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Scientific Significance Statement

Nitrogen plays a key role in ecological and biogeochemical processes, influencing ecosystem productivity and health. How-
ever, the contributions of nitrogen transformations, such as nitrification and nitrate uptake on the nitrogen budget remain
poorly constrained, particularly in ecosystems subject to high spatial and temporal variability, such as the Amazon River
Plume. This study addresses this critical gap in understanding by exploring how these processes interact. By constructing a
detailed nitrate budget during high discharge, this study reveals that the river alone does not provide enough nitrate to match
nitrate uptake rates measured in the northern plume. In this region covering an area greater than 1 million km?, other pro-
cesses, such as dinitrogen fixation or vertical transport of nitrate, must contribute to the process sustaining nitrate uptake in
the Amazon River Plume.

Abstract

The Northern Amazon River Plume plays a crucial role in carbon sequestration and nitrogen cycling. This study
quantified NO3;~ budgets along the plume during a period of high discharge, revealing NO3~ uptake rates in
excess of inputs from riverine sources and nitrification beyond 5°N. NO3~ availability decreased from
~ 60 mmol m~? near the river mouth to <10 mmol m~2 in the northern plume, while nitrification rates
dropped sharply. Since salinity gradients prevent diffusive NO3~ inputs to the plume, this drop creates a NO3™~
deficit (23.6-50.3 x 10® mol d'). NO3 ™~ uptake in the northern plume must rely on additional NO3~ sources,
for example, N, fixation, which produces organic N and ammonium. However, the lack of increased nitrifica-
tion from NH4" suggests unexplored pathways or dynamics. These results are crucial for our understanding and
as a baseline of the Amazon River as a NO3; ™ -source supporting primary production in the northern plume.

The Amazon River Plume extends over 1000 km and covers
over 1 million km? for several months of the year
(Subramaniam et al. 2008). The areal extent peaks in late spring
and early boreal summer (May and June; Hu et al. 2004). The
plume has long drawn attention for its potential to enhance

*Correspondence: choisnardnoemie@gmail.com

net atmospheric carbon transport to the deep ocean via the
biological pump (Ternon et al. 2000; Kortzinger 2003; Cooley
and Yager 2006; Subramaniam et al. 2008; Yeung et al. 2012).
Carbon sequestration declines when phytoplankton rely on
upwelled nutrient sources, such as nitrate (NO3~), which is
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accompanied by upward transport of dissolved inorganic car-
bon including carbon dioxide (CO,). Thus, estimates of the
regional carbon sequestration potential have been largely
related to new production sustained by NO3z ™ inputs from the
river and dinitrogen (N,) fixation in and around the plume
(Subramaniam et al. 2008; Yeung et al. 2012; Umbricht
et al. 2024).

Quantifying NO3~ export from the Amazon estuary to the
plume’s northern parts is challenging. Sharples et al. (2017)
estimated that ~ 3 Tg N yr~! is exported to the ocean based
on a model of the physical characteristics of the delta, where
phytoplankton growth close to the river mouth appears to
be light-limited (DeMaster and Aller 2001; Dagg et al. 2004)
as modeled by Gévaudan et al. (2025). Other studies showed
that phytoplankton in the fresher regions of the plume use
river nutrients (Gomes 2018; Izett and Fennel 2018;
Umbricht et al. 2024), potentially lowering exports to the
open ocean. A study of nitrification rates (i.e., NO3~ produc-
tion from riverine or organic matter-derived ammonium)
highlighted the high rates of NO3;~ production in coastal
waters outside the river mouth during high discharge
(Choisnard et al. 2024a). Comparing NO3~ production to
consumption, Choisnard et al. (2024b) showed that nitrifica-
tion enlarges the NO3;~ pool at the river mouth, resulting in
the export of ~ 6 Tg N yr ! beyond the estuary limits due to
insufficient uptake.

This implies that the magnitude of carbon export via the
biological pump in the outer plume and plume margins,
which is estimated partly from new production estimates
based on N, fixation rates, has been largely underestimated
(Subramaniam et al. 2008). With concurrent NO3~ production
(nitrification) and consumption (assimilation) data at peak
river discharge along the plume (Choisnard et al. 2024a,
2024b), we can construct a NO3;~ inventory not only in the
river mouth (Choisnard et al. 2024b) but in the outer plume
and plume margins. Here, we used these datasets to calculate
such a budget and to quantify (1) the proportion of NO3;~
uptake supported by riverine NO3;~ and nitrification and
(2) estimate lateral export of NO3;~ from the plume’s margins
to the western tropical north atlantic (WTNA).

Methods

Sample collection

Twenty-one stations were sampled during cruise M-174
aboard the RV Meteor undertaken along the Amazon River
Plume in April and May 2021, during maximum river dis-
charge (Fig. 1). Water was collected using a rosette with a Sea-
bird Electronics SBE-32 carousel and 21 (10L) free flow
bottles. Salinity profiles were obtained from a Seabird Elec-
tronics SBE-911plus (SN-0603) CTD.

Plume surface area calculations
A combination of level 4 salinity data (resolution of 0.25°;
Boutin et al. 2025) and level 4 attenuation -coefficient

Nitrate sources for assimilation in the Amazon River Plume

(Kd-490, 4 km resolution) data from the europeean space
adgency (ESA) for May 2021 (Sathyendranath et al. 2019) were
used to define two regions in the plume:

1. 4 < sea surface salinity (SSS) < 24, Kd-490 < 10 m},
2. 31 < SSS <35, Kd-490 < 1 m ™' (Fig. 1b).

As no rates were measured between SSS of 25 and 30, this
salinity bin is excluded. Kime et al. (in preparation) estimated
that the 28-30 salinity bin covered between 0.4% and 6% of
the ARP, thus making the contribution from this bin to be
potentially minor.

The area of each region was calculated following:

x 2
Area= (0.25 TR R) X Mpixels (1)

With 0.25 being the resolution, R the radius of the Earth,
and npixe1s the number of pixels per bin.

Nutrient analysis

Samples were collected at five to six depths throughout the
water column, filtered (0.2 yum pore size), refrigerated and
promptly analyzed at sea after sampling. NO3;~ concentrations
were determined on a continuous flow autoanalyzer
(QuAAtro, Seal Analytical) following Hansen and Koroleff
(1999) and HELCOM guidelines (2014), with a precision
of 0.02 uM.

N cycling rate

NOj3~ uptake from Umbricht et al. (2024) and nitrifica-
tion rates from Choisnard et al. (2024b) were used. NH,"
uptake rates have not been previously published and were
measured similarly to NO3~ uptake rates, but using '>NH,4Cl
(final concentration of 0.1 ymolL™') as a tracer during
incubations.

Briefly, triplicate bottles from 1 to 3 depths within the
euphotic zone were collected into acid-washed 1-L polycar-
bonate bottles and spiked with *NaNOj for NO3~ uptake
and 'NH,CI for NH," uptake and nitrification rates. The
final tracer concentration was 10% of the ambient concen-
tration. Rates were measured using tracer incubation
methods (Dugdale and Goering 1967; Dugdale and
Wilkerson 1986; Damashek et al. 2016), described on
Supporting Information Text S1. NH,* uptake was studied
as an alternative pathway for N consumption (see
Supporting Information Fig. S2 and Discussion).

Rates were integrated over the mixed layer depth (~ 5-
90 m). When the euphotic zone was shallow (~ 5-8 m), one
depth was sampled, and measured uptake rates were assumed
uniform throughout this depth interval. Daily uptake rates
were estimated by multiplying hourly uptake rates by 12 h.
Daily nitrification rates equal the sum of the hourly dark and
light nitrification rates, each multiplied by 12 h. Rates’ detec-
tion limit was determined following Santoro et al. (2013). It
ranged from 0.01 to 0.50 nmol L™' h™! for nitrification rates,
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Fig. 1. (a) Mean water column diffuse attenuation coefficient (Kd-490; monthly average for May 2021, ESA) in the WTNA during cruise M-174 (April-May
2021). Circles mark the stations visited during cruise M-174 in April and May 2021 (see Supporting Information Table S1). (b) Using a combination of sea sur-
face salinity (SSS) and Kd-490, two bins were defined along the Amazon River Plume. The first bin (in brown), defined with high Kd-490 and 4 < SSS < 24, is a
transition between the region previously studied in Choisnard et al. (2024b) and the northern Plume. The second bin (northern plume, in green) is characterized
by 31 < SSS < 35 and lower Kd-490 values. The plume region is highlighted by the gray isoline, drawn at SSS = 35 and Kd-490 > 0.05.

and 0.001-0.577 nmol L' h™! for NO;~ uptake rates (< 10%
of the measured rate).

Budget calculations

Rates integrated over the mixed layer depth were interpo-
lated over plume area within SSS bin. Minimum and maximum
values were selected for further calculations. Riverine NO3~
inputs to the first bin were taken from (Choisnard et al. 2024b)
and can be found in Supporting Information Table S1. NO3™
export to the second bin was calculated using Eq. 2. The range
of the observed missing NO3;~ source (or negative export) in
the second bin (31 < SSS < 35) was calculated by comparing the
minimum riverine NO3~ source and nitrified NO3;~ to the max-
imum NOj3~ uptake rate (lower end of the range), or the maxi-
mum riverine NOjz~ source and nitrified NO3~ to the
maximum NO;~ uptake rate (higher end of the range). Export
refers to export from one bin to the next.

EXpOl‘t - (Nogriver + NO?: nitrification) - NO?? uptake (2 )

Results

Mixed layer depths ranged between ~ 5 m (riverine stations)
and ~ 27 m depth (other parts of the plume), with two deeper
stations (85 and 78 m at 20-2 and 25-6, respectively;
Supporting Information Table S1; starred stations in Fig. 2).
NO;~ availability was highest (~ 60 mmol m~?) near the river
mouth (Fig. 2a), and declined sharply northward below
10 mmol m 2. Stations sampled at ~ 9 and 11°N exhibited the
lowest availability (1.2 and 1.6 mmol m~2). NO;~ availability
increased again in the northern plume (up to 9.3 mmol m~%
Fig. 2a).

Nitrification reached up to 25 mmol m~? d~! near the mouth
but dropped below 5 mmol m~% d~' beyond 2°N (Fig. 2b). NO3~
uptake rates showed no clear trend and varied between 0 and
11.4 mmol m 2 d~! along the plume, although the most river-
ine stations exhibited the lowest rates (Fig. 2c).

Comparing NO3;~ uptake and nitrification shows net NO3™~
production near the mouth (20 mmol m—2 d~'; Fig. 3), and
net NO3;~ consumption across most of the northern plume
(3-11.4 mmol m~% d"'; Fig. 3).
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Fig. 2. (a) NO5;~ concentrations integrated over the mixed layer depth along the plume highlight the importance of the river as a source of NO3 ™,
which is enhanced by (b) NO;~ production (nitrification) in the estuary. (c¢) NO5; ™~ uptake exhibits lower values relative to nitrification rates but is omni-
present along the northern Plume. The gray area shows the spatial extent of the plume. Note the different scales for the bubble area in the three panels.
Stars highlight stations with a mixed layer depth deeper than 27 m (see text). Lower panels show the same data with a focus on the river mouth region.

Integrated rates show that nitrification was a substantial
source of NO3~ in the most riverine bins, whereas NO3z™
uptake dominated farther north and reduced NO3~ export to
the next bin (Fig. 4). When considering the lowest NO3™
uptake measured in bin 1, the NO3;~ export flux to bin
2 (beyond 5°N), could reach 13.5 x 10® mol d ' (Fig. 4).

This potential NO3~ flux to bin 2 is nevertheless likely
entirely consumed, as the NO;~ uptake flux (12.4-53.1 x 10®
mol d™!; Fig. 4) often exceeded the range of river and nitrifica-
tion sources combined (< 29.5 x 108 mol d™!). In fact, 8 out
of the 10 stations of that region show a calculated NO3~
uptake flux above 25 x 10® mol d! (Figs. 2c, 4), indicating a
substantial missing NO3~ source in the northern Plume.

Discussion

Riverine NO3z~ export may significantly impact primary
productivity and CO, drawdown in nearby marine ecosys-
tems. Based on nutrient concentrations in the river, models

estimate substantial NO3~ delivery to the estuary (Sharples
et al. 2017; Izett and Fennel 2018), with 8-12.5 x 108 mol d~!
exported to the plume during peak discharge (Choisnard
et al. 2024b). Regional sampling data and modeling efforts
during winter, spring, summer, and fall show that very little
NO;3;~ remains in surface plume waters beyond 5°N in the
northern plume (Louchard et al. 2021; Gévaudan et al. 2025).
These new studies suggest rapid assimilation of riverine NO3~,
as demonstrated by (Umbricht et al. 2024), who measured
NO;3;~ uptake rates in the region. NO3~ concentration data
measured during high discharge reinforce these results, as
NO;~ availability dropped to between 2 and 10 mmol m 2 in
the northern plume from values ~ 60 mmol m~2 near the
river mouth (Fig. 2a).

Our NO3;~ budget for the northern plume, however, rev-
ealed a mismatch of up to 11.4 mmol m~2 d~! between nitrifi-
cation and NOj;~ uptake (Figs. 3, 4). This NOj3~ deficit
remains, even assuming a daily renewal of water column
NOj3~, which is unlikely, as water residence time in the 4-24
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Fig. 3. Regardless of the NO;~ available in the water column, the differ-
ence between nitrification rates and NO3™ uptake at each station high-
lights zones of higher consumption relative to production rates (red
circles), leading to a net sink of NO5™ in the majority of the Amazon River
Plume (gray area). Zones of higher production relative to consumption
are highlighted by the blue circles.
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salinity bin is estimated to be ~ 11-12 d (Volker Mohrholz,
personal communication). The deficit arises from the sharp
decrease in nitrification rates beyond 5°N, to values below
5 mmol m 2 d~! while NO3;~ uptake rates remain constant or
increase (Fig. 2b, c). This leads to a missing NO3~ source of up
to 50.3 x 10® mol d~' needed to support the phytoplankton
uptake measured in the northern plume during a period of
high discharge (Fig. 4). An obvious potential N source to these
waters is N, fixation, as N, fixers (diazotrophs) convert N,
into ammonia, and over 50% of the fixed N is released to sur-
rounding waters (Mulholland et al. 2006).

The northern Amazon River plume is known for its elevated
N, fixation rates, ranging between 0.380 and 0.424 mmol m >
d!' (1.8-2.0 x 10> mol d ') during our sampling period
(Umbricht 2023), similar to maximum rates measured in 2010
(0.320 mmol m~2 d~!; Montoya et al. 2019), and up to
8.1 mmolm 2 d ' (~35x 10® mol d ') in a previous study
(Subramaniam et al. 2008). It is relevant to note that N, fixa-
tion is influenced by a large variety of environmental factors.
Across studies of the same site at the same season, the high var-
iability in measured N, fixation rates likely arises from varia-
tions in the species composition and concentration of N, fixers
present in the incubation bottles during sampling. Recent
modeling effort of the region determined an average N, fixa-
tion of 13.9 Tg N yr! (27 x 10® mol d— ') well within the range
and order of magnitude of measured rates (Harri et al. 2024).
These N, fixation rates may account for a substantial fraction
of the missing 23.6-50.3 x 10® mol d~! (Fig. 4) needed to sup-
port the NO3; ™~ uptake rates measured in the region.

NO; source needed
23.6 - 50.3
N, fixation?

NO;- uptake
0-54

28-135 9 =

NO; Export

NO;- uptake
12.4 - 53.1

Recycling
(nitrification)

Recycling
(nitrification)

River Plume: Bin 1 River Plume: Bin 2

4 <SSS<24 24 <SSS <31 31 <SSS<35
5.9 10" m? 47 10" m?
I I
This study This study

Fig. 4. Budget and potential NO3~ export along the Amazon River Plume. Fluxes are given in 10% mol d . 24 < SSS < 31 is omitted here due to lack of
data. Propagated error on recycling and uptake fluxes represented between 12% and 38% of the value and up to 67% for export fluxes.
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N, fixers do not release NO;3  directly to surrounding
waters, but rather produce organic nitrogen (N) and ammonia
(Capone et al. 1994; Glibert and Bronk 1994; Mulholland
et al. 2004). These N forms could then later be transformed to
NO3™ by nitrifiers. In fact, N, fixers appear to release N to sur-
rounding waters at highly variable rates on a variety of tempo-
ral and spatial scales via cell lysis during bloom decay, or via
direct release during bloom growth. Culture studies of
Trichodesmium, an abundant N, fixer in the region (Weber
et al. 2017), showed that N release averaged 50% of total N,
fixation rates during a bloom (Mulholland 2007; Benavides
et al. 2013). Hewson et al. (2004) estimated N release through
cell lysis to range between 3% and 65% of recently fixed N,.
Assuming that these values are representative of N, fixation in
the northern plume, only the highest N, fixation rates mea-
sured by Subramaniam et al. (2008) could produce ~ 23 x 10®
mol d?, just matching the lower end of calculated missing
NO3~ required to close the nitrate budget of the northern
plume. We do not have good information on the release of
fixed N by other abundant diazotrophs in the region, such as
Diatom-Diazotroph Associations, Croccosphera, unicellular cya-
nobacteria group A or the newly identified symbiont associ-
ated with pennate diatoms (Voss et al. 2025), they may have a
higher N release percentage to surrounding waters, closing a
larger part of the missing NO3;~ source. While this knowledge
gap remains to be addressed, measured bulk N, fixation rates
match the lowest calculated NO3~ deficit, but are about
20 x 10% mol d~! lower than the upper end of our calculated
NO3™ deficit, which remains intriguing.

One potential limitation of our study lies in the skewness of
the rates as a function of SSS, which introduces significant
uncertainty when extrapolating values (Supporting Informa-
tion Fig. S1). This inherent uncertainty leads to a large range in
fluxes, which complicates the interpretation of the fate of
NO3 . Our budget calculation also omits a salinity bin
(25 <SSS < 30), but the relatively small areal size of this
bin and nitrification rate measurements suggest that this bin is
unlikely to be an important source of NO3~ for the next bin.
Furthermore, assuming that nitrification and NO3;~ uptake rates
can be interpolated for this salinity (25<SSS<30) bin
(as suggested by Supporting Information Fig. S1) only led to a
reduction of the northern plume bin fluxes of 0.1 x 10® mol
d . Further studies would still be crucial to determine whether
this interpolation is valid, or if the salinity bin (25 < SSS < 30)
is the missing NO3™~ source for the northern plume. It is also to
be noted that our study findings may be representative of only
the high discharge season for when we have measurements.

Uncertainties in this budget can be attributed to the large
variation in rates measured in each SSS bin. These uncer-
tainties are reduced by focusing on the minimum and maxi-
mum values for each bin, and calculating the budget using
these extrema. The propagated uncertainty on these mini-
mum and maximum rates ranges between 12% and 38% of
the value, leading to a propagated uncertainty on calculated

Nitrate sources for assimilation in the Amazon River Plume

NO;3~ deficit of 12-67% (Supporting Information Table S2).
We are thus confident that the calculated budget offers a
robust description of the nitrogen cycle in the northern
plume at high discharge. Uncertainties linked to the variabil-
ity in the area of each bin are assumed here to lead to a 10%
error on the bins’ area.

The lack of observed nitrification activity in the northern
plume remains puzzling. If N, fixation indeed releases sub-
stantial amounts of dissolved organic N and NH," into sur-
rounding waters, this autochthonous nitrogen source should
fuel nitrification, generating NO3;~ to support the measured
NO3™ uptake. Instead, in this region where Synechococcus spp
are abundant (Umbricht 2023), nitrifiers appear to lose the
competition for NH4" or organic N, which are thus predomi-
nantly assimilated (Berthelot and Duhamel 2019). In fact,
NH, " production through organic matter remineralization, or
ammonia release by N, fixers could lead to enough ambient
NH," to reduce NO3;~ uptake, which can happen at concen-
trations as low as 0.1 yumol L™! as observed in other studies
(Glibert et al. 2016 and references therein). This alternative
route for N is supported by the observation of high NH,"
uptake rates, about 10 times higher than NO3;~ uptake rates in
the northern plume (Supporting Information Fig. S2). While
the presence of NH,* at nearly all stations was high enough
to result in a repression of NO3~ uptake, we cannot rule out
that NO3 ™ uptake rates might have been overestimated due to
the tracer addition. However, we expect overestimations to be
largest at in situ NO3~ concentrations < 0.1 ymol L™!, which
does not comprise the stations with the highest NO3;™~ uptake
rates (Supporting Information Table S1). The missing N source
highlighted in the present study therefore suggests that novel
N cycle dynamics or alternative pathways play a key role in
structuring N fluxes in the plume. These unaccounted-for pro-
cesses may include zooplankton excretion, dissolved organic
matter cycling and processes in small scale eddies as described
for the Gulf stream (Benavides et al. 2013; Hoerstmann
et al. 2024).

Looking forward, further field studies at high spatial res-
olution are needed to constrain the missing sources that
support observed NO3~ uptake rates in the region. Investigat-
ing NH4* production, other substrates for nitrification
(i.e., heterotrophic nitrification), and tracking the transfer of
N between communities would help fill the remaining knowl-
edge gaps. Additionally, while the dynamics of nitrification
and N assimilation along the Amazon River Plume were inves-
tigated during one period of high discharge (Umbricht 2023;
Choisnard et al. 2024a, 2024b), future studies should focus on
assessing how seasonal and interannual changes in river dis-
charge affect N cycling within the plume. In the context of
increasing anthropogenic pressures in the region, such
research would provide a clearer picture of the long-term
impacts of climate change and land-use changes on the Ama-
zon’s N cycle and, more broadly, on the health and productiv-
ity of adjacent marine ecosystems.
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