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Abstract. Ammonium (NHI) is an important component of
the ocean’s dissolved inorganic nitrogen (DIN) pool, espe-
cially in stratified marine environments where intense recy-
cling of organic matter elevates its supply over other forms.
Using a global-ocean biogeochemical model with good fi-
delity to the sparse NHZr data that are available, we project
increases in the NHZr : DIN ratio in over 98 % of the ocean by
the end of the 21st century under a high-emission scenario.
This relative enrichment of NHI is driven largely by circula-
tion changes and secondarily by warming-induced increases
in microbial metabolism, as well as reduced nitrification rates
due to pH decreases. Supplementing our model projections
with geochemical measurements and phytoplankton abun-
dance data from Tara Oceans, we demonstrate that shifts in
the form of DIN to NHZ may impact phytoplankton commu-
nities by disadvantaging nitrate-dependent taxa like diatoms
while promoting taxa better adapted to NHI. This could
have cascading effects on marine food webs, carbon cycling
and fishery productivity. Overall, the form of bioavailable ni-

trogen emerges as a potentially underappreciated driver of
ecosystem structure and function in the changing ocean.

1 Introduction

The chemical species of dissolved inorganic nitrogen (DIN)
are fundamental for the growth of marine primary produc-
ers that underpin oceanic food webs, fishery production and
the carbon cycle. Bioavailable DIN is composed of different
forms, principally nitrate (NO; ), nitrite (NO, ) and ammo-
nium (NHI). Typically, NOj  is regarded as the main form.
This is not without reason, since NOj3 represents most of the
total DIN stock and is prevalent in highly productive regions
where it tends to fuel the majority of primary production
(Dugdale, 1967). However, NHI and NO, are recognized
as critical fuels for marine primary production in stratified
environments, where intense recycling of organic matter can
elevate their use by phytoplankton (Clark et al., 2008; Dug-
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dale and Goering, 1967; Fawcett et al., 2011; Rodgers et al.,
2024; Yool et al., 2007) and fuel rapid rates of primary pro-
duction via rapid recycling even if the standing stock of DIN
is low (Bender and Jonsson, 2016; Matsumoto et al., 2016;
Rii et al., 2016; Yang et al., 2019).

The relative speciation of DIN plays a crucial role in shap-
ing marine phytoplankton community composition. Marine
diatoms, for instance, show a competitive edge over other
types of phytoplankton for growth on NO; as a source of
bioavailable nitrogen (Berg et al., 2003; Fawcett et al., 2011;
Glibert et al., 2016a; Klawonn et al., 2019; Litchman, 2007,
Van Oostende et al., 2017; Selph et al., 2021; Tungaraza et
al., 2003; Wan et al., 2018). One theory posits that their eco-
logical success in turbulent, high-NO; environments (Mar-
galef, 1978) may be due to a capacity to store NO; in
their vacuoles and then rapidly reduce it when they experi-
ence sudden increases in light, which would position diatoms
to rapidly consume any excess reductant that would other-
wise retard growth (Glibert et al., 2016a; Lomas and Glibert,
1999; Parker and Armbrust, 2005). Meanwhile, other phyto-
plankton types such as cyanobacteria, more adapted to stable
conditions, are considered better competitors for the reduced
forms of nitrogen, including NHI (Fawcett et al., 2011; Glib-
ert et al., 2016a; Litchman et al., 2007) (Fig. 1). There is in-
tense competition for NH;rIr since nitrogen in this form can
be most efficiently converted into glutamate and other basic
building blocks for biomass synthesis, while NO, and NO3
must be reduced first within the cell (Dortch, 1990). Thus,
phytoplankton types with superior affinities for NHI, like
cyanobacteria, tend to displace other taxa under nitrogen-
limiting conditions (Litchman et al., 2007). These compet-
itive outcomes are also well documented in freshwater and
brackish systems (Andersen et al., 2020; Carter et al., 2005;
Donald et al., 2013; Orndlfsdéttir et al., 2004; Trommer et
al., 2020) and appear somewhat universal in aquatic environ-
ments.

As anthropogenic pressures increase, several factors may
tip the balance towards NHI and other reduced forms of
DIN (Fig. 1). Physical changes, including a changing oceanic
circulation (Sallée et al., 2021), are expected to limit in-
puts of NO; from deeper waters to further intensify nitro-
gen limitation of phytoplankton communities (Bopp et al.,
2005; Buchanan et al., 2021). Climate warming is expected
to accelerate the metabolism of phytoplankton (Anderson et
al., 2021; Eppley, 1972) and thereby increase nitrogen de-
mand and recycling rates (Cherabier and Ferriere, 2022) to
potentially elevate reduced forms of nutrients in the lower
latitudes (Rodgers et al., 2024). Meanwhile, ocean acidifica-
tion may decelerate rates of microbial ammonia oxidation,
the first step of nitrification (Beman et al., 2011). While it
is unlikely that ammonia oxidation would be slowed to the
point where substantial quantities of NH;fIr do not undergo
oxidation, a slight deceleration in the upper ocean may el-
evate the supply ratio of NHI to NO3'. These changes are
expected to increase the relative availability and/or supply
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of NH}' compared to the more oxidized forms of NO, and
NOj3'. Due to the intense competition for NHZr and resulting
shifts towards smaller, more competitive phytoplankton taxa,
the relative enrichment in N HI may become a self-sustaining
regime unless new inputs of NO3 are sufficient to reverse it.
However, the magnitude of NHI enrichment and its dom-
inant drivers remain unquantified. Moreover, even though
there are numerous localized studies that showcase how phy-
toplankton taxa shift in response to changes in the composi-
tion of DIN (Berg et al., 2003; Fawcett et al., 2011; Glibert et
al., 2016a; Klawonn et al., 2019; Litchman, 2007; Van Oos-
tende et al., 2017; Selph et al., 2021; Tungaraza et al., 2003;
Wan et al., 2018), we lack a general understanding of the de-
gree to which phytoplankton communities are affected by the
relative enrichment of NHI at the global scale. This repre-
sents an important knowledge gap as to how climate change
will affect the upper-ocean nitrogen cycle and phytoplank-
ton community composition, with possible implications for
carbon export and fishery productivity.

In this work, we use a global-ocean biogeochemical model
equipped with an advanced nitrogen cycle to quantify the
relative enrichment of NHI within DIN in a future ocean.
Hereafter, we use the NHI to dissolved inorganic nitrogen
ratio (NHJ : DIN), where DIN = NH; + NO; + NO3, as
a measure of this relative availability in the form of nitro-
gen. When we refer to the relative enrichment of NH;, we
specifically mean an increase in the amount of DIN that is
NHI, with an enrichment consistent with a higher propor-
tion of primary production supported through regeneration
(.e., NHj—fueled). We comment on the potential ecological
importance of this enrichment by using compilations of phy-
toplankton relative abundance data collected during the Tara
Oceans expeditions and idealized experiments that isolate the
effect of competition for NHZr from NO;'.

2 Materials and methods
2.1 The biogeochemical model

The biogeochemical model is the Pelagic Interactions
Scheme for Carbon and Ecosystem Studies version 2
(PISCES-v2), which is detailed and assessed in Aumont et
al. (2015). This model is embedded within version 4.0 of
the Nucleus for European Modelling of the Ocean (NEMO-
v4.0). We chose a 2° nominal horizontal resolution with 31
vertical levels with thicknesses ranging from 10 m in the up-
per 100 to 500 m below 2000 m. Due to the curvilinear grid,
horizontal resolution increases to 0.5° at the Equator and to
near 1° poleward of 50° N and 50° S.

We updated the standard PISCES-v2 (Aumont et al., 2015)
for the purposes of this study, specifically by adding NO,
as a new tracer. The PISCESv2 biogeochemical model al-
ready resolved the pools of NH, NOy3, dissolved oxy-
gen, the carbon system, dissolved iron, phosphate, two
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Figure 1. Regimes of low NHI : DIN and higher NHI : DIN regimes in the upper ocean. In a low NHI : DIN regime, there is more vertical

delivery of NO3' to the upper ocean through physical mixing, which is taken up by larger phytoplankton (termed new production), including
diatoms, to produce larger, denser aggregates of sinking organic matter (marine snow) that undergo recycling deeper in the water column. In
the high NHI : DIN regime, less NO3_ is mixed into the upper ocean, and NHI supports a greater proportion of primary production (termed
regenerated production). Those phytoplankton that are competitive for NHZ tend to be smaller and form less dense aggregates that sink more
slowly. Consequently, more organic matter is recycled within the photosynthetically active zone (herein defined as where phytoplankton
biomass >0.1 mmol Cm~3), and there is more regenerated production. All processes are affected by changes to seawater properties driven

by large-scale climate change.

kinds of phytoplankton biomass (nanophytoplankton and
diatoms), two kinds of zooplankton biomass (micro- and
meso-zooplankton), small and large pools of particulate or-
ganic matter, and dissolved organic matter (Aumont et al.,
2015). While the model does not strictly represent picophy-
toplankton, implicit variations in the average cell size of
the nanophytoplankton type affect nutrient uptake dynamics
and may therefore encompass some functionality of picophy-
toplankton in oligotrophic systems (Aumont et al., 2015).
The addition of NO, necessitated breaking full nitrifica-
tion (NH] — NO;) into its two steps of ammonia (NH, —
NO,;) and nitrite oxidation (NO, — NO53'). Both steps were
simulated implicitly by multiplying a maximum growth rate
by the concentration of substrate and limitation terms repre-
senting the effect of environmental conditions to return the
realized rate. For ammonia oxidation, limitations due to sub-
strate availability, light and pH determined the realized rate.
For nitrite oxidation, limitations due to substrate availabil-
ity and light affected the realized rate. All parameter choices
were informed by field and laboratory studies, and a detailed
description is provided in Sect. S1 in the Supplement.

New nitrogen is added to the ocean via biological nitro-
gen fixation, riverine fluxes and atmospheric deposition. Ni-
trogen fixation and static riverine additions are equivalent
to that presented in Aumont et al. (2015), and atmospheric
deposition is maintained at preindustrial rates according to
Hauglustaine et al. (2014) and applied as in Buchanan et
al. (2021). Nitrogen is removed from the ocean via deni-
trification, anaerobic ammonium oxidation (anammox) and
burial. The internal cycling of nitrogen involves assimilation
by phytoplankton, grazing and excretion by zooplankton,
solubilization of particulates to dissolved organics, and am-
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monification of dissolved organic matter to NHI, followed
by nitrification of NH‘}Ir and NO, via ammonia oxidation and
nitrite oxidation (Sect. S1 in the Supplement).

2.2 Model experiments
2.2.1 Identifying anthropogenic drivers

To quantify the impact of anthropogenic activities on
NHI :DIN ratios, we performed transient simulations by
forcing the biogeochemical model with monthly physical
outputs (temperature, salinity, ocean transports, shortwave
radiation and wind speeds) produced by the Institut Pierre-
Simon Laplace Climate Model 5A (Dufresne et al., 2013).
Simulations included a preindustrial control (years 1850 to
2100) where land use, greenhouse gases and ozone remained
at preindustrial conditions and a climate change run (years
1850 to 2100) where these factors changed according to his-
torical observations from 1850 to 2005 and according to the
high-emissions Representative Concentration Pathway 8.5
from 2006 to 2100 (RCP8.5) (Riahi et al., 2011). We chose
a high-emissions scenario to emphasize the clearest degree
of anthropogenic changes and thus maximize anthropogenic
effects. However, we acknowledge that the RCP8.5 is con-
sidered an extreme scenario under present development path-
ways (Riahi et al., 2017).

In addition, we performed parallel experiments (years
1850 to 2100) that isolated the individual effects of our three
anthropogenic stressors: a changing circulation (“Phys”),
warming on biological metabolism (“Warm”), and acidifica-
tion effects on ammonia oxidation (“OA”). The experiment
with all anthropogenic effects was termed “All”. These ex-
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periments involved altering the factor of interest in line with
the historical and RCP8.5 scenario while holding the other
factors at their preindustrial state. Experiment “Phys”, for
example, involved changing the ocean’s circulation, temper-
ature and salinity and the resulting effects to light associated
with sea ice extent changes, but the ecosystem component
of the model experienced only the preindustrial temperature,
and atmospheric CO;, was held at a preindustrial concen-
tration of 284 ppm. In contrast, experiment “Warm” main-
tained the preindustrial climatological ocean state and atmo-
spheric CO; at 284 ppm but ensured that the ecosystem com-
ponent saw increasing temperatures (7' in °C) according to
the RCP8.5 scenario, which scaled growth of phytoplankton
types according to 1.0667 and heterotrophic activity (graz-
ing and remineralization) according to 1.0797 (Aumont et
al., 2015). Experiment “OA” held the circulation and temper-
ature effects on metabolism constant but involved the histor-
ical and future projected increase in atmospheric CO,. This
decreased pH and negatively affected rates of ammonia ox-
idation at a rate consistent with field measurements (Beman
et al., 2011; Huesemann et al., 2002; Kitidis et al., 2011),
specifically a loss of ~20 % per 0.1 unit decrease in pH be-
low 8.0 (Fig. S1).

The effect of climate change at the end of the 21st century
(mean conditions 2081-2100) was quantified by comparing
with the preindustrial control simulation (also mean condi-
tions 2081-2100). This preindustrial control simulation was
run parallel to the climate change simulations (i.e., 1850—
2100) but without anthropogenic forcings. This allowed a di-
rect comparison to be made between experiments at the end
of the 21st century and eliminated the effect of model drift.
We calculated changes at each grid cell by averaging over the
upper ocean where primary production was active, which we
hereafter refer to as the photosynthetically active zone de-
fined as those depths where total phytoplankton biomass was
greater than 0.1 mmol C m~>. In addition, we compared the
preindustrial simulation with observations to explore broad
patterns in NHI and NHI : DIN ratios.

2.2.2 Isolating the effect of competition for NHI

A unique aspect of the PISCESv2 biogeochemical model is
that it weights uptake of NH;tIr over NO; when both sub-
strates are low, but as NO3_ becomes abundant, the commu-
nity switches towards using NOj as a primary fuel (Fig. 2).
This is achieved via

NH] [NH;] 0
PFT —[NHI] i KII;% -

NO; _ [NO; ] +[NO3] ®
P INOS 1+ [NOS ] + KNy

DI _ [NHS ]+ [NO; ]+ [NO3 ] &)

PIT T INHE ]+ [NOS |+ INO3 1+ KDop
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where KD is the prescribed half-saturation coefficient for
uptake of inorganic nitrogen for a given phytoplankton func-
tional type (PFT); [NHI], [NO, ], and [NOy] are the mo-

. . I . NH;
lar concentrations of ammonium, nitrite, and nitrate; lppT »

NO; . .
Iper » and IO are the Michaelis-Menten uptake terms for
NHI, inorganic oxidized nitrogen (the sum of NO, and

- NH} NO; .
NOy3), and DIN; and Lppy and Lppp are the growth limita-

tion factors on NHI and inorganic oxidized nitrogen. In the
. NHy NO; .
above, the resulting Lppyt and Lppf terms (Egs. 4-5) are in-

+
fluenced by a factor of 5 that is applied to Z;IFHT“ . This assumes
that NH;rIr uptake is weighted 5 times more than oxidized in-
organic nitrogen, which represents the well-established pref-
erence for growth on NHI (Dortch, 1990). However, as oxi-
dized nitrogen (hereafter NO;') becomes more abundant than

+ NO; NH; .
NH,, the Lppp term exceeds Lppr , meaning that phyto-

plankton switch to new production over regenerated produc-
tion (see cross over points between solid and dashed lines in
Fig. 2).

These dynamics are common to both PFTs: nanophyto-
plankton and diatoms (Fig. 2). However, a key difference
is that the KII;IFT of diatoms is prescribed as 3-fold greater
than that of nanophytoplankton, reflecting their greater av-
erage size. As a result, diatoms are always less competitive
than nanophytoplankton for NH;L|r and are less competitive

_ _. NH; .
for NO3 when NO3 is scarce. However, a low IPFT4 for di-

atoms also results in a higher LII\,II?TX as NO5 concentrations
rise. This is evident in Fig. 2, where growth by diatoms on
NOj3 (black solid line) overtakes growth by nanophytoplank-
ton on NOj (green solid line) as NO; becomes abundant.
As aresult, the model gives diatoms a competitive advantage
over nanophytoplankton that accords with theorized growth
advantages under high NO3_ (Glibert et al., 2016a; Lomas
and Glibert, 1999; Parker and Armbrust, 2005). Addition-
ally, the switch from regenerated to new primary production
occurs at much lower concentrations of NO; for diatoms,
aligning with fields studies that identify diatoms as responsi-
ble for the majority of NOj uptake in the nitracline (Fawcett
etal., 2011).

We sought to isolate the impact of competition for Nijr
and thus target the causative relationship between N HI :DIN
and variations in PFT relative abundance. To do so, we re-
peated the set of experiments described above (All, Phys,
Warm, OA and the preindustrial control) from years 1850

https://doi.org/10.5194/bg-22-4865-2025
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Figure 2. Limitation of the diatom (black) and nanophytoplankton (green) phytoplankton functional types (PFT) in the ocean biogeochemical
model by NOj3 (solid lines) and NHI (dashed lines) as a function of the NHI : DIN ratio on a logq scale. Note that the nanophytoplankton

PFT is always more competitive for NHZ{ and is more competitive for NO;™ when NO5' is low, while diatoms become more competitive for

NO;3" when NOj' is high.

to 2100 but with an alternative parameterization where di-
atoms were made to have the same growth limitation on NHI
as other phytoplankton, so that there was zero competitive
advantage or disadvantage for NHI between these groups
(i.e., making the dashed black and green lines in Fig. 2 the
same under all conditions). These simulations were called
“modelcompete” and were initialized from the same conditions
as those done with the default parameterization, which we
call “modelconiol”- All other traits remained unchanged, in-
cluding the competitive advantage of diatoms at high NO;
but also their competitive disadvantage at low NO; (Fig. 2).
In other words, when DIN was low, diatoms were equally
competitive for NH;fIr as nanophytoplankton but still suffered
their unique limitations associated with NO3, light, silicate,
phosphate and iron availability, as well as grazing pressure,
and this isolated the direct effect of competition for NHI.

2.3 Nutrient and rate data

Measured Nijr concentrations (N = 692; uM) were used
for model—data assessment (Fig. 3; Figs. S2-S3). Nutrients
were collated from published work (Buchwald et al., 2015;
Mdutyana et al., 2020; Newell et al., 2013; Raes et al., 2020;
Santoro et al., 2013, 2021; Shiozaki et al., 2016; Tolar et
al., 2016; Wan et al., 2018, 2021) and oceanographic cruises
AR16 (https://www.bco-dmo.org/deployment/747056, last
access: 20 August 2022), JC156 and JC150. Coincident NO,
and NO3 (uM) were used to compute NHI : DIN ratios. If
coincident measurements of NO, were not available, then
NHZr : DIN ratios were calculated with only NO;. If NO3
measurements were not made alongside NHJ, then NO5
concentrations were extracted from the World Ocean Atlas
2018 (Garcia et al., 2019) monthly climatology at the closest
grid cell. These data are available in Data Set S1 (Buchanan,
2024).

https://doi.org/10.5194/bg-22-4865-2025

Measured ammonia oxidation rates (N = 696; nMd~!)
were also used for model-data assessment and showed an ac-
celeration of rates from oligotrophic to eutrophic regions in
agreement with the model (Fig. S3). Data were collated from
published work (Clark et al., 2022; Dore and Karl, 1996;
Mdutyana et al., 2020; Newell et al., 2013; Raes et al., 2020;
Raimbault et al., 1999; Santoro et al., 2013, 2021; Shiozaki
et al., 2016; Tolar et al., 2016; Wan et al., 2018, 2021) and
are available in Data Set S2 (Buchanan, 2024).

Measurements of NHI and NO; concentrations (uM)
alongside NHZ{— and NO; -fueled primary production (umol
m—3d~!) were used to determine the relationship between
NHI : DIN ratios and the proportion of net primary produc-
tion that is fueled by NHZ. While coincident measurements
of these properties are not common, we compiled data from
nine studies (Fernandez et al., 2009; Joubert et al., 2011;
Mdutyana et al., 2020; Metzler et al., 1997; Philibert, 2015;
Rees et al., 2006; Thomalla et al., 2011; Wan et al., 2018;
Yingling et al., 2021) providing 190 data points that together
encompassed oligotrophic to eutrophic conditions from the
tropics to the Southern Ocean. Measurements from the Gulf
of Mexico (Yingling et al., 2021) were unique in that nutrient
concentrations and uptake rates were not measured at pre-
cisely the same depths or stations. Coincident values were
determined by calculating trends in depth via linear inter-
polation (Fig. S4). These data are available in Data Set S3
(Buchanan, 2024).

Ammonia oxidation rates data from experiments involving
pH changes were acquired directly from the papers present-
ing the results (Beman et al., 2011; Huesemann et al., 2002;
Kitidis et al., 2011) by extraction from the text (where val-
ues were given) and from figures using the WebPlotDigitizer
tool (https://automeris.io/WebPlotDigitizer/, last access: 19
September 2022). Changes in ammonia oxidation rates were

Biogeosciences, 22, 4865-4883, 2025
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Figure 3. Global patterns of NHI concentrations, its contribu-
tion to DIN and NHZ‘ budgets within the photosynthetically ac-
tive zone (phytoplankton biomass >0.1 mmol C m_3). (a) The sim-
ulated maximum NHI concentration. The maximum was cho-
sen to emphasize basin-scale variations. (b) Average values of the
NHI : DIN ratio. Modeled values are annual averages of the prein-
dustrial control simulation between years 2081-2100. Observed
values following linear interpolation between the surface and 200 m
depth are overlaid as colored markers. Only those profiles with at
least three data points within the upper 200 m are shown. (¢) Global
mean = standard deviations of NHI fluxes separated into eutrophic
and oligotrophic regions. Sources of NHI are represented by posi-
tive values and sinks by negative values.

normalized to a pH of 8 (Fig. S1). These data are available in
Data Set S4 (Buchanan, 2024).

2.4 Phytoplankton relative abundance data

Tara Oceans expeditions between 2009 and 2013 performed
a worldwide sampling of plankton in the upper layers of
the ocean (Pierella Karlusich et al., 2020). We mined the
18S rRNA gene (V9 region) metabarcoding data set (Ibar-

Biogeosciences, 22, 4865-4883, 2025

P. J. Buchanan et al.: Ammonium and phytoplankton community change

balz et al., 2019; de Vargas et al., 2015) by retrieving the
operational taxonomic units (OTUs) assigned to eukary-
otic phytoplankton from samples obtained from 144 sta-
tions (https://doi.org/10.5281/zenodo.3768510, last access: 2
September 2022). Barcodes with greater than 85 % identity
to phytoplankton sequences in reference databases were se-
lected. The total diatom barcode reads in each sample was
normalized to the barcode read abundance of eukaryotic phy-
toplankton. We exclusively used the data sets corresponding
to surface samples (5-9 m depth) because of greater sam-
pling coverage in the Tara Oceans data set, which accesses
a broad range of NHI :DIN ratios spanning many ocean
biomes/provinces.

In addition, we analyzed the metagenomic read abun-
dances for the single-copy photosynthetic gene psbO, an ap-
proach that covers both cyanobacteria and eukaryotic phy-
toplankton and provides a more robust picture of phyto-
plankton cell abundances than rRNA gene methods (Pierella
Karlusich et al., 2023). We retrieved the abundance tables
from samples obtained from 145 stations (https://www.ebi.
ac.uk/biostudies/studies/S-BSST761, last access: 2 Septem-
ber 2022).

2.5 Statistical analyses

We explored the environmental drivers of change in phyto-
plankton relative abundance data (provided by Tara Oceans)
with generalized additive models (GAMs) using the mgcv
package in R (Wood, 2006) structured as

Y=a+s1(x1)+s2(x2)+...+8, (xp) + 6, (6)

where Y is the predicted response, « is the intercept, s, (x,)
represents a smooth function (specifically the nth thin-plate
spline) fitted to the nth predictor variable x, and ¢ is the
model error. Thin-plate splines are flexible and widely used
as a smoothing method within GAMs that allow for non-
linear relationships between predictors and response vari-
ables and do not require specificity around a functional form.
They are well suited to handling ecological data where re-
lationships are often non-linear and non-parametric. Predic-
tor variables were mixed-layer depth (m), phosphate (UM),
silicate (uM), dissolved iron (UM) and the NHI :DIN ra-
tio. Mixed-layer depth, phosphate and silicate were mea-
sured in situ at the sample locations of Tara Oceans, while
dissolved iron and NH;l|r : DIN ratios were provided by the
model at the same location and month of sampling, since
measurements of these properties are scarce. In addition,
phosphate and silicate concentrations were available as in-
terpolated products from the World Ocean Atlas (Garcia et
al., 2019). An alternative estimate of NHZ : DIN ratios was
provided by the Darwin model (Follows et al., 2007). Pre-
dictor variables from models and World Ocean Atlas were
extracted at the locations and months of sampling, and differ-
ent combinations of in situ and modeled variables were used
to build GAMs. Mixed-layer depth, nutrients (phosphate, sil-
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icate and NHI :DIN) and the relative abundance of phyto-
plankton taxa were logjo-transformed prior to model build-
ing to ensure homogeneity of variance.

Before model testing, we calculated the variance infla-
tion factors (VIFs) of independent variables to avoid multi-
collinearity. All covariate VIFs were <3, which indicates
minimal multicollinearity. GAMs were computed using a
low spline complexity (k = 3) that prevented overfitting and
constrained the smooth functions represent only broad-scale
trends in the data. We fit GAMs using all predictors (full
model) and then assessed the deviance explained by each
predictor by fitting subsequent GAMS with each predictor
in isolation and by removing the predictor in question from
the full model. The significance of a predictor was assessed
by applying a smoothing penalty to only that predictor in the
full model. Diagnostic plots were assessed visually, and pre-
dictive capacity was assessed via the percent of deviance ex-
plained by the model.

A two-sided Mann—Whitney U test was used to test for
differences between the two distributions of diatom relative
abundance separated by N HI : DIN ratios <4 % and >4 %.
The 4 % threshold was used because it split the data set in
half and aligned with the point at which primary production
transitioned from mostly new (NOj -fueled) to regenerated
(NHZ-fueled). This non-parametric test (performed with the
scipy package in Python) returned highly significant two-
sided p values (p<0.0001) as indicated by ***.

3 Results and discussion
3.1 Assessment of modeled NHI and NHI : DIN

Concentrations of 0.1 uM NHI or greater exist over conti-
nental shelves and in regions of strong mixing with high rates
of primary production and subsequent heterotrophy. This ac-
cumulation of NHA|r in productive regions is reproduced by
our model (Fig. 3a). In these eutrophic systems, high NHI
co-occurs with high NO3_ concentrations, so NHI makes a
small contribution to total DIN (Fig. 3b). These regions in-
clude the eastern tropical Pacific, eastern boundary upwelling
systems, the northwest Indian Ocean, the subpolar gyres and
the Southern Ocean (although we note that the model un-
derestimates NHI concentrations in the Southern Ocean). In
contrast, low NHZr concentrations of less than 0.05 uM per-
vade the oligotrophic gyres of the lower latitudes. As these
regions also display very low NO; concentrations, NHI
makes up a much higher fraction of total DIN in both the
observations and our model, with the NHI peak occurring
deeper in the water column (Fig. S2).

Eutrophic upwelling systems and oligotrophic waters dif-
fered in the major sinks of NH;fIr (Fig. 3c), consistent with
available observations and constraints from theory. The
major difference was that ammonia oxidation represented
49 429 % (mean =+ standard deviation) of NHI sinks in eu-
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trophic waters (here defined by surface nitrate >1pM), but
this dropped to 32 &9 % in oligotrophic systems, where as-
similation of NHZ{ became more important. Measured rates
of ammonia oxidation showed a positive relationship with
surface NOj concentrations, and this was reproduced by the
model (Fig. S3), indicating that ammonia oxidation was in-
deed a greater proportion of the overall NHI budget in eu-
trophic regions. In agreement, isotopic methods have shown
that the bulk of nitrogen assimilated by phytoplankton in
oligotrophic waters is recycled (Eppley and Peterson, 1979;
Fawcett et al., 2011; Klawonn et al., 2019; Van Oostende et
al., 2017; Wan et al., 2021), implying that most nitrogen cy-
cling occurs without ammonia oxidation. Our model repro-
duces this feature of oligotrophic systems (Fig. 3c). Overall,
the model shows good fidelity to the available observations
of NHA|r concentrations, NH;L|r : DIN ratios and rates of NH;‘|r
cycling that we compiled for this study (Fig. 3; Figs. S2-S3).
Meanwhile, nitrogen fixation and anammox had very mini-
mal contributions to NHI budgets on the global scale.

3.2 Future enrichment of NHI in the ocean and its
drivers

By the end of the 21st century (2081-2100), NHZr :DIN
is projected to increase in over 98 % of the photosynthet-
ically active zone, where phytoplankton biomass exceeds
0.1 mmolCm™3 (Fig. 4a). On average (* standard devia-
tion), the fraction of DIN present as NH;L'r increased by
6+ 6% from a preindustrial average of 11.5+£11.0% to
17.5 £ 14 %, with enrichment exceeding 20 % in regions
with pronounced DIN gradients, such as at the boundary be-
tween eutrophic and oligotrophic regimes. The enrichment of
NHI caused an expansion of regenerated production across
the ocean such that NHI overtook NOj;™ as the main nitro-
gen substrate for phytoplankton growth in an additional 10 %
(73 % to 83 %) of the ocean’s area. Regenerated production
also increased as a proportion of net primary production from
60 % to 63 %. The greatest changes occurred within the 21st
century (Fig. 4b), indicating a direct relationship between the
severity of climate change and the magnitude of NHZ{ enrich-
ment within DIN.

Physical changes, a warming-induced stimulation of mi-
crobial metabolism and ocean acidification all played a role
in increasing NH}' :DIN. Among these factors, physical
changes had the largest contribution, accounting for 55 %
of future trends (Fig. 4b). Physical changes decreased DIN
to cause increases in NHZ :DIN in many regions (Fig 4c;
Fig. S5) and occurred either through reduced physical supply
(e.g., North Atlantic; Whitt and Jansen, 2020) or increased
demand and export of organic nitrogen in regions experienc-
ing an increase in primary production due to losses in sea ice
and increases in light (e.g., Arctic; Comeau et al., 2011).

Ocean acidification, responsible for 25% of the
NHI : DIN increases, increased NHI : DIN ubiquitously, but
it had the greatest effect in oligotrophic settings where DIN

Biogeosciences, 22, 4865-4883, 2025



4872

ANH; to DIN ratio (%)

(b) preindustrial W Al
N conditions arm
x 12 ——0A ~——Phys
i)
©
Z
o
e
to
I
z

6 T T T T T T T 1
1900 1925 1950 1975 2000 2025 2050 2075 2100
Year

A NH, to DIN ratio (%)

Figure 4. Anthropogenic impacts on the NHI to DIN ratio in a
high-emissions scenario within the photosynthetically active zone.
(a) The difference in the average NHZ to DIN ratio at the end of
the 21st century (2081-2100) with all anthropogenic impacts. (b)
Global mean trends in the average NHI to DIN ratio in the different
experiments: preindustrial control (grey), ocean acidification (OA;
green), warming on metabolic rates (Warm; red), physical changes
(Phys; blue) and all effects (All; black) according to the RCP8.5
climate change scenario. (c¢) Increases in the average NHI to DIN
ratio due to physical changes (blue), effect of warming on metabolic
rates (red) and ocean acidification on ammonia oxidation (green)
from a multiple stressor perspective.

concentrations were lower and minimal effects in eutrophic
regions (Fig 4c; Fig. S5). We do note, however, that there is
much uncertainty in the relationship between pH and ammo-
nia oxidation rates (Bayer et al., 2016; Kitidis et al., 2011).
To accommodate some of this uncertainty, we performed an
idealized experiment with a weaker relationship between pH
and ammonia oxidation that still fit the measurements well
but that enforced a 10 % decline in ammonia oxidation per
0.1 pH decline rather than 20 % (Fig. S6). This reduced the
influence of acidification by 10 % or more and increased the
contribution of the other stressors (Fig. S6). The effect of pH
decline was, however, only influential to NH;lF : DIN ratios in
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the subtropical gyres where NHI : DIN ratios were already
high. Thus, whether pH declines have a strong or weak effect
on ammonia oxidation did little to change NHZr : DIN ratios
in eutrophic regions where NO; is abundant and where
diatoms represent a larger proportion of the phytoplankton
community and where, coincidentally, shifts from low
to higher NH;"r :DIN would have the greatest impact on
community composition.

Warming stimulated the nutrient demand of phytoplank-
ton, which reduced DIN, a mechanism consistent with the
effects of temperature on marine microbial recycling (Cher-
abier and Ferriere, 2022). While its global contribution
was small at 13% (Fig. 4b), the stimulation of micro-
bial metabolism had important effects at the boundaries of
NOj -rich regions by contracting their areal extent, turning
previously NO3 -rich waters to NO3 -poor waters (Fig. 4c;
Fig. S5). Altogether, the individual contributions of physical
change, acidification and stimulated metabolism diagnosed
via our sensitivity experiments explained 93 % of the full
change in NHI : DIN, indicating that the different drivers had
small interactive effects that drove NHI : DIN only slightly
higher than their linear combination.

3.3 Simulated impacts on phytoplankton community
composition

Our climate change simulations projected a future decline
in the relative abundance of diatoms globally by an aver-
age of 3 %, while local declines in the subantarctic, tropi-
cal, North Atlantic, North Pacific and Arctic oceans some-
times exceeded 20 % (Fig. 5a, b; Fig. S7). Our sensitivity
experiments enabled an attribution of the major drivers, at
least in a coarse-grained sense. At a global scale, the loss
of diatom representation within marine communities in our
model was driven by a combination of stimulated microbial
metabolism (60 % of full response in experiment “All”’) and
physical changes (40 % of full response in experiment “All”),
while ocean acidification had negligible effects (Fig. Sc;
Fig. S7). Ocean acidification had negligible effects because
it largely raised NHjlr : DIN ratios in oligotrophic subtropical
gyres where diatoms were already of low proportion (Fig. 4c;
Fig. S5). Averaged across the low-latitude ocean (40°S—
40°N), diatoms also declined by an average of 3 % driven
by the same factors (60 % microbial metabolism and 40 %
physical changes), while more dramatic but very regional de-
clines of diatoms near or exceeding 20 % were due primar-
ily to physical changes (Fig. S7). These global and regional
declines have been predicted previously and are widely ac-
cepted to be due to a decline in bulk nutrient availability in
the upper ocean (Bopp et al., 2005), although the large ef-
fect of stimulated metabolism here suggests that top-down
grazing pressure, which is accelerated by warming, may also
play a role (Chen et al., 2012; Rohr et al., 2023). That said,
stimulating metabolism also increases phytoplankton nutri-
ent demand, which eventually leads to greater DIN limitation
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(Cherabier and Ferriere, 2022). We indeed appreciate that
the reduction of diatoms from phytoplankton communities
as simulated by models is due to nutrient losses, in particular
declines in NO; (Kwiatkowski et al., 2020), and our simu-
lations here, at least indirectly, are no different, since both
nanophytoplankton and diatom biomass declined.

However, explicitly representing competition for NH;L'r can
provide a more nuanced view of why a decline in NO; might
cause a decline in diatom relative abundance or shifts in any
phytoplankton taxa for that matter. We cast this view specifi-
cally in terms of an increase in competition for NHI and base
this on two lines of evidence. First, a decline in the standing
stock of DIN does not mean a decrease in its supply. In fact,
rapid rates of primary production are measured in nutrient-
poor waters, which implies rapid recycling and thus a rapid
resupply of DIN in the form of NHZ‘F (Bender and Jonsson,
2016; Matsumoto et al., 2016; Rii et al., 2016; Yang et al.,
2019). This is akin to the bathtub analogy, where different
volumes (i.e, nutrient concentrations) can result by varying
the inflow (i.e., recycling) even when the outflow is constant
(productivity). Second, we take at face value the lower mea-
sured NH;lF affinities of diatoms compared with other phy-
toplankton (Litchman, 2007; Litchman et al., 2007), and we
account for this competitive disadvantage explicitly in our
ocean biogeochemical model (Fig. 2). The combination of
intense competition for rapidly supplied NHI and the poor
competitive ability of diatoms for NHI suggests that when
NO3_ concentrations decline, competition for NHI increases,
and declines in diatom relative abundance follow.

We recognize that other influential bottom-up and top-
down stressors, such as growth limitation by other nutri-
ents (Taucher et al., 2022), including NO5 (Fig. 2), shifts
in the light environment, and/or grazing pressure, which is
also temperature-dependent, are also influential to structur-
ing phytoplankton communities (Brun et al., 2015; Margalef,
1978; Taucher et al., 2022). The fact that a warming-induced
stimulation of metabolism was linked to 60 % of the global
mean diatom declines, for instance, could be due to a wide
array of factors, not just the resulting increase in NHI : DIN.
Furthermore, we acknowledge that if a negative correlation
between N HI : DIN and diatom relative abundance exists, in
our model or any observations, this negative correlation may
be confounded by covariates. If other factors are covarying
with the NH;l|r : DIN ratio but are more influential to diatom
relative abundance, this may lead to the erroneous attribu-
tion of a causative relationship between diatom relative abun-
dance and NHZ : DIN ratios (i.e., a false positive).

Removing diatoms’ competitive disadvantage for NHI
(i.e., equally competitive for NHI) in our experiments with
“modelcompete” (see Sect. 2.2.2 in the methods) mitigated
the losses of diatom representation within future phytoplank-
ton communities by 70 % compared to the full response in
the “All” experiment with modelcono) (Fig. 5d—f). Losses in
NO3 still occurred in these experiments, and these losses
in NO3 caused declines in phytoplankton productivity and
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biomass, including both nanophytoplankton and diatoms ev-
erywhere outside of the polar regions (Figs. S7-S8). In the
default model (modelonirol) diatoms experienced greater de-
clines than nanophytoplankton, causing declines in their rela-
tive abundance. Importantly though, the global mean decline
in diatom relative abundance in modelcompete Was only 0.9 %
by 2081-2100 compared to 3 % in modelconiol (Fig. Sc, f).
Physical changes, while important regionally, no longer ex-
erted a global negative effect on their total nor relative abun-
dance (blue line in Fig. 5f), while the negative effect of
elevated microbial metabolism on relative abundance was
ameliorated by 25 % (Fig. 5f; Figs. S7-S8). In some areas
diatoms even showed increased total and/or relative abun-
dance where previously there were losses, including the Arc-
tic, the tropical Pacific, the Arabian Sea, the North Atlantic
and the southern subtropics (Fig. 5d, e; Fig. S8). Outside of
the Southern Ocean and the eastern boundary upwelling sys-
tems, physical changes that tended to reduce DIN concentra-
tions now favored diatoms, while elevated metabolism now
had positive, rather than negative, effects in the tropical Pa-
cific.

These experiments provide some potential insights into the
factors controlling diatom niches in the global pelagic ocean.
Regions where modeleontrol and modelcompete sShow similar
changes are regions where other factors besides competition
for NHI determine diatom competitiveness. A good exam-
ple is the Southern Ocean, where iron, light and silicic acid
are the major controls on diatom productivity and phyto-
plankton community composition (Boyd et al., 1999, 2000;
Krumhardt et al., 2022; Llort et al., 2019). Accordingly,
there is close correspondence in the model, evident by the
matching outcomes of modelcontrol and modeleompete. How-
ever, where modelcontrol and modelcompete predicted contrast-
ing outcomes, the form of nitrogen, specifically NHI : DIN,
and thus the intense competition for NHZr exerted a dominant
control.

3.4 Can we build confidence using observations?

So far, we have projected widespread increases in N HI :DIN
in a high-emissions scenario and determined that a large frac-
tion of the projected declines in diatom relative abundance
are due to their competitive exclusion by other phytoplankton
in regions where NHZr becomes more important as a nitrogen
source. However, what do the observations tell us? Can this
negative relationship between NHI :DIN and diatom rela-
tive abundance be observed at a global scale? Evidence for
local extirpation of diatoms by taxa more competitive for
NHI has been reported by many studies (Andersen et al.,
2020; Carter et al., 2005; Donald et al., 2013; Glibert et al.,
2016a; Orndlfsdéttir et al., 2004; Trommer et al., 2020), but
is the relationship strong enough to play out across the wide
biogeographic regimes in the ocean? Furthermore, is the pa-
rameterization of our model showcased in Fig. 2 realistic?
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Does it reproduce observed shifts from new to regenerated
production as NH;"r increases?

34.1 NH;" : DIN and regenerated production

We address the latter question first. If the model cannot repro-
duce observed shifts from NO; to NHI—fueled primary pro-
duction as NHI : DIN changes, then we might be less confi-
dent in its projected increases in regenerated production and
by extension less confident in the magnitude of projected de-
clines in diatom relative abundance presented above. We col-
lated parallel observations of NH;f|r : DIN ratios and rates of
new and regenerated production from studies spanning trop-
ical to polar environments (Fernandez et al., 2009; Joubert et
al., 2011; Mdutyana et al., 2020; Metzler et al., 1997; Philib-
ert, 2015; Rees et al., 2006; Thomalla et al., 2011; Wan et al.,
2018; Yingling et al., 2021). Such coincident measurements
are rare. Nonetheless, this compilation was able to show the
expected positive relationship between the NHZr :DIN ra-
tio and the proportion of primary production that is regen-
erated (Fig. 6). While this relationship is expected, in that
high NH;"r to DIN ratios should coincide with high rates of
regenerated primary production, the functional form of this
relationship is important yet not well known. The compi-
lation of studies reveals that it is sharp and non-linear, and
here we describe it using a fractional-order Monod function
with an optimal half-saturation constant of 0.2 4 0.03 uM°-
and an exponent of 0.5 + 0.05 (Pearson’s correlation = 0.69;
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R? (coefficient of determination) = 0.47; as compared to a
linear relationship with an R? (coefficient of determination)
= —1.13). This quadratic function predicts that regenerated
production contributes half of total net primary production
when the standing stock of N HI is only 4 & 3 % of total DIN.
The data at hand therefore suggest that phytoplankton grow
principally on NHAF (regenerated production) and only tran-
sition to using NO3* when NH;L'r is substantially depleted to
concentrations at or below 4 % of total DIN.

A similarly sharp relationship emerged from our global-
ocean biogeochemical model (Aumont et al., 2015) (grey
dots in Fig. 6). This builds confidence in our modeled in-
creases in regenerated production due to rising NHI :DIN
ratios, but why did the model behave similarly to the ob-
served relationship? In the model, all phytoplankton are pa-
rameterized to have higher affinities for NHI over NOy,
consistent with laboratory studies (Litchman, 2007; Litch-
man et al., 2007). Their growth is supported by NH;tF only
until NO;" becomes sufficiently abundant to allow for higher
growth rates (Fig. 2). In the model, this transition from NH;
to NOj -fueled growth occurs at NHI : DIN ratios of roughly
0.1 for the diatom functional type and roughly 0.025 for the
nanophytoplankton function type under typical conditions.
Hence, our model represents accelerated growth on NO3
in both phytoplankton function types but only at very low
NHI : DIN ratios and thus reproduces the sharp functional
form that is observed.
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3.4.2 NH] :DIN and phytoplankton community
composition

Next, we search for evidence of a relationship between
NHI : DIN ratios and phytoplankton community composi-
tion in the global ocean. While evidence from many local-
ized studies in freshwater, brackish and marine environments
suggests that increasing NHI : DIN ratios have an effect on
phytoplankton community composition, namely a negative
effect on diatom relative abundance and a positive effect on
cyanobacterial relative abundance (Berg et al., 2003; Carter
et al., 2005; Donald et al., 2013; Fawcett et al., 2011; Kla-
wonn et al., 2019; Van Oostende et al., 2017; Selph et al.,
2021; Tungaraza et al., 2003; Wan et al., 2018), evidence for
this relationship across the large scale of the global ocean is
lacking. We used two proxies of phytoplankton relative abun-
dance from the 7ara Oceans global survey, 18S rRNA gene
metabarcodes (de Vargas et al., 2015) and psbO gene counts
(Pierella Karlusich et al., 2023), combined with NH;‘Ir :DIN
as predicted by our global-ocean biogeochemical model, to
predict relative abundances of major phytoplankton taxa via
generalized additive models (GAMs; see Methods).

Our analysis revealed that what has been observed at local
scales is apparent in the global Tara Oceans data set. Essen-
tially, elevated NHI : DIN was consistently associated with
declines in diatom relative abundance (Fig. 7a). The negative
relationship between NH;L'r :DIN and diatom relative abun-
dance was evident and significant in GAMs trained on both
abundance proxies (18S rRNA and psbO gene counts), as
well as when using different combinations of predictor vari-
ables: whether model-derived, in situ measurements, interpo-
lated products (Garcia et al., 2019) or even when switching
out NHI :DIN as predicted by our biogeochemical model
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with that provided by another (Follows et al., 2007) (Ta-
ble S1). Importantly, the relationship between NH;L :DIN
and diatom relative abundance remained consistently neg-
ative and significant despite the combination of predictor
variables, which builds confidence in the statistical relation-
ship. This was not the case for other predictors (phosphate,
silicate, dissolved iron and mixed-layer depth), which were
prone to insignificance and/or sign changes depending on the
combination of predictors used (Figs. S9-S13). NH;‘|r : DIN
also offered good explanatory power for diatom abundance
compared to the other predictor variables, explaining be-
tween 18 %-30% of the deviance in the data for both 18S
rRNA and psbO gene count data (Table S1).

We also saw some strong associations between NHA|r : DIN
and the relative abundance of dinoflagellates, Prochlorococ-
cus and chlorophytes (Table S2; Figs. S14-S15). Prochloro-
coccus was positively related to NHI : DIN, as expected, re-
flecting their superior affinity for NHj and dominance in
oligotrophic gyres (Herrero et al., 2001; Litchman, 2007;
Litchman et al., 2007; Matsumoto et al., 2016; Rii et al.,
2016). The positive relationship between dinoflagellates and
NHI : DIN within eukaryotic phytoplankton, but not in the
psbO gene counts, likely reflects the inclusion of non-
photosynthetic (i.e., heterotrophic) dinoflagellate lineages
with the 18S metabarcoding method that are excluded from
the psbO method (Pierella Karlusich et al., 2023) and the
proliferation of these types within systems enriched in re-
duced nitrogen (Glibert et al., 2016b). Like diatoms, chloro-
phytes were negatively related to NHI : DIN. Interestingly,
this is contrary to the outcomes of the freshwater studies that
suggest a seasonal succession of increased chlorophyte con-
centrations as NH}' concentrations increase following a di-
atom bloom on NO;" (Andersen et al., 2020), as well as the
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and blue line fit are percent among eukaryotic phytoplankton (18S rRNA metabarcodes). Red star markers and red line fit are percent among
all phytoplankton (psbO gene counts). Solid and dashed black lines are output from the ocean biogeochemical model (N = 16638) with
and without competitive exclusion of diatoms for NHI. The vertical dotted line delineates when NHI is 4 % of DIN, which aligns with the
point at which community primary production switches from predominantly NO; -fueled to NHI—fueled (Fig. 6). The inset map shows the
locations of Tara Oceans samples (N = 144). (b) Boxplots of the raw partial residuals from panel (a) but separated either side of the 4 %
NHI to DIN threshold for percent among eukaryotic phytoplankton (blue), all phytoplankton (red), the ocean biogeochemical model (solid
black) and model without competitive exclusion of diatoms for NHZ‘ (dashed black). Whiskers correspond to the 5th and 95th percentiles.

Tables on the right denote significant pair-wise differences (Mann—Whitney U) amongst data sets when NHI : DIN is less than 4 % (c), when

it is more than 4 % (d) and when comparing <4 % with >4 % data sets (e).

high affinities that chlorophytes appear to have for NHI over
NO3 (Litchman, 2007; Litchman et al., 2007). However, the
relative abundance of marine chlorophytes may also be af-
fected by intense competition for NHZr with cyanobacteria,
which may have the competitive edge over small eukaryotes
and push these taxa to niches with higher nutrient availabil-
ity (Vannier et al., 2016). For chlorophytes, we therefore see
a different relationship at the global scale compared to the
local scale.

3.4.3 Building confidence in the model

To test whether the correct functional relationships emerge
from our model, we performed the same GAM analysis that
we performed in the previous section on diatom relative
abundances predicted by our biogeochemical model. This
model lacks a Prochlorococcus functional type and so does
not allow us to comment on the relative abundance of this
type but does ascribe its diatom functional type with a known
competitive disadvantage for NHZr relative to the nanophyto-
plankton functional type (Fig. 2). This means that at high
NHI :DIN ratios (low NO;) the nanophytoplankton type
will always outcompete the diatom type.

As expected, the simulated diatom relative abundance was
negatively related to NHI : DIN ratios (black line in Fig. 7a;
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deviance explained = 70 %; p value <0.001). Interestingly,
the relationship was also strongly non-linear and not dissim-
ilar to that seen in the Tara Oceans data, with rapid losses
of diatoms as NHZ‘r :DIN became greater than 4 %. This
threshold, where NHI becomes 4 % of total nitrogen stocks,
aligned with the point at which primary production becomes
dominated by regenerated production (Fig. 6). This show-
cases (1) the intense recycling of NH;l|r in the marine envi-
ronment and competition for this coveted nutrient, (2) how
diatoms are outcompeted as less primary production is fu-
eled by external NO; inputs, and (3) how diatoms are major
contributors to new primary production in the ocean (Fawcett
et al., 2011). Additional statistical analysis showed that on
either side of this 4 % threshold the GAM predictions built
from both the biogeochemical model and 7ara Oceans data
could not be statistically differentiated (Fig. 7b, c, d; Mann—
Whitney U pair-wise tests). Both modeled and 7ara Oceans
data predicted similar values of diatom relative abundance
within communities where NH;lF : DIN was less than 4 %, as
well as in communities where NHI :DIN was greater than
4 % (Fig. 7b, e). Overall, the modeled and observed changes
in diatom relative abundance associated with NHI : DIN ap-
peared to be similar, at least statistically so. We stress that
differences between the biogeochemical model and the Tara
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Oceans data no doubt exist. Nonetheless, the similarity be-
tween the model and the observations may mean that the
negative relationship between NHZr : DIN and diatom relative
abundance originates from the same mechanism, specifically
being a competitive disadvantage of diatoms for NHI.

3.4.4 The indirect effect of NO;

We fully acknowledge that NHI : DIN ratios covary strongly
with NO3™ concentrations. Most of the projected increases in
NHZr : DIN we report here are due to circulation changes that
limit NO; injection from subsurface waters into surface wa-
ters (Fig. S5). Also, our GAM analysis of the Tara Oceans
data could easily be replicated by replacing the NHI :DIN
ratio with NO3' concentration as a key predictor. Indeed, this
analysis showed similar results, with NO;™ being an equally
strong predictor of diatom relative abundance as NHZr : DIN.
We therefore cannot discount a direct effect of NO3 on di-
atom relative abundance in the 7Tara Oceans observations.

In our biogeochemical model, however, we can diagnose
whether diatom relative abundance changes are directly due
to competition for NO; or NHI. This allows us to assess
whether NOj3™ concentration or the NHI : DIN ratio is more
appropriate as a predictor of diatom relative abundance. The
importance of NHzl|r is exemplified by the fact that the neg-
ative relationship between NH;lF :DIN and diatom relative
abundance was reversed in modelcompete (black dotted line in
Fig. 7a). Now positive rather than negative, this relationship
differs statistically from that predicted from Zara Oceans
data (Fig. 7b—e).

This suggests that competition for NHI directly controls
diatom relative abundance in our model. We fully acknowl-
edge that a scarcity of NO; is a major cause of NHZr en-
richment in our experiments because it drives competition
for NHI. However, we wish to emphasize that a potentially
important mechanism of diatom decline in the community
is due to their poor competitive ability for growth on NH},
not directly because of decreases in NOj'. Decreases in NO3'
certainly affect diatom growth, but, in our model, they mostly
do so indirectly by shifting the regime towards intense com-
petition for NHI. Given the statistical similarity between
the in situ (Tara Oceans) and in silico (modelconirol) rela-
tionships (Fig. 7) and the dissimilarity in modelcompete, this
points to NHZr :DIN as a key underlying driver of diatom
relative abundance in the world ocean.

4 Conclusions

Here we have identified a potential enrichment of NH;L in
over 98 % of the upper ocean (specifically the photosyn-
thetically active zone) by the end of the 21st century under
a high-emissions scenario (Riahi et al., 2011). We expect,
given the evidence at hand, a widespread increase in NHZ‘-
fueled primary production and shifts in community compo-
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sition, specifically some negative effects on the competitive
niche of diatoms and any other taxa that could be considered
NO; specialists and/or poor competitors for NHI. These
projections do not differ much from previous work (Bopp
et al., 2005), but we recast the attribution of change in terms
of competitive exclusion for NH, rather than bulk nutrient
declines. In those places where nitrogen availability limits
growth, diatoms suffer displacement by phytoplankton taxa
with a greater affinity (i.e., competitive edge) for NHI. The
warming and physical changes that we simulate herein, and
which drive NHZ‘ enrichment and diatom displacement, are
expected (Bindoff et al., 2019), although the high-emissions
scenario is now considered less likely than more moderate
climate change scenarios. That said, we draw the link be-
tween the severity of climate change and the degree of NHA|r
enrichment such that our results can be scaled to consider
more moderate scenarios. Also, the link between NHI en-
richment and diatom displacement by more competitive phy-
toplankton has been demonstrated in numerous previous, al-
beit localized, studies, and here we demonstrate that it ap-
pears also on the global scale using the Tara Oceans data set.

Fully elaborating on the link between environmental
change and NHI enrichment also rests on many processes
that are still not fully understood. For instance, an observed
increase in summertime mixed-layer depths may counter the
effect of a strengthening pycnocline (Sallée et al., 2021) to
increase NO5 injection into the upper ocean as the ocean
continues to respond to climate change. This might re-
duce competition for NHZ{. Another good example is the
incomplete understanding of the microbial loop and how
it responds to environmental change. The microbial loop
is driven by heterotrophic bacteria, which resupply NH;‘|r
through mineralization of organic matter (Fig. 1). Increases
in microbial metabolism were an important driver of the
community shifts we projected. Yet the representation in our
model is simplistic. In fact, the microbial loop is not yet
incorporated in detail within earth system models in gen-
eral (Levine et al., 2025), but its response to warming can
either elevate or depress regenerated production depending
on assumptions made about bacterial physiology and func-
tion (Cherabier and Ferriere, 2022). The future balance of
reduced (NH;x|r and organic forms) to oxidized nitrogen and
its impact on the state of marine ecosystems hinges on a suite
of unexplored feedbacks between the marine microbial loop
and environmental change. There is much work and research
to be done in this space.

Many studies have identified that the open-ocean habitat
may be becoming more challenging for diatoms and more fa-
vorable for small eukaryotes and cyanobacteria. Reductions
in NOj3 supply to the sunlit surface ocean have long been
known as an important factor in the predicted loss of di-
atoms (Bopp et al., 2005). Meanwhile, iron stress appears to
be growing in the diatom-dominated Southern Ocean (Ryan-
Keogh et al., 2023) and fluctuates strongly across climatic
modes of variability (Browning et al., 2023), silicic acid limi-
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tation is expected across the ocean in response to ocean acid-
ification (Taucher et al., 2022), and growing nitrogen limi-
tation may make diatoms less adaptable as temperatures rise
(Aranguren-Gassis et al., 2019). In this study, we add to these
potential stressors of diatoms by highlighting the form of
DIN. As before, NOj3 losses are important, but we empha-
size that greater competition for NH;l|r because of circulation
changes and increased recycling, as well as the potential for
a more nitrogen-limited Arctic, may further disadvantage di-
atoms and is expected to give cyanobacteria and other taxa
with higher affinities for NHI a competitive edge. Further-
more, diatoms may be more susceptible to increases in com-
petition for NHZr in temperate waters, as cooler conditions
appear to amplify their growth dependence on NO; (Glibert
et al., 2016b; Parker and Armbrust, 2005), which is an ad-
ditional mechanism not incorporated in this study. Notwith-
standing the potential for evolution, these and other rapid
changes may reduce diatom diversity (Lampe et al., 2018;
Sugie et al., 2020), making diatoms susceptible to extirpa-
tion (Cael et al., 2021). If this is realized, ocean ecosystems
look to shift towards longer, less productive food chains un-
derpinned by smaller, slower-growing phytoplankton (Som-
mer et al., 2002), with severe implications for the health of
important fisheries and carbon storage. Further work is ur-
gently needed to understand how the marine nitrogen cycle
and key marine phytoplankton groups might respond to these
growing challenges in an integrated manner.
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