the Southern Hemisphere, gyre regions with low [DIP],,, were
smaller or absent, and none of them were ultraoligotrophic. A
low-[DIP] s region centered on 28°S was seen in the southwestern
Pacific Ocean. There were a few samples on the western side of the
South Atlantic Ocean with low [DIP]s, but the extent of this
low-DIP region was unknown due to limited data coverage. We had
incomplete data coverage in the Indian Ocean, but there appeared
to be two regions with low [DIP] s levels. The first region was the
western side of the South Indian Ocean Gyre and, thus, a location
mirroring other subtropical low-[DIP]ps regions. The second
low-[DIP]ops region was near the Indonesian archipelago and might
be linked to a combination of high iron supply (22) and the Indonesian
throughflow supplying low P relative to N waters from the North
Pacific Ocean (24). In summary, the distribution of [DIP],ps suggested
two consistent trends. First, there appeared to be larger low-DIP regions
with more complete drawdown in the Northern Hemisphere. Second,
the most intense low-DIP regions were generally found on the western
side of the subtropical gyres, leading to a longitudinal gradient within
basins. Thus, this analysis revealed several previously unrecognized
low-DIP regions and consistent geospatial trends in the surface
[DIP]ps distribution.

Bias in extant DIP climatologies and ESM predictions

We next evaluated the accuracy of current observation-based cli-
matologies and ESM-simulated DIP concentrations ([DIP]predict)-
The climatological estimates were from the World Ocean Atlas
(WOA13) and GLODAP (v2.2016b) (25, 26). The nine ESMs were
from the Fifth Phase of the Coupled Model Intercomparison Project
(CMIP5) using simulated values for the 1990s (table S1) (27).
Observational climatologies had positive phosphate biases at low
[DIP]ops (fig. S1). The median bias for [DIP]reqict from the World
Ocean Atlas was +24x at the lowest [DIP],ps (<5 nM). The positive
bias declined in regions with higher [DIP],ps and disappeared above
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200 nM. The median bias for [DIP]redict from the GLODAP clima-
tology was lower than that from the WOA climatology (+8x at the
lowest [DIP],ps concentration) and disappeared above 100 nM. We
found substantial positive and negative biases in [DIP]pregict from
ESMs. Most of the models had bias profiles resembling the clima-
tologies, perhaps not unexpectedly, as WOA is commonly used in
the development and optimization of ocean biogeochemical models.
The models overestimated DIP by 10 to 100x at low [DIP],ps, and
the systematic bias disappeared at higher [DIP]qps (>200 nM). The
HadGEM-2ES and the two IPSL models had very different bias profiles,
but both models systematically underestimated [DIP]qps. Thus, we
detected biases at low DIP concentrations for both climatologies
and ESMs.

The observed regional patterns generally matched WOA and
GLODAP distributions, but less so for many ESMs (Fig. 1, B to K).
WOA and GLODAP captured the boundaries of the low-DIP
regions but failed to reveal several subtle differences across the
low-DIP regions including the stronger drawdown in the Northern
versus the Southern Hemisphere regions (Fig. 1, B and C).
ESMs showed regional biases, and the extent of the simulated
equatorial Pacific upwelling zone was generally poorly defined
(Fig. 1, D to L). CESM1-BGC and MPI-ESM-LR captured many
features including low concentrations in the North Atlantic and
the western side of both the South and North Pacific Ocean.
However, these two models had a latitudinal gradient of [DIP]predict
in the Indian Ocean not seen in our observations. Furthermore,
neither of them captured the large North Pacific Ocean low-DIP
region and both lacked the observed longitudinal gradient in the
Pacific Ocean. The GFDL models underestimated [DIP]pdict in the
Indian Ocean (this is also seen in MPI-ESM-MR) and lacked a
clear longitudinal gradient in the Pacific and South Atlantic
Ocean. The NorESM1-ME had a strong positive bias, and the
two IPSL models had strong negative biases in [DIP] cdict con-
centrations. The latter models also lacked the geographic variation
seen in observations. Thus, it is clear that current formulations
of ESMs struggled in simulating the geospatial distribution of
surface DIP.

Phosphate as a driver of ocean ecosystem properties

We next wanted to quantify the role of DIP as a driver of key ocean
ecosystem properties. Hence, we compared our high-sensitivity DIP
observations to satellite-based estimates of surface chlorophyll
concentration (Chlg,) and net primary production (NPP,) (Fig. 2).
We detected a similar but nonlinear relationship between [DIP]qp,
versus Chlg,y, or [DIP]ps versus NPPg,.. At low [DIP],ps, the levels of
both Chlg,; and NPPg,c were depressed relative to a maximum
observed between 20 and 40 nM. Above 40 nM, both Chl,,; and
NPPq,; actually declined by ~30%. There is some uncertainty in the
satellite estimate of NPP (28), so we also compared [DIP],,s with
NPP,ps from a subset of cruises that included shipboard NPP
measurements (fig. S2). Here, we found a similar pattern with
depressed NPPs at low [DIP]qps, with maximum values between
20 and 80 nM, and then reduced NPP,; at higher concentrations.
Chlorophyll and NPP levels not only are partially linked but also
include some independent regulation (e.g., lower chlorophyll per cell
in stratified waters or higher phytoplankton growth rate at elevated
temperature). Thus, we should not expect to see parallel patterns
per se but, nevertheless, find a similar but nonlinear relationship
between surface P and both ecosystem features.
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Fig. 1. Global distribution of surface DIP. (A) Observed DIP using high-sensitivity techniques ([DIP]ops). (B and €) Climatologically predicted surface DIP concentrations
(IDIPIpredict) from the World Ocean Atlas (WOA13) (B) and GLODAPv2 (C). (D to L) Surface DIP concentrations predicted using ESM predictions. The dataset has a total of
50,591 observations including 41,747 from the top 30 m of the water column (shown here). Climatological and ESM-predicted values are at 1° resolution and represent
annual means.
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Table 1. Summary of cruise data for this study. MQ, Milli-Q water; NaOH, supernatant following alkaline precipitation of phosphate; Unp., unpublished.
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Fig. 2. Relationships between DIP, chlorophyll, and NPP among observations and ESMs. (A and B) Relationships between [DIP],,s and chlorophyll concentrations
(Chlggy) (A) or NPP (NPPg) (B). Chlorophyll and NPP are from MODIS satellite observations (n=38,653). (C and D) Relationships between predicted DIP ([DIP]yredict) and
chlorophyll concentrations (Chlpredict) (C) or NPP (NPPregict) (D) from ESMs. Chlorophyll or NPP relationships from ESMs are depicted in detail in fig. S3.

Across ESMs, we found a very different and variable relationship
between DIP concentrations and ecosystem properties than observed
(Fig. 2 and figs. S3 and S4). As such, none of the model relationships
between [DIP]yredict and Chlpredict 0r NPPpreqict were significantly
correlated. Most models had a monotonically positive relationship
between [DIP]predict and Chlpyegict. For some models, this relationship
was well constrained, whereas others showed considerable scatter
(fig. $3). Similarly, the relationship between [DIP]predict and NPPpredict
varied among models as seen for chlorophyll (Fig. 2). Thus, most
models had monotonically positive relationships between [DIP],redict
and NPPpegict (fig. S4). This link had lowest variance for CESM1-BGC
and the MPI models, but other models included a lower slope and
higher variance. One exception was GFDL-ESM2G, which had a
pattern with a maximum chlorophyll or NPP at intermediate
[DIP]predict values and somewhat resembled the observation-based
pattern. In summary, there was considerable variation in the
relationships between model DIP concentrations and surface
ecosystem properties, and most models showed limited agreement
with the in situ relationships.
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Processes regulating surface DIP in oligotrophic regions

We next evaluated the processes regulating surface DIP across
oligotrophic regions. Generally speaking, surface nutrient concen-
trations are the balance of nutrient sources and sinks. A concep-
tual model commonly stated is that the external iron supply via
atmospheric deposition (Fe,ums) regulates N fixation and the
relative drawdown stoichiometry of P versus N (3). Thus, regional
variation in Fe deposition has been proposed as the principal
driver of regional DIP levels between and within subtropical gyres
(10, 22). To test this iron control hypothesis, we performed
model simulations using a newly optimized version of the CESM
(v2). This optimized model captured most of the observed
patterns in DIP across oligotrophic regions and represented a
large improvement over CESM1 (fig. S5). First, we tested whether
a uniform between-gyre Fe,ms leads to the same degree of DIP
drawdown. This was done by applying a scaling factor to the
current Feym, supply. Hence, the mean deposition to each southern
subtropical gyre was made to match the mean deposition to
the North Pacific Subtropical Gyre. This increase in the Feytms
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supply resulted in a Southern Hemisphere stimulation of N fixation
(fig. S6) and slightly lower DIP levels (Fig. 3). However, the geospa-
tial pattern in DIP was largely conserved. Thus, the hemisphere bias in
the size of low-DIP regions or the degree of DIP drawdown could
not be tied to differences in Fe deposition.

We next tested whether the atmospheric iron supply controlled
the observed longitudinal gradients in surface DIP. We first removed all
spatial intragyre gradients in deposition but retained the mean. This
new deposition pattern led to N fixation shifting further east in most
gyres but did not change total fixation levels notably (236 Tg N/year
versus 240 Tg N/year; fig. S6). Furthermore, a uniform deposition
pattern had little impact on the geospatial distribution of surface DIP
levels. As a case in point, most dust and Fe are deposited on the eastern
side of the North Atlantic Ocean, but the lowest DIP concentrations
are observed on the western side (29). Last, [DIP],s was compared
with the surface ocean vertical velocity and, thus, the physical strength
of nutrient supply from deeper waters (fig. S7). Here, we observed a
nonlinear relationship suggesting that changes in the vertical nutrient
supply could not explain the regional differences in DIP (fig. S8). In
conclusion, gradients in Fe disposition and the physical strength of
nutrient supply cannot explain the inter- and intragyre bias in DIP.

We propose that regional differences in the vertical iron supply
and lateral circulation are two additional factors controlling surface
DIP concentrations. Thermocline waters are typically deficient in
iron relative to macronutrients due to particle scavenging losses
(30), but the deficit is not uniform. An examination of modeled nu-
trient ratios revealed that nutricline waters were Fe-depleted relative
to macronutrients on the eastern side of the North Pacific, South
Pacific, and South Atlantic subtropical gyres (fig. S9). In contrast,
both observations and our model showed that the North Atlantic
Ocean has significantly higher Fe:macronutrient ratios in subsurface
waters likely contributing to elevated Fe availability [fig. S8 and (31)].
We do not know the full cause of the spatial differences in Fe:macro-
nutrient ratios. However, we hypothesize that Fe-depleted water
from the Southern Ocean contributes to an Fe deficit and elevated
DIP concentrations in the southern hemisphere and on the eastern
side of several basins (31). In addition to regional differences in the
Fe supply ratio, the gyre circulation transporting higher nutrient
water from the eastern equatorial and coastal upwelling zones west-
ward may contribute to a longitudinal gradient. Dissolved P relative
to N is then systematically stripped from the surface ocean over time
due to external N inputs (mainly N fixation). Furthermore, nutri-
cline waters in the eastern tropical Pacific Ocean has low dissolved
N:P ratios due to intense water column N loss, perhaps contributing
to the observed longitudinal surface dissolved inorganic N:P and DIP
gradients (fig. S9). Such a circulation/P-drawdown model has been
proposed for the Bermuda Atlantic Time-series (BATS), where there
is limited N fixation but still very low P levels (32). Here, we extend this
model asa mechanism that influences DIP concentrations in most subtropical
gyres. Thus, the observed geospatial pattern of DIP suggests a suite of
processes controlling surface DIP concentrations in the oligotrophic regions
including the differential supply of Fe relative to other nutrients from both
above and below the surface, the associated patterns of N fixation, and the
stoichiometry and magnitude of lateral and vertical macronutrient inputs.

DISCUSSION
Multiple past studies as well as climate models have suggested that the
availability of phosphate is an important driver of ocean biogeochemical
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Fig. 3. Changes in the global distribution of DIP as a function of dust depo-
sition patterns. (A) Estimated DIP in the current ocean (i.e., control scenario).
(B) Estimated DIP for the scenario of increased dust deposition in the Southern
Hemisphere gyre (reaching North Pacific Ocean subtropical gyre levels). (C) Esti-
mated DIP for the scenario of even dust deposition across each subtropical gyre.
(D) Differences in DIP between the “Southern Hemisphere scenario” [as shown in
(B)] and current levels [as shown in (A)]. (E) Differences in DIP between “even gyre
scenario”[as shown in (C)] and current levels [as shown in (A)]. Ocean biogeochemistry
was simulated with the ocean component of the CESM (v2).
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processes. Here, it is worth considering that phosphate availability
consists of two linked but not overlapping variables: the nutrient
flux to the surface waters and the standing stock. The former is im-
portant for key biogeochemical exchanges between the surface
and deep ocean (e.g., downward carbon export), whereas the latter
(studied here) may regulate local ecosystem processes such as phyto-
plankton biomass accumulation and growth. The relationships be-
tween DIP availability and chlorophyll or NPP are mostly positive
in models but nonlinear in the observations. Hence, we only see
evidence for P limitation below ~20 nM DIP (Fig. 2), and other
nutrients (probably mostly N) may be limiting at higher concentrations.
A physiological threshold at this low concentration is consistent with
plankton physiology studies. First, phytoplankton have expressed
high affinity and uptake rates for DIP at very low concentrations
(5, 33). Second, the cellular requirement for P appears to be more
variable than for N (4). Third, organic forms of P serve as alternative
nutrient sources due to the efficient cycling of P in oligotrophic regions.
Thus, marine phytoplankton can acclimate and adapt to very low DIP
and still achieve high growth rates. This capacity for tolerating
P stress implies that changes in the vertical nutrient supply
will mainly limit phytoplankton biomass or primary production
if diazotrophs are unable to supply sufficient N. Only in extreme
cases are phytoplankton biomass and growth directly controlled
by DIP as their uptake and demand are less sensitive to P limita-
tion than currently expressed in most models (5). As N fixation
is tied to the Fe flux, an additional supply of iron into the sub-
tropical gyres could provide considerable stimulation of biological
processes due to the large pool of residual DIP seen in many parts of
the ocean.

Our analysis demonstrated clear biases in most ESMs with
important implications for climate change predictions. A future
decline in the vertical P flux has been proposed as a first-order
control on changes in the standing stock of phytoplankton biomass
and ocean primary productivity (8). However, our comparison
revealed large uncertainties in how ESMs represent P cycling and
regulation of surface ecosystem processes. There are likely many
factors that control P cycling in the ocean, but we propose that (i)
capturing complex interactions regulating the supply stoichiometry
of N:P:Fe; (ii) accounting for plankton plasticity in requirements,
uptake, and use of organic forms of P; and (iii) correctly simulating
the global-scale patterns of N fixation and the associated drawdown
of “excess” DIP in surface waters would greatly improve ESMs (34).
A case in point is the Mediterranean Sea, where large imbalances in
the nutrient ratios are observed. The underlying cause is likely some
combination of high external inputs of N and limited internal N loss
(35). This leads to widespread P stress with important implications
for primary productivity and carbon export pathways (11). Thus,
the Mediterranean Sea illustrates the importance of understanding
the causes and consequences of non-Redfield nutrient cycling for
ocean biogeochemistry.

Our global assessment suggests that the prediction of future
declines in phytoplankton biomass and NPP carries great uncer-
tainty as models struggle to capture the impact of DIP availability
on ecosystem processes in oligotrophic ocean regions. As such, we
need to improve the description of phytoplankton biomass accu-
mulation and growth based on carefully assessed nutrient concen-
trations. These modifications will allow us to accurately capture
current and future relationships between nutrient availability, eco-
system functioning, and marine biogeochemical cycles.
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MATERIALS AND METHODS

DIP observations

All abbreviations are listed in table S2. To quantify the global variation
in DIP across oligotrophic environments, we compiled high-sensitivity
P measurements ([DIP],ps) from 42 major cruises covering all oligo-
trophic regions (Table 1). The dataset comprised a total of 50,591
samples including 41,747 samples from the upper 30 m. The data are
available at www.bco-dmo.org/dataset/764704. The protocols for these
measurements varied including the use of LWCC, MAGIC, or SPE
(Table 1). In addition, there was variation in whether the samples were
prefiltered, frozen, or analyzed onboard ship, and the nature of the
blank (Table 1).

We interpolated the observations by weight averaging using
Ocean Data View (ODV) (36). We also calculated the median and mean
[DIP]gps in 1° x 1° grids from the top 30 m to create a “climatology”
of 1138 unique locations for comparison with other datasets.

DIP predictions

We retrieved predicted DIP concentrations ([DIP]pregict) at 1° x 1°
resolution from two climatologies [World Ocean Atlas 2013 (25)
and GLODAPv2.2016b (26)] and 10-year mean outputs (1990s)
from nine ESMs as part of the CMIP5 model intercomparison project
(table S1). Here, the data were reformatted to fita 1° x 1° geospatial grid.

Chlorophyll concentrations and NPP rates

We retrieved monthly MODIS satellite-estimated chlorophyll
concentrations (Chly,) and integrated NPP estimates (NPPg,) at
1/12° x 1/12° resolution. NPPg,; was estimated using the Carbon-based
Production Model-2 (CbPM2) (37). We then matched [DIP] s values
and satellite values based on latitude, longitude, and month, resulting
in 38,653 matches. Several cruises estimated in situ NPP (NPPy,)
(Table 1) and were included for comparison (n = 2912). We re-
trieved 10-year mean outputs (1990s) of surface chlorophyll (Chlpredict)
and integrated NPP (NPPp eqict) from ESMs (table S1).

Vertical velocity analysis

We retrieved 10-year mean outputs (1990s) of the 1° resolution
vertical velocities from CESM v1.2 and estimated the mean across
the euphotic zone (surface to 105 m, top 11 layers). Then, we com-
pared the predicted vertical velocities to [DIP],p using Pearson
correlation.

CESM analysis

A modified version of the CESM was used for the simulations here
(fig. S5), which includes variable N:P in phytoplankton plus sinking
particulate organic matter export, along with other modifications to
the model leading up to the release of CESM v2 (www.cesm.ucar.edu)
(34). The model includes multiple phytoplankton functional groups
and multiple potentially growth-limiting nutrients (N, P, Fe, and Si)
and has been used in CESM climate simulations (38). The simula-
tions ran for 300 years, and we averaged model output from the last
20 years for our analysis. We used a 20-year repeating cycle of atmo-
spheric forcings from the NCEP reanalysis dataset corresponding to
years 1990-2009. A comparison between the old and new versions of
the CESM reveals that the CESMv2 is more accurate in predicting low
DIP concentrations across the Pacific Ocean (fig. S5). However, it
may underestimate DIP concentrations in the Indian Ocean. As our
DIP,s data coverage is low in the Indian Ocean, it is unclear what
the correct level should be.
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Atmospheric iron inputs in the control simulation include iron
from mineral dust and combustion aerosol sources. In one experi-
ment, we modified the deposition to the southern hemisphere gyres
by applying a scaling factor to each gyre sufficient to bring the mean
Fe deposition rate up to the level seen in the North Pacific subtrop-
ical gyre. The required factors to equalize atmospheric deposition
were x3.0 for the South Pacific, x2.5 for the South Atlantic, and
x3.1 for the South Indian gyre. In a second experiment, the Fe
deposition within each gyre was replaced by the mean deposition
for that gyre in the control simulation. This Fe deposition manipu-
lation removed the spatial patterns in external Fe inputs within the
gyres but keeps the total Fe input the same.

Data analysis

All analyses were performed in MATLAB unless otherwise noted.
The median and mean DIP values were estimated for 20 bins at 10-nM
intervals (0 to 200 nM). We correlated the median relationship for
DIP versus chlorophyll or NPP for observations against the same
relationship in all ESMs using Spearman correlation, and no com-
parisons were significant (P > 0.05).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/8/eaax0341/DC1

Fig. S1. Systematic bias in predicted phosphate concentrations.

Fig. S2. Relationship between observed DIP ([DIP]ops) and shipboard NPP (NPPgps).

Fig. S3. Relationship between predicted surface DIP ([DIP]predict) and predicted chlorophyll
concentrations (Chlpredict) across ESMs.

Fig. S4. Relationship between predicted surface DIP ([DIP]predict) and predicted integrated NPP
(NPPpredict) across ESMs.

Fig. S5. Comparison of the predicted surface DIP distribution between CESM1 and CESM2.
Fig. S6. Distribution and changes to the predicted atmospheric Fe deposition and N fixation in
the global ocean.

Fig. S7. Predicted global variation in the vertical velocity.

Fig. S8. Relationship between the vertical velocity and observed near-surface DIP
concentrations.

Fig. S9. Elemental supply ratios in nutricline waters.

Table S1. ESMs used in this study.

Table S2. Abbreviations.

References (57-62)

REFERENCES AND NOTES

1. D.M.Karl, Microbially mediated transformations of phosphorus in the sea: New views
of an old cycle. Annu. Rev. Mar. Sci. 6, 279-337 (2014).

2. T.Tyrrell, The relative influences of nitrogen and phosphorus on oceanic primary
production. Nature 400, 525-531 (1999).

3. J.Wu, W.Sunda, E. A. Boyle, D. M. Karl, Phosphate depletion in the western North Atlantic
Ocean. Science 289, 759-762 (2000).

4. E.D. Galbraith, A. C. Martiny, A simple nutrient-dependence mechanism for predicting
the stoichiometry of marine ecosystems. Proc. Natl. Acad. Sci. U.S.A. 112, 8199-8204
(2015).

5. M.W.Lomas, J. A. Bonachela, S. A. Levin, A. C. Martiny, Impact of ocean phytoplankton
diversity on phosphate uptake. Proc. Natl. Acad. Sci. U.S.A. 111, 17540-17545 (2014).

6. T.Moutin, D. M. Karl, S. Duhamel, P. Rimmelin, P. Raimbault, B. A. S. Van Mooy, H. Claustre,
Phosphate availability and the ultimate control of new nitrogen input by nitrogen
fixation in the tropical Pacific Ocean. Biogeosciences 5, 95-109 (2008).

7. C.Deutsch, T. Weber, Nutrient ratios as a tracer and driver of ocean biogeochemistry.
Annu. Rev. Mar. Sci. 4,113-141 (2012).

8. L.Bopp, L. Resplandy, J. C. Orr, S. C. Doney, J. P. Dunne, M. Gehlen, P. Halloran, C. Heinze,
T. llyina, R. Séférian, J. Tjiputra, M. Vichi, Multiple stressors of ocean ecosystems in the 21st
century: Projections with CMIP5 models. Biogeosciences 10, 6225-6245 (2013).

9. J.W.Ammerman, R.R. Hood, D. A. Case, J. B. Cotner, Phosphorus deficiency
in the Atlantic: An emerging paradigm in oceanography. Eos 84, 165-170 (2003).

10. R.L.Mather, S. E. Reynolds, G. A. Wolff, R. G. Williams, S. Torres-Valdes, E. M. S. Woodward,
A.Landolfi, X. Pan, R. Sanders, E. P. Achterberg, Phosphorus cycling in the North
and South Atlantic Ocean subtropical gyres. Nat. Geosci. 1, 439-443 (2008).

Martiny et al., Sci. Adv. 2019; 5 : eaax0341 28 August 2019

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

. T.F.Thingstad, M. D. Krom, R. F. C. Mantoura, G. A. F. Flaten, S. Groom, B. Herut, N. Kress,

C.S.Law, A. Pasternak, P. Pitta, S. Psarra, F. Rassoulzadegan, T. Tanaka, A. Tselepides,
P.Wassmann, E. M. S. Woodward, C. W. Riser, G. Zodiatis, T. Zohary, Nature of phosphorus
limitation in the ultraoligotrophic eastern Mediterranean. Science 309, 1068-1071 (2005).

. A.C.Martiny, Y. Huang, W. Z. Li, Occurrence of phosphate acquisition genes

in Prochlorococcus cells from different ocean regions. Environ. Microbiol. 11, 1340-1347
(2009).

. J.L.Sarmiento, J. R. Toggweiler, A new model for the role of oceans in determining

the atmospheric P CO,. Nature 308, 621-624 (1984).

. M. Aoyama, M. Abad, C. Anstey, M. Ashraf, A. Bakir, S. Becker, S. Bell, M. Blum, R. Briggs,

F. Caradec, F. Cariou, M. Church, L. Coppola, M. Crump, S. Curless, M. Dai, A. Daniel,
E. de Santis Braga, M. E. Solis, J.-Z. Zhang, IOCCP-JAMSTEC 2015 Inter-laboratory
calibration exercise of a certified reference material for nutrients in seawater (2016).

. P.Rimmelin, T. Moutin, Re-examination of the MAGIC method to determine low

orthophosphate concentration in seawater. Anal. Chim. Acta 548, 174-182 (2005).

. L. A. Zimmer, G. A. Cutter, High resolution determination of nanomolar concentrations

of dissolved reactive phosphate in ocean surface waters using long path liquid
waveguide capillary cells (LWCC) and spectrometric detection. Limnol. Oceanogr.
Methods 10, 568-580 (2012).

. M.J.Ellwood, A. R. Bowie, A. Baker, M. Gault-Ringold, C. Hassler, C. S. Law, W. A. Maher,

A. Marriner, S. Nodder, S. Sander, C. Stevens, A. Townsend, P. van der Merwe,

E. M. S. Woodward, K. Wuttig, P. W. Boyd, Insights into the biogeochemical cycling of iron,
nitrate, and phosphate across a 5,300 km South Pacific zonal section (153°E-150°W).
Glob. Biogeochem. Cycles 32, 187-207 (2018).

. D. M. Karl, G. Tien, MAGIC: A sensitive and precise method for measuring dissolved

phosphorus in aquatic environments. Limnol. Oceanogr. 37, 105-116 (1992).

. Q.P.Li,D. A.Hansell, Intercomparison and coupling of magnesium-induced co-

precipitation and long-path liquid-waveguide capillary cell techniques for trace analysis
of phosphate in seawater. Anal. Chim. Acta 611, 68-72 (2008).

J.Ma, Y. Yuan, D. Yuan, Underway analysis of nanomolar dissolved reactive phosphorus
in oligotrophic seawater with automated on-line solid phase extraction

and spectrophotometric system. Anal. Chim. Acta 950, 80-87 (2017).

K. K. Cavender-Bares, D. M. Karl, S. W. Chisholm, Nutrient gradients in the western North
Atlantic Ocean: Relationship to microbial community structure, and comparison to patterns
in the Pacific Ocean. Deep Sea Res. Part | Oceanogr. Res. Pap. 48, 2373-2395

(2001).

F. Hashihama, K. Furuya, S. Kitajima, S. Takeda, T. Takemura, J. Kanda, Macro-scale
exhaustion of surface phosphate by dinitrogen fixation in the western North Pacific.
Geophys. Res. Lett. 36, L03610 (2009).

K. A. Fanning, Influence of atmospheric pollution on nutrient limitation in the ocean.
Nature 339, 460-463 (1989).

J. M. Ayers, P. G. Strutton, V. J. Coles, R. R. Hood, R. J. Matear, Indonesian throughflow
nutrient fluxes and their potential impact on Indian Ocean productivity.

Geophys. Res. Lett. 41, 5060-5067 (2014).

H. E. Garcia, R. A. Locarnini, T. P. Boyer, J. l. Antonov, O. K. Baranova, M. M. Zweng,

J. R.Reagan, D. R. Johnsonin, NOAA Atlas NESDIS 75 (2014).

S. K. Lauvset, R. M. Key, A. Olsen, S. van Heuven, A. Velo, X. Lin, C. Schirnick, A. Kozyr,
T.Tanhua, M. Hoppema, S. Jutterstrom, R. Steinfeldt, E. Jeansson, M. Ishii, F. F. Perez,
T. Suzuki, S. Watelet, A new global interior ocean mapped climatology: The 1° x 1°
GLODARP version 2. Earth Syst. Sci. Data. 8, 325-340 (2016).

W. Fu, J. T. Randerson, J. K. Moore, Climate change impacts on net primary production
(NPP) and export production (EP) regulated by increasing stratification

and phytoplankton community structure in the CMIP5 models. Biogeosciences 13,
5151-5170 (2016).

M. Kahru, Ocean productivity from space: Commentary. Glob. Biogeochem. Cycles 31,
214-216 (2017).

N. M. Mahowald, A. R. Baker, G. Bergametti, N. Brooks, R. A. Duce, T. D. Jickells, N. Kubilay,
J. M. Prospero, |. Tegen, Atmospheric global dust cycle and iron inputs to the ocean.
Glob. Biogeochem. Cycles 19, GB4025 (2005).

P.W.Boyd, M. J. Ellwood, The biogeochemical cycle of iron in the ocean. Nat. Geosci. 3,
675-682 (2010).

M. J. A. Rijkenberg, R. Middag, P. Laan, L. J. A. Gerringa, H. M. van Aken, V. Schoemann,
J.T.M. de Jong, H. J. W. de Baar, The distribution of dissolved iron in the West Atlantic
Ocean. PLOS ONE 9, 101323 (2014).

M. W. Lomas, A. L. Burke, D. A. Lomas, D. W. Bell, C. Shen, S. T. Dyhrman, J. W. Ammerman,
Sargasso Sea phosphorus biogeochemistry: An important role for dissolved organic
phosphorus (DOP). Biogeosciences 7, 695-710 (2010).

C.B.Kretz, D. W. Bell, D. A. Lomas, M. W. Lomas, A. C. Martiny, Influence of growth rate
on the physiological response of marine Synechococcus to phosphate limitation.

Front. Microbiol. 6, 85 (2015).

W.-L. Wang, J. K. Moore, A. C. Martiny, F. W. Primeau, Convergent estimates of marine
nitrogen fixation. Nature 566, 205-211 (2019).

80of9

6102 ‘91 Jaquialdas uo /610 Bewadusios seoueApe//:dny WoJl) papeojumo(


http://advances.sciencemag.org/cgi/content/full/5/8/eaax0341/DC1
http://advances.sciencemag.org/cgi/content/full/5/8/eaax0341/DC1
http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

35. P.Lazzari, C. Solidoro, S. Salon, G. Bolzon, Spatial variability of phosphate and nitrate
in the Mediterranean Sea: A modeling approach. Deep Sea Res. Part | Oceanogr. Res. Pap.
108, 39-52 (2016).

36. R.Schlitzer, Interactive analysis and visualization of geoscience data with Ocean Data
View. Comput. Geosci. 28, 1211-1218 (2002).

37. T.Westberry, M. J. Behrenfeld, D. A. Siegel, E. Boss, Carbon-based primary productivity modeling
with vertically resolved photoacclimation. Glob. Biogeochem. Cycles 22, GB2024 (2008).

38. J.K.Moore, W. Fu, F. Primeau, G. L. Britten, K. Lindsay, M. Long, S. C. Doney, N. Mahowald,
F.Hoffman, J. T. Randerson, Sustained climate warming drives declining marine
biological productivity. Science 359, 1139-1143 (2018).

39. T.Moutin, T.F. Thingstad, F. Van Wambeke, D. Marie, G. Slawyk, P. Raimbault, H. Claustre,
Does competition for nanomolar phosphate supply explain the predominance
of the cyanobacterium Synechococcus? Limnol. Oceanogr. 47, 1562-1567 (2002).

40. T.Moutin, F. Van Wambeke, L. Prieur, Introduction to the Biogeochemistry
from the Oligotrophic to the Ultraoligotrophic Mediterranean (BOUM) experiment.
Biogeosciences 9, 3817-3825 (2012).

41. M.J.Ellwood, C.S. Law, J. Hall, E. Malcolm, S. Woodward, R. Strzepek, J. Kuparinen,

K. Thompson, S. Pickmere, P. Sutton, P. W. Boyd, Relationships between nutrient stocks
and inventories and phytoplankton physiological status along an oligotrophic meridional
transect in the Tasman Sea. Deep Sea Res. Part | Oceanogr. Res. Pap. 72, 102-120 (2013).

42. T.Shiozaki, Y.-l. L. Chen, Y.-H. Lin, Y. Taniuchi, D.-S. Sheu, K. Furuya, H.-Y. Chen, Seasonal
variations of unicellular diazotroph groups A and B, and Trichodesmium in the northern South
China Sea and neighboring upstream Kuroshio Current. Cont. Shelf Res. 80, 20-31 (2014).

43. S.Duhamel, K. Bjérkman, F. Van Wambeke, T. Moutin, D. M. Karl, Characterization
of alkaline phosphatase activity in the North and South Pacific Subtropical Gyres:
Implications for phosphorus cycling. Limnol. Oceanogr. 56, 1244-1254 (2011).

44. O.Wurl, L. Zimmer, G. A. Cutter, Arsenic and phosphorus biogeochemistry in the ocean:
Arsenic species as proxies for P-limitation. Limnol. Oceanogr. 58, 729-740 (2013).

45. T.Shiozaki, T. Kodama, K. Furuya, Large-scale impact of the island mass effect through
nitrogen fixation in the western South Pacific Ocean. Geophys. Res. Lett. 41, 2907-2913 (2014).

46. A.G.Kent, S. E. Baer, C. Mouginot, J. S. Huang, A. A. Larkin, M. W. Lomas, A. C. Martiny,
Parallel phylogeography of Prochlorococcus and Synechococcus. ISME J. 13, 430-441 (2019).

47. T.Shiozaki, M. ljichi, K. Isobe, F. Hashihama, K.-i. Nakamura, M. Enama, K.-i. Hayashizaki,
K. Takahashi, K. Hamasaki, K. Furuya, Nitrification and its influence on biogeochemical
cycles from the equatorial Pacific to the Arctic Ocean. ISME J. 10, 2184-2197 (2016).

48. T. Shiozaki, M. ljichi, T. Kodama, S. Takeda, K. Furuya, Heterotrophic bacteria as major
nitrogen fixers in the euphotic zone of the Indian Ocean. Glob. Biogeochem. Cycles 28,
1096-1110 (2014).

49. T.Shiozaki, K. Furuya, T. Kodama, S. Kitajima, S. Takeda, T. Takemura, J. Kanda,

New estimation of N, fixation in the western and central Pacific Ocean and its marginal seas.
Glob. Biogeochem. Cycles 24, GB1015 (2010).

50. H.Ogawa, K. Kogure, J. Kanda, F. Hashihama, M. Suzumura, Detailed variations in
bioactive elements in the surface ocean and their interaction with microbiological
processes. West. Pacific Air-Sea Interact. Study, 177-197 (2014).

51. D.M.Karl, G. Tien, Temporal variability in dissolved phosphorus concentrations
in the subtropical north Pacific Ocean. Mar. Chem. 56, 77-96 (1997).

52. I.N.Shilova, M. M. Mills, J. C. Robidart, K. A. Turk-Kubo, K. M. Bjérkman, Z. Kolber, I. Rapp,
G. L. van Dijken, M. J. Church, K. R. Arrigo, E. P. Achterberg, J. P. Zehr, Differential effects
of nitrate, ammonium, and urea as N sources for microbial communities in the North
Pacific Ocean. Limnol. Oceanogr. 62, 25502574 (2017).

53. Y.-L.Chen, H.-Y. Chen, Seasonal dynamics of primary and new production in the northern
South China Sea: The significance of river discharge and nutrient advection.

Deep Sea Res. Part | Oceanogr. Res. Pap. 53, 971-986 (2006).

54. C.Schlosser, J. K. Klar, B. D. Wake, J. T. Snow, D. J. Honey, E. M. S. Woodward, M. C. Lohan,
E. P. Achterberg, C. M. Moore, Seasonal ITCZ migration dynamically controls the location
of the (sub)tropical Atlantic biogeochemical divide. Proc. Natl. Acad. Sci. U.S.A. 111,
1438-1442 (2014).

Martiny et al., Sci. Adv. 2019; 5 : eaax0341 28 August 2019

55. T.Kodama, K. Furuya, F. Hashihama, S. Takeda, J. Kanda, Occurrence of rain-origin nitrate
patches at the nutrient-depleted surface in the East China Sea and the Philippine Sea
during summer. J. Geophys. Res. Ocean. 116, C08003 (2011).

56. T.Moutin, T. Wagener, M. Caffin, A. Fumenia, A. Gimenez, M. Baklouti, P. Bouruet-
Aubertot, M. Pujo-Pay, K. Leblanc, D. Lefevre, S. H. Nunige, N. Leblond, O. Grosso,

A. de Verneil, Nutrient availability and the ultimate control of the biological carbon pump
in the western tropical South Pacific Ocean. Biogeosciences 15, 2961-2989 (2018).

57. J.K.Moore, S. C. Doney, J. A. Kleypas, D. M. Glover, |. Y. Fung, An intermediate complexity
marine ecosystem model for the global domain. Deep Sea Res. Part Il Top. Stud. Oceanogr.
49, 403-462 (2002).

58. J.P.Dunne, J. G. John, E. Shevliakova, R. J. Stouffer, J. P. Krasting, S. L. Malyshev,

P.C.D. Milly, L. T. Sentman, A. J. Adcroft, W. Cooke, K. A. Dunne, S. M. Griffies,

R. W. Hallberg, M. J. Harrison, H. Levy, A. T. Wittenberg, P. J. Phillips, N. Zadeh, GFDL's
ESM2 global coupled climate-carbon earth system models. Part Il: Carbon system
formulation and baseline simulation characteristics. J. Clim. 26, 2247-2267 (2013).

59. J.R.Palmer, I.J. Totterdell, Production and export in a global ocean ecosystem model.
Deep Sea Res. Part | Oceanogr. Res. Pap. 48, 1169-1198 (2001).

60. O.Aumont, L. Bopp, Globalizing results from ocean in situ iron fertilization studies.

Glob. Biogeochem. Cycles 20, GB2017 (2006).

61. T.llyina, K.D. Six, J. Segschneider, E. Maier-Reimer, H. Li, |. Nufiez-Riboni, Global ocean
biogeochemistry model HAMOCC: Model architecture and performance as component
of the MPI-Earth system model in different CMIP5 experimental realizations.

J. Adv. Model. Earth Syst. 5, 287-315 (2013).

62. J.F.Tjiputra, C. Roelandt, M. Bentsen, D. M. Lawrence, T. Lorentzen, J. Schwinger,

@. Seland, C. Heinze, Evaluation of the carbon cycle components in the Norwegian Earth
System Model (NorESM). Geosci. Model Dev. 6, 301-325 (2013).

Acknowledgments: We thank many researchers for sharing previously published data on
phosphate concentrations in the ocean as well as the model outputs from CMIP5. This is AMT
contribution number 331. Funding: NSF (OCE-1559002 and OCE-1848576 to A.C.M.,
OCE-1756054 to M.W.L., OCE-0929537 and OCE-0926092 to G.A.C., and OCE-1260164 to
D.M.K), the Australian Research Council (FL160100131 to P.W.B.and DP170102108 to M.J.E.),
Ministry of Science and Technology, Taiwan (982628M110002 and 992611M110015 to Y.-L.L.C)),
JSPS/MEXT (18067007, 22710006, 24710004, 24121003, and 15H02802 to F.H. and J.K.),
JSPS/MEXT (24121001 and 24121005 to K.F.), Gordon and Betty Moore Foundation (grant #3794 to
D.M.K)), Grant-in-Aid for JSPS Research Fellow (09J04480 to T.K.), National Natural Science
Foundation of China (41776106 to J.M.), CNRS-INSU, European FEDER Fund (1166-39417),
and the French Research National Agency (ANR-14-CE01-0007-01), NERC (NE/N001079/1 and
NE/R015953/1 to E.M.S.W.), and the U.S. Department of Energy Office of Biological and
Environmental Research awards (DE-SC0016329, DE-5C0016539, and RUBISCO SFA to J.K.M.).
Author contributions: A.C.M. designed the analysis and wrote the manuscript. A.C.M,, M\W.L,,
W.F., and J.KM. analyzed the data. Y.-|.L.C, MJ.E, KF., F.H, JK,D.MK, TK,QP.L,JM,TM,
and E.M.S.W. contributed to the analysis. Everyone edited the manuscript. Competing
interests: The authors declare that they have no competing interests. Data materials
availability: The compiled DIP data reported in this paper are available at www.bco-dmo.org/
dataset/764704. All data needed to evaluate the conclusions in the paper are present in the
paper and/or the Supplementary Materials. Additional data related to this paper may be
requested from the authors.

Submitted 15 February 2019
Accepted 18 July 2019
Published 28 August 2019
10.1126/sciadv.aax0341

Citation: A. C. Martiny, M. W. Lomas, W. Fu, P. W. Boyd, Y.-I. L. Chen, G. A. Cutter, M. J. Ellwood,

K. Furuya, F. Hashihama, J. Kanda, D. M. Karl, T. Kodama, Q. P. Li, J. Ma, T. Moutin, E. M. S. Woodward,
J. K. Moore, Biogeochemical controls of surface ocean phosphate. Sci. Adv. 5, eaax0341 (2019).

90of9

6102 ‘91 Jaquialdas uo /610 Bewadusios seoueApe//:dny WoJl) papeojumo(


https://www.bco-dmo.org/dataset/764704
https://www.bco-dmo.org/dataset/764704
http://advances.sciencemag.org/

Science Advances

Biogeochemical controls of surface ocean phosphate

Adam C. Martiny, Michael W. Lomas, Weiwei Fu, Philip W. Boyd, Yuh-ling L. Chen, Gregory A. Cutter, Michael J. Ellwood, Ken
Furuya, Fuminori Hashihama, Jota Kanda, David M. Karl, Taketoshi Kodama, Qian P. Li, Jian Ma, Thierry Moutin, E. Malcolm
S. Woodward and J. Keith Moore

Sci Adv 5 (8), eaax0341.
DOI: 10.1126/sciadv.aax0341

ARTICLE TOOLS http://advances.sciencemag.org/content/5/8/eaax0341
I\snll"\?rEII-QIIEAnI.ESNTARY http://advances.sciencemag.org/content/suppl/2019/08/26/5.8.eaax0341.DC1
REFERENCES This article cites 59 articles, 6 of which you can access for free

http://advances.sciencemag.org/content/5/8/eaax034 1#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

6102 ‘91 Jaquialdas uo /610 Bewadusios seoueApe//:dny WoJl) papeojumo(

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 New
York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science. No claim to original U.S. Government Works. The title Science Advances is a
registered trademark of AAAS.


http://advances.sciencemag.org/content/5/8/eaax0341
http://advances.sciencemag.org/content/suppl/2019/08/26/5.8.eaax0341.DC1
http://advances.sciencemag.org/content/5/8/eaax0341#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://advances.sciencemag.org/

