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Oceanic N, fixation by diazotrophic microorganisms is the primary external
source of new nitrogen to the surface ocean sustaining net production of
organic matter. Studying long-term trends in biomass within N, fixation hot-
spots is crucial for understanding and predicting the response of N, fixation to
global climate change. Here we developed a bio-optical model based on the
spectral phytoplankton absorption coefficient derived from satellite ocean
color observations to estimate a proxy for particulate organic nitrogen in the
western tropical South Pacific. We demonstrate the existence of a seasonal
new biomass production annually over the past 20 years, likely driven by
recurrent N, fixation. Importantly, our results also reveal a gradual decline in
biomass within this N, fixation hotspot over the last two decades. This decline

indicates that seasonal nitrogen inputs via N, fixation are decreasing. This
trend inevitably could lead to a decline in the efficiency of the biological
carbon pump, with potential implications for global biogeochemical cycles
and climate regulation.

The nutrient availability in the upper ocean, and more particularly
fixed nitrogen (N) availability' is a key factor limiting the growth of
marine biota and the build-up of organic matter in the ocean®.
Accordingly, the addition of new N to the bioavailable pool enhances
the ocean’s capacity to store organic carbon and its derivatives, while
removing it might decrease this capacity*. The major external source
of new N to the surface open ocean, before atmospheric deposition
and riverine inputs, is from biological N, fixation by diazotrophic
microorganisms®®. This process offers the marine phytoplankton
community a mechanism to relieve N limitation in the euphotic surface
layer, sustaining net production of organic matter in surface waters as
well as carbon export from the upper surface to the ocean interior by
biological processes (the biological carbon pump, BCP)”%.

The western tropical South Pacific is an oligotrophic area’,
characterized by an archipelago of islands (referred as the Melane-
sian archipelago), including New Caledonia, Vanuatu, and Fiji,

situated in the western part of the Tonga-Kermadec subduction
zone. Large blooms of diazotrophs have been observed in this vast
region extending from the Melanesian archipelago to the Tonga
Trench'*®, In this area identified as a hotspot of N, fixation, pre-
vious studies have shown that the net production of organic matter is
supported almost exclusively by N, fixation, which is primarily con-
trolled by phosphate availability” in this iron-rich environment fer-
tilized by the volcanic arc of Tonga'. Obtaining an insight into the
controls and variability of the particulate organic matter pool pro-
duced via N, fixation over long temporal scales is thus important for
understanding the future role of these parts of ocean as a sink of CO,.
This is particularly important as the intensity of N, fixation, and the
amount of particulate organic matter produced and exported may be
altered in the future ocean” . However, despite decades of satellite
observations of surface mass concentrations of particulate organic
carbon (POC) and chlorophyll-a?®*, the temporal and spatial
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variability of biomass in the western tropical South Pacific remains
poorly characterized.

The use of the seawater inherent optical properties (IOPs) mea-
sured in situ or estimated from spaceborne remote-sensing platforms
using ocean color radiometry, represents an alternative to discrete
measurements of particulate organic matter. To a first order, the
variability in particulate IOPs is driven by the total concentration of
suspended particulate matter and by composition and particle size
distribution at second order. In the western tropical South Pacific, a
relationship was identified, for the first time, between surface mass
concentrations of particulate organic nitrogen (PON) and spectral
particulate backscattering coefficients, byp(A), measurements (where A
is the wavelength in a vacuum) performed by BGC-Argo floats*. The
use of this relationship made it possible to study the temporal varia-
bility of PON and thus to highlight the seasonal increase of biomass
during summer periods in absence of significant N sources other than
N, fixation. However, while BGC-Argo float measurements successfully
revealed seasonal-scale variations in PON, they were limited in pro-
viding a long-term perspective, which is crucial for understanding the
future role of N, fixation hotspots. Moreover, although it has been
confirmed that byp(A) can provide a good proxy of PON in open-ocean
environments®*?, it has been shown that the total particulate, a,(A),
and phytoplankton, apn(A), spectral absorption coefficients demon-
strate a better capacity to serve as proxy for PON*. The use of satellite
ocean color observations currently offers the opportunity to observe
trends over relatively long timescales. Given that the IOPs can now be
estimated from satellite ocean color observations®*?, the use of IOPs
estimated from satellite observations therefore offers the unique
opportunity to study the spatial and temporal variability of PON over
the entire period of satellite data acquisition in environments char-
acterized by active biological N, fixation, where N budgets are needed.

In this study, we aim to assess the seasonal and interannual
variability, as well as the trend of PON in the western tropical South
Pacific using ocean color remote-sensing data collected from Decem-
ber 2002 to December 2022. To address this, we developed and vali-

dated a new bio-optical model based on apn(M) coefficients derived
from satellite ocean color observations to estimate PON**%. This
algorithm is based on a relationship developed over a global dataset of
coincidence between in situ PON measurements and satellite derived
apn(M) product using the GlobColour®® remote sensing reflectance as
input parameter. The seasonal and interannual variability of PON was
analyzed by temporally decomposing the algorithm-derived PON time
series using the Census X-11 method”. To examine the long-term
trend, we applied the non-parametric seasonal Kendall test”. Finally,
we evaluated the implications of PON concentration temporal trends
for the BCP.

Results and discussion

Comparison between the algorithm-derived and measured PON
Figure 1a shows a map of monthly average algorithm-derived PON
concentrations in the South Pacific over the time period of the OUT-
PACE cruise’. For comparison, the field surface PON measurements
collected during the cruise and not used in the development of the
algorithm are also shown (colored markers). The application of the
apn(442)-based algorithm to the satellite ocean color observations
reveals a global pattern of PON distribution consistent with the
expected geographical distribution observed in situ during the OUT-
PACE cruise. Relatively elevated PON ranging from 8 to 14 mg m? are
observed in the western part of the South Pacific bounded between
southern New Caledonia at 22°S to northern Vanuatu and Fiji Islands at
14°S and between 160°E and 170°W (black solid box on Fig. 1a). In
striking contrast, very low concentrations, 2 to 3 times lower than
those in the Melanesian archipelago, are found to the east of the
Tonga-Kermadec arc within the South Pacific Gyre (black dashed box
on Fig. 1a). The results in Fig. 1a demonstrate the ability of the ap(442)-
based algorithm to effectively reproduce contrasting spatial patterns
of PON concentrations between these two distinct biogeochemical
provinces. It is worth noting that at the spatial and temporal scale of
the OUTPACE cruise, both algorithm-derived POC and chlorophyll-a
concentrations follow the same spatial patterns as PON, with a clear
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Fig. 1| Surface mass concentrations of particulate organic nitrogen (PON) in
the tropical South Pacific in March 2015. Average 1-month (March 2015) com-
posite images of (a) algorithm-derived PON concentrations (mg m?) in surface
waters of the tropical South Pacific. The black solid and dashed boxes refer to the
Melanesian archipelago and the South Pacific Gyre areas, respectively. The red box
corresponds to the region defined as N, fixation hotspot'. b Station-by-station

comparison between the algorithm-derived PON concentrations (mg m?) (blue
squares) and the surface in situ PON concentrations measured in the mixed layer
during the OUTPACE cruise (green circles). Shaded regions show standard devia-
tion around the satellite mean derived PON concentrations. Error bars show stan-
dard deviation around the in situ PON concentrations.
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Fig. 2 | Temporal variability of surface mass concentrations of particulate
organic nitrogen (PON). a Temporal variations of monthly PON concentrations
(mg m?) in surface waters as indicated with blue and grey colors corresponding to
the Melanesian archipelago (station 9 on Fig. 1a), South Pacific Gyre (station 15 on

Fig. 1a) datasets, respectively. b Temporal variations of monthly PON concentra-
tions in surface waters of the Station ALOHA (black triangle on Extended data
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Fig.4). Shaded regions show standard deviation around the mean. The green circles
refer to the surface in situ PON concentrations measured at the Station ALOHA.

¢ Contribution of the seasonal, and (d) trend components to the total variance of
PON in the Melanesian archipelago region (black solid box on Fig. 1a) as calculated
with the Census X-11 method applied on the monthly time series between
December 2002 and December 2022.

distinction between the biomass-rich waters of the Melanesian archi-
pelago and the oligotrophic waters of the gyre (Supplementary Fig. 1
and Fig. 2).

To evaluate the regional performance of the a,n(442)-based
algorithm, a station-by-station comparison was performed between
the algorithm-derived and the measured PON in the western tropical
South Pacific (Fig. 1b). We applied the apn(442)-based algorithm to
satellite data with an 8-day temporal resolution and a 25 km spatial
resolution. The station-by-station comparison reveals excellent
agreement between PON derived from algorithms and measured PON
over the whole range of longitudinal variability measured during the
OUTPACE cruise. Relatively high values are observed in the Melanesian

archipelago, especially at station B, followed by a sharp decrease in
values between stations 13 and 15. The best-fit regression functions of
algorithm-derived vs. measured PON align closely with the 1:1 line
(Supplementary Fig. 3). The aggregate bias is negligibly small with a
median ratio, MdR = 0.97. For all stations, a,(442) reproduce the PON
variability with a median absolute percentage difference, MdAPD,
values slightly below 15% (Supplementary Table 1). Although PON is
associated with both phytoplankton and non-algal organic particles
and the apn()) are intended to represent the light absorption only by
phytoplankton pigments, these results confirm that a,,(442) has the
ability to predict PON in the western tropical South Pacific (Supple-
mentary Table 1). This can be explained by the fact that, non-algal
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particles (including detritus, bacteria, zooplankton) are generally
correlated with phytoplankton biomass®. As a result, phytoplankton
absorption is expected to be strongly correlated with the overall PON
pool in the western tropical South Pacific Ocean. In addition, in this
specific environment characterized by intense biological N, fixation,
most of the new N is rapidly synthetized into the phytoplanktonic
biomass. Even if part of N is released to the labile dissolved organic and
inorganic pools, it is rapidly re-assimilated by the N-starved
organisms®*, Therefore, the PON variability in this region is mostly
related to living organic matter, i.e. phytoplankton cells, and to a lesser
extent, detritus.

Temporal variability of surface PON concentrations

The temporal variations of algorithm-derived PON were extracted at
two contrasting stations (Fig. 2a): one located in the Melanesian
archipelago to the south of Fiji Island (station 9 on Fig.1a) and the other
situated in the waters of the South Pacific Gyre (station 15 on Fig. 1a)
over two decades from December 2002 to December 2022. For com-
parison, Fig. 2b also includes the temporal variations of both in situ
(green color) and algorithm-derived PON (red color) extracted in the
North Pacific Subtropical Gyre at the Station ALOHA (black triangle on
Supplementary Fig. 4).

In the South Pacific Gyre, very low seasonal variations were
observed. Indeed, the algorithm-derived PON remained relatively
constant throughout the study period, with an average value of
43+0.6mgm? (Fig. 2a). The concentrations of PON in the North
Pacific Gyre were also extremely low (4.1+0.6 mgm?), with very
similar values as those observed in the South Pacific Gyre (Fig. 2b),
suggesting a relatively steady phytoplankton biomass and associated
particles in both regions. It is notable that the algorithm-derived PON
agree reasonably well with in situ PON measurements at Station
ALOHA, thus confirming the ability of a,n(442) to accurately predict
PON in oligotrophic subtropical waters over the past two decades. The
results are consistent with expectations regarding the variability of
PON in open-ocean environments. For example, remarkably stable and
low (-3 mg m?) surface concentrations of PON have been reported in
the South Pacific Gyre at seasonal temporal scales®. Similarly, at Sta-
tion ALOHA in the North Pacific Subtropical Gyre, the concentrations
of PON in surface waters average between 4.3 mgm? in spring and
4.7 mgm? in autumn®, In these areas, previously defined as perma-
nently stratified subtropical biomes**, the low supply of nutrients year-
round combined with a probable iron limitation of nitrogen fixation,
constrain biological productivity, which is overall primarily limited by
nitrogen availability in the region®.

In striking contrast, the temporal variation of PON observed in the
Melanesian archipelago shows a clear seasonal cycle over the entire
observation period (Fig. 2a). Despite interannual variability, the PON
generally increases from November to January-February and decreases
from March to July-August. During the austral summer (January-Feb-
ruary), the maximum PON varies from about 10 and 14 mgm? in the
Melanesian archipelago, which is two to three times higher than in the
subtropical North and South Pacific Gyres.

Comparison with existing satellite products shows that PON
exhibits temporal patterns broadly consistent with satellite-derived
POC* and chlorophyll-a*® (Supplementary Fig. 5). Numerous studies
have demonstrated that the carbon-to-chlorophyll-a ratio can vary
substantially, particularly in oligotrophic regions®*¥. In contrast,
satellite-derived POC and chlorophyll-a display nearly identical sea-
sonal patterns (Supplementary Fig. 5a), with a very strong correlation
(R2=0.96, N =243; Supplementary Fig. 6a), reflecting their common
derivation from similar remote-sensing reflectance, R.s(A), band-ratio
algorithms®®. Algorithm-derived PON displays only a moderate corre-
lation with chlorophyll-a (R?=0.43, N =243; Supplementary Fig. 6b),
with noticeable offsets during the austral winter (Supplementary
Fig. 5b). Such wintertime increases in chlorophyll-a have already been

reported in the western tropical South Pacific**. However, while
chlorophyll-a exhibited a pronounced seasonal cycle with higher
values during the austral winter, PON concentrations over the same
period remained relatively constant and low. This decoupling indicates
that winter increases in chlorophyll-a largely reflect physiological
responses to light limitation rather than actual biomass
accumulation®**°, potentially leading to biased estimates of new bio-
mass production®. Although our PON product may also be subject to
some degree of photoacclimation, the effect appears to be small. For
example, in the South Pacific Gyre, where biomass remains relatively
constant over time**, PON concentrations exhibited only minor winter
increases (<1 mgm?; Fig. 2a), which are negligible compared to the
much larger variability observed in the Melanesian archipelago. This
supports the robustness of the PON algorithm in capturing biologically
driven dynamics, such as N, fixation, with minimal interference from
physiological light responses.

The Census X-11 method was applied in the selected region of the
Melanesian archipelago spanning from New Caledonia to the Tonga
volcanic arc (within the black box on Fig. 1a). In the Melanesian
archipelago, the seasonal component accounts for most of the total
variance, with an average contribution of 50 + 7% (Fig. 2c). The area
where the seasonality in the data is maximal is located in the south of
the Fiji Islands, with a variance contribution ranging between 28 and 70
% of the total variance. It is important to emphasize that the observed
seasonal production of biomass in the Melanesian archipelago occurs
in surface waters despite no winter replenishment of nitrate (NO5) to
surface waters®. Observations from the OUTPACE®, TONGA'®, and the
GLODAPv2.2*" (Supplementary Fig. 7) datasets indicate that no NO5’
was quantified (limit of quantification =0.05uM) in the top 100 m of
the water column in this region. This is because the deepening of the
mixed layer depth (MLD) which averages 70 m during the winter
mixing period (black and light blue lines on Supplementary Fig. 7), is
insufficient to reach the nitracline (- 100 m)". However, the deepening
of the MLD is sufficient to reach the phosphacline (- 30 m)“. Conse-
quently, the seasonal winter mixing plays a significant role in providing
excess PO,* relative to NO5 to the upper waters, and therefore in
controlling N input by N, fixation®.

Apart from the role of winter mixing in supplying nutrients, it is
important to assess the contribution of potential additional sources of
NO; to surface waters. In this context, we considered the potential role
of vertical turbulent diffusion of NO3. During the OUTPACE cruise,
in situ microstructure measurements, including estimates of the ver-
tical diffusion coefficient, were performed within the upper 800 m of
the water column*. Based on these measurements, theoretical NO3’
inputs from deep waters through turbulent diffusion at the top of the
nitracline (- 100 m) were estimated®. These observations indicated that
vertical turbulent diffusion may provide only a minimal contribution
(1-8%) to new nitrogen inputs in the photic layer of the western tro-
pical South Pacific, far lower than the contribution from N, fixation.
Given that the nitracline depth (-100 m) has remained relatively stable
in this region® (Supplementary Fig. 7), such low NOj fluxes are
expected to have had no significant impact on biomass production
within the upper 0-50 m of the water column, where most N, fixation
occurs™?,

Beyond vertical turbulent diffusion processes, atmospheric
deposition may also represent a potential external source of nitrogen
to surface waters. It is worth noting that the western tropical South
Pacific receives among the lowest levels of atmospheric nitrogen
deposition worldwide***. During the OUTPACE cruise, atmospheric
nitrogen deposition fluxes in the Melanesian archipelago ranged
between 0.51, and 0.90 umol N m? d*, which are -3 orders of magni-
tude lower than the N, fixation rates measured during the same cruise®.
These results indicate that atmospheric deposition accounted for
<1.5% of the total new nitrogen input to surface waters®, confirming its
negligible role in the nitrogen budget of this region. In order to
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Fig. 3 | Long term trend of surface mass concentrations of particulate organic
nitrogen (PON). a Significant monotonic trend in % per year (seasonal Kendal test,
p-value < 0.05) of surface apn(442) algorithm-derived PON concentrations.

b Regional averaged Census X-11 component of the seasonal term (mg m?) and (c)

of the trend-cycle term (mg m?). The shaded area around the line represents the
inter-pixel variability at a given date, and not the statistical uncertainty of the trend
estimate.

account for potential temporal variability in atmospheric deposition
over the study period, we analyzed satellite-derived Absorbing Aerosol
Index (AAI)*® data covering the last two decades (see Method). Sup-
plementary Fig. 8 presents the mean AAI over the period 1995-2022.
The average AAI values over the Melanesian archipelago and the sur-
rounding waters of the South Pacific gyre are close to zero or even
negative, indicating a persistent absence or extremely low presence of
aerosols in the region over the last two decades. The mean AAl values
are very low (<0.5) and exhibit a similar temporal pattern in both the
Melanesian archipelago and the South Pacific gyre (Supplementary
Fig. 8c). This confirms that atmospheric deposition levels are com-
parable in the archipelagic and gyre waters, supporting the assump-
tion that differences in PON are not driven by variations in atmospheric
nitrogen input.

Another source of NO5™ could be provided from the few emerged
Tonga islands, potentially supplying additional nutrients. A recent
study demonstrates that nutrients of terrestrial origin are not suffi-
cient to sustain blooms of large amplitude in the Melanesian
archipelago'. The mass effects of these islands tend to be very loca-
lized around the islands, with a chlorophyll-a patch area of 9-13 km?"/,
which is far less than the total surface area of the Melanesian archi-
pelago. The results of Fig. 2a, c therefore provide important additional
insights by confirming that a seasonal new production of biomass in
the whole Melanesian archipelago exists over the last 20 years, likely
related to recurrent N, fixation events. This new production is made
possible by the supply of iron from the Tonga arc'® combined with a
seasonal input of PO,* in surface waters".

In addition to the substantial contribution of the seasonal com-
ponent, the analysis of the spatial patterns in the temporal variability
using the Census X-11 method reveals that the trend-cycle (inter-annual
nonlinear modulation) accounts for 23+7 % of the total temporal
variability over the two decades (Fig. 2d). As previously mentioned, the

trend-cycle extracted from the X-11 procedures does not contain any
additional variations related to inter-annual change in seasonality*®.
Consequently, the X-11 trend-cycle component is more effective in
capturing the long-term evolution of the mean variable under study,
making it particularly suitable for modeling climate variations®.
Overall, the results shown in Fig. 2d support that, although the tem-
poral variability of PON in the Melanesian archipelago is mainly driven
by the seasonal component, there are external factors that partially
control the long-term temporal variability of PON. Establishing rela-
tionships between long-term trends in new production of biomass and
climate variability is beyond the scope of this study. However, it can be
hypothesized that changes in climate forcing, such as global climate
change or natural oscillations, and consequently changes in the
environment in which diazotrophic microorganisms develop, may
partly explain the notable contribution of the trend-cycle component
to the total variance of the time series.

Long term trends

We now examine the long-term trend in PON within the Melanesian
archipelago region (black solid box on Fig. 1a). For this purpose, we
first tested for the presence of monotonic upward/downward sig-
nificant inter-annual trends (expressed in %/year) in the time series of
PON by using the non-parametric seasonal Kendall test. Significant
decreasing trends (up to 3%/year) are observed south and east of the
Fiji Islands, where the data seasonality is maximal, as well as in the
western part of the Melanesian archipelago, particularly north and
west of New Caledonia (Fig. 3a). The inter-annual changes of PON,
extracted where significant trends are observed, confirm the latter
observations. Specifically, the average PON values decrease sig-
nificantly by 0.05 mg m?y™ (R =-0.85, p-value < 0.01) over the last two
last decades (Supplementary Fig. 9a). A similar pattern is observed for
the median values of the PON (Supplementary Fig. 9b). These results
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nitrogen (PON). a Temporal variability of the total area-integrated standing stock
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function obtained from model-II linear regression between the annual maximum
value and time. The panel includes the coefficient of correlation, R. b Cumulative

yearly (from November to October) integration of the PONnT(0-50m)-total-area Within
the top 50 m of the study area (red box on Fig. 1a). The black solid line is the best-fit
function obtained from model-ll linear regression. The panel includes the coeffi-
cient of correlation, R, and the slope, S, of the best linear fit. Dashed blue lines
represent the 95% confidence interval.

indicate a robust decline in PON concentrations in some key areas of
the Melanesian archipelago, providing valuable insights on the long-
term changes in biomass in this N, fixation hotspot.

The X-11 temporal decomposition of the seasonal and trend-cycle
terms was applied specifically to the pixels where the seasonal Kendall
test identified significant trends (p-value < 0.05) (Fig. 3b, ). The results
of this temporal decomposition show that the significant decreasing
trend observed in the Melanesian archipelago (Fig. 3a) is linked to a
notable reduction in the amplitude of seasonal fluctuations (Fig. 3b).
Specifically, the amplitude of the PON seasonal fluctuations decreases
significantly (R = -0.87, p-value < 0.01) between 2003 and 2016, before
reaching relatively stable values between 2016 and 2022 (Supple-
mentary Fig. 10). The amplitude of the annual cycle of the seasonal
term averaged over 2016-2022 is therefore 55% lower than the aver-
aged one over 2003-2005 (Fig. 3b; Supplementary Fig. 10).

Along with the decrease in seasonal amplitude, the results of the
X-11 temporal decomposition indicate an associated decline in the
trend-cycle term between 2003 and 2022 (Fig. 3c). The trend-cycle
term decreases by ~-10% between 2003 and 2022, indicating a decline in
PON in the Melanesian archipelago region.

We then examined the trend of the total area-integrated water
column standing stock of PON in the upper 50 m (PONnT(0-50m)-total-area)
within the region influenced by natural iron supply from the Tonga arc,
identified as N, fixation hot spot™ (red box on Fig. 1a). As expected,
similar to surface PON concentrations, the analysis of seasonal variations
in PONiNT(0-50m)-total-area (iN Unit of Tg) shows a recurring seasonal cycle
from 1year to the next, with increases from November to January-
February and decrease from March to July-August (Fig. 4a). Despite
interannual variability potentially linked to interannual fluctuations in
PO,*> and/or iron inputs in surface waters, it is remarkable that the
maximum values of peaks observed each year decrease significantly
over time (R=-0.63, p-value < 0.01, Fig. 4a).

To evaluate interannual changes in PONnt(0-50m)-total-areas WE cCal-
culated an approximation of the cumulative annual integration of
PON|NT (0-50m)-total-area USINg the trapezoidal method with temporal unit
spacing (see Method). The PONinT(0-50m)-total-area Values have been
integrated over 12 months, for each year and including a complete
seasonal cycle (from November to October). The analysis revealed a
clear long-term decline in the cumulative annual integration of the

total area-integrated standing stock of PON(nT(0-50m)-total-area (iN UNIt
of Tg) within the top 50 m over the two last decades (Fig. 4b). The
estimate of the rate of decrease is —0.010 +0.002 Tg y* (p-value <
0.01), corresponding to an approximate reduction of 10% in the
initial stock within the last 20 years. Overall, this declining trend in
PONiNT(0-50m)-total-area (Fig. 4b), coupled with the reduced amplitude of
seasonal PON fluctuations (Fig. 3b), provides strong evidence of
diminishing seasonal biomass production in the Melanesian archipe-
lago. Given that the surface waters of the western tropical South Pacific
are consistently nitrogen-depleted”>*° (Supplementary Fig. 7), these
findings suggest a reduction of the input of N via N, fixation over time,
potentially driven by changes in the availability of limiting nutrients,
and/or in environmental conditions following anthropogenic or nat-
ural climate alteration.

Summary and implications for the biological carbon pump
Using a new bio-optical model based on a,n(442) coefficient, esti-
mated from satellite ocean color observations, an optical proxy of PON
was derived providing a long-term (December 2002-December 2022)
survey of biomass in the subtropical Pacific Ocean. Our results reveal
that, over the past two decades, PON concentration was remarkably
low in the surface waters of the North and South Pacific Gyres. In these
regions, the absence of phytoplanktonic blooms is attributed to NO5
limitation>*°, while N, fixation is likely constrained by limited iron and/
or phosphate availability**%. In contrast, the temporal analysis of
PON concentration within the NO5-depleted surface waters of the
Melanesian archipelago®™ highlighted a temporally variable new pro-
duction of biomass over the past 20 years, likely driven by seasonal N,
fixation. Previous studies have demonstrated that diazotrophic
microorganisms significantly contribute to carbon sequestration in the
deep ocean within the Melanesian archipelago®**, with the BCP almost
exclusively sustained by N, fixation on a seasonal timescale®. Our
findings suggest that the seasonal excess of new biomass production
in the Melanesian archipelago, compared to the North and South
Pacific Gyres, may contribute to the BCP and carbon sequestration
over longer time-scale.

Our results reveal that over the last two decades there has been a
gradual decline in biomass within this N, fixation hotspot of the Mel-
anesian archipelago. This decline is attributed to a reduction in the
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amplitude of seasonal cycles over time, indicating that seasonal
nitrogen inputs via N, fixation are decreasing and/or the seasonal
export of PON are increasing. This trend inevitably leads to a sig-
nificant reduction of nitrogen available to primary producers and to
the entire food web. Such a reduction could contribute to a decline in
oceanic carbon sequestration in the future, with potential implications
for biogeochemical cycles and climate regulation. Our observations
suggest a shift of the BCP out of its equilibrium state which need to be
studied on a more global perspective. Our results closely agree with
those observed in the northwestern Pacific Ocean' where, based on
the comparison of sediment trap data with physical and biogeo-
chemical variables, the authors have shown that the magnitude of the
springtime BCP has reduced with time due to a corresponding
decrease in the biomass of cyanobacterial N, fixers™.

Although no long-term monitoring of iron inputs to surface
waters in the Melanesian archipelago exists over the past two decades,
all available measurements consistently indicate elevated iron con-
centrations in the Melanesian archipelago, regardless of the season
considered, compared to the South Pacific gyre'®**2. Recent studies
have shown that these relatively high concentrations in the Melanesian
archipelago are driven by hydrothermal inputs from the volcanic arc,
thereby sustaining iron enrichment'®**, In iron-rich surface waters of
the Melanesian archipelago, the seasonal variations in the rates of N,
fixation are ultimately controlled by the concentration of phosphate,
PO,* in surface water, which are replenished through seasonal winter
mixing®. In response to surface ocean warming, increased stratifica-
tion is expected, which in turn will reduce nutrient fluxes to the upper
ocean®*, Based on modeled forecast data from the CMEMS database
(E.U. Copernicus Marine Service Information), a decrease in the annual
mean depth of the MLD is observed in the Melanesian archipelago,
particularly since 2014 (Supplementary Fig. 11). Such an increase in
stratification is expected to be accompanied by a decline in the winter
supply of PO, to surface waters. Alongside the increase in stratifica-
tion, Gerace et al.*° recently identified a deepening of the phospha-
cline, especially throughout the southern hemisphere, leading to
increasing phosphorus stress for marine phytoplankton. Conse-
quently, although this hypothesis has yet to be confirmed, a reduction
in seasonal PO,* inputs through winter mixing appears to be the most
plausible explanation for the observed decrease in annual biomass
production in the Melanesian archipelago.

In closing, as pointed out in previous studies””""*°, our results
indicate that the productivity of the ocean, and hence the strength
of the BCP, may be deviating from its previous equilibrium
condition. Nevertheless, it is important to stress that the magnitude
and direction of future changes in the N, fixation process and the BCP
remains uncertain. In the broader context, the entire region under
study is characterized by warm and persistently stratified
surface waters, even during winter, which strongly limit vertical NO3’
supply but simultaneously favor diazotrophs. Such conditions are
expected to become more frequent in warmer and increasingly stra-
tified nutrient-poor surface waters projected for the future, which
could in turn favor diazotrophs and potentially enhance overall
productivity’®*>®°, Our study demonstrates that the use of ocean
satellite color data offers a promising alternative to discrete mea-
surements for assessing trends in biomass in regions influenced by
N, fixation, especially in response to surface ocean warming. Climate-
induced changes in the ocean have the potential to affect N, fixation
hotspots across the global ocean. A next step for this research
would be to evaluate long-term trend in biomass using ocean color
data in various hotspots of N, fixation across the global ocean. Such
analyses could improve our understanding and predictive capability
regarding the responses of N, fixation and the BCP to global climate
change.

Methods
In situ measurements
A dataset of in situ measurements of mass concentrations of surface
(<10 m) particulate organic nitrogen (PON) was compiled from multi-
ple open access databases covering the period from 1997 to 2023
(Supplementary Table 2). Nearly all PON measurements are here
considered as the particulate nitrogen retained by a pre-combusted
Whatman GF/F filter according to the JGOFS (Joint Global Ocean Flux
Study) protocol®’. The exceptions were the “Oligotrophy to UlTra-
oligotrophy PACific Experiment”, OUTPACE’, and the “shallow hydro-
Thermal sOurces of trace elemeNts-potential impacts on the bioloGi-
cAl productivity and biological carbon pump”, TONGA®, datasets,
where PON measurements were quantified spectrophotometrically
using the wet oxidation method based on persulfate digestion at
120°C®. PON concentrations obtained using the wet oxidation
method has been shown to yield results consistent with the standard
JGOFS/CHN protocol®*®, ensuring methodological consistency for
algorithm validation. To further evaluate this, we analyzed six oligo-
trophic seawater samples using both the wet oxidation and CHN
methods applied during the OUTPACE cruise (Supplementary Table 3).
Importantly, the results confirmed that PON concentrations obtained
by the wet oxidation method are consistent with those from CHN
analysis, within the expected uncertainty for oligotrophic waters.

In situ nitrate and phosphate measurements were extracted from
the open-access Global Ocean Data Analysis Project version 2.2
(GLODAPv2.2) dataset”. These data correspond to the Melanesian
Archipelago region, spanning latitudes 14°S to 24°S and longitudes
160°E to 170°W.

Ocean color data and PON algorithms

We used the GlobColour daily merged L3 Ocean Color remote sensing
reflectance, R.s(A), (in sr’, where A is light wavelength in vacuum) at
4kmx4km of spatial resolution” (https://hermes.acri.fr/images/
GlobCOLOUR_PUG.pdf) collected from 1997 to 2023. We also used
the GlobColour daily merged L3 chlorophyll-a concentrations at the
same spatial resolution and time period®. Particulate organic carbon
(POC) concentrations were estimated from R,s(A) using the algorithm
developed by Stramski et al.*. Empirical PON algorithm was developed
by using the spectral absorption coefficients of phytoplankton,
aph(442) estimated from R.(A) using a three-step inverse model
(3SAA)**”. The satellite a,n(442) were extracted over in situ PON
measurements to generate the match-up dataset (Supplementary
Fig. 12a). This dataset was computed following the Eumetsat validation
protocols (EUM/SEN3/DOC/19/1092968)¢ which is in agreement with
the NASA Ocean Color protocol®. The matchups between satellite
apn(442) and PON in situ measurements were performed withina 3 x3
pixel-box centered at the location of the field station, and a minimum
of 5 valid pixels with a coefficient of variation <0.15 were required to
keep the match-up data point. This final dataset of 1979 matchup data
points was divided into two parts: 70% for the model development
dataset, (N=1376, red markers on Supplementary Fig. 12a), and 30%
for the model validation (N =603, blue markers on Supplementary
Fig. 12a). It should be noted that the frequency distribution of PON and
apn(442) is comparable for the model and validation datasets (Fig.
not shown).

In this study, model-Il linear regression using the major axis
method®**” was applied to the logjo-transformed PON and a,n(442)
coefficients derived from satellite data, to determine predictive rela-
tionships for PON (in unit of mg m?) as a function of apn(442). From
these analyses, we present the best-fit equations in the form of a power
function. The general formula of the power function is:

PON =226.58 a,,,(442)°”® @
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The goodness-of-fit of regression equation was evaluated through
the analysis of algorithm-derived PON vs. measured PON using inde-
pendent satellite sensor-specific validation dataset. For this evaluation,
model-Il linear regression analysis was performed using the major axis
method®**® applied to the data of algorithm-derived vs. measured
PON. Additionally, this evaluation involves calculating several statis-
tical metrics that quantify the differences between algorithm-derived
and measured values of PON (Supplementary Table 4). Supplementary
Fig. 12b supports a reasonably good agreement between PON derived
from apn(442) and measured PON over the whole range of variability
observed within the whole dataset. Deviation between the linear fit of
the relationships between the a,,(442)-algorithms derived PON and
measured PON and the 1:1 line is very low (Supplementary Fig. 12b).
The slopes, S, reach very high values (S=0.94) and the coefficient of
correlation, R, also shows high values (R=0.88). The MdAPD and
MdSA, values of the apn(442)-algorithm PON vs. measured PON rela-
tionships are 26.15 % and 30.10 %, respectively. Overall, this indicates
that apn(442) has the potential to be used as predictive variable in
apn(442)-based algorithms for estimating PON over a wide range of
oceanic environments.

Absorbing Aerosol Index (AAI)

The Absorbing Aerosol Index (AAI) dataset provide from the Multi-
Sensor Absorbing Aerosol Index (MS-AAI) data record (https://www.
temis.nl/airpollution/absaai/#GOME2_AAl), which consists of AAI data
from the TOMS, GOME-1, SCIAMACHY, OMI, GOME-2A, GOME-2B, and
GOME-2C instruments. The AAI is based on the difference in reflec-
tance measurements at two wavelengths, typically around 340 nm and
380 nm*’. The aerosol types that are mostly seen in the AAI are desert
dust and biomass burning aerosols. By comparing the measured UV
reflectance with the theoretical reflectance expected in a purely
Rayleigh-scattering atmosphere (i.e., without absorbing aerosols), the
AAl provides a qualitative estimate of the presence and intensity of UV-
absorbing aerosols. When a positive residue is found, absorbing
aerosols were detected. Negative or zero residues on the other hand
suggest an absence of absorbing aerosols.

Mixed layer depth (MLD)

The MLD values were extracted at each station from the Multi-
Observation Global Ocean ARMOR3D L4 reanalysis product (https://
doi.org/10.48670/moi-00052)"°”" which provides temperature and
salinity profiles interpolated onto a regular grid, and is suitable for
large-scale, long-term analyses. As the ARMOR3D L4 MLD product
does not cover the earliest field cruises, we complemented our dataset
with MLD values derived from the global climatology developed by”. It
should be noted that both MLD values were calculated using a
threshold criterion of a 0.2 °C temperature deviation from the refer-
ence value at 10 m depth.

Time series analysis
In the present study, the monthly time series of PON have been tem-
porally decomposed using the Census X-11 method. This method has
been introduced for the analysis of sea surface temperature*” and has
been extensively documented for various ocean color
applications?*®>7¢, This approach is of interest for precisely
describing the temporal variation patterns in a time series. The itera-
tive analysis based on the successive application of bandpass filters
aims at decomposing the time series into three additive components
representing the seasonal, the trend-cycle (inter-annual modulation),
and irregular (or residual) modulations in the data. The relative part of
the variance of the components is estimated for each grid point, to
identify the spatial patterns of the temporal variability in the series.
In addition, we tested for the presence of monotonic upward or
downward significant inter-annual trends in the time series of PON. We
used the non-parametric seasonal Kendall test, based on the

calculation of a set of Mann-Kendall statistics applied to each separate
month, which are then combined to evaluate the existence of long-
term monotonic changes in the original time series””. We used Sen’s
slope, a non-parametric slope estimator’’”’® to estimate the magnitude
of each time series trend, expressed in % per year”.

Estimation of the PON content integrated over the 0-50 m
depth layer

Satellite observations of ocean color provide information restricted to
the first optical depth. However, diazotrophic activity occurs not only
in surface waters but also throughout the upper water column. In the
western tropical South Pacific, N, fixation have been consistently
detected in the top 50 m of the photic layer”™. To estimate and
evaluate the long-term trend of standing stock of PON in the upper
50 m water column from satellite observations, it is possible to
develop an empirical relationship to derive PON content integrated
over the 0-50 m depth layer, and then apply it to satellite observations
of ocean color. Similar empirical relationship between near-surface
POC concentrations and POC content integrated over the euphotic
zone have been developed to assess the integrated content of POC
over the global ocean from satellite observations®. In the Southern
Ocean, the area-integrated water column standing stock of POC have
been estimated in the upper 100 m water column from empirical
relationship between surface POC concentrations and POC integrated
within the 0-100 m depth layer®’.

In the present study, we develop an empirical relationship
between in situ near-surface PON concentrations and the PON content
integrated over the 0-50 m depth layer by using the OUTPACE and
TONGA datasets. The OUTPACE cruise was conducted during the
austral summer, from February 18 to April 3, 2015, along a 4000 km
zonal transect from north of New Caledonia to the western part of the
South Pacific Gyre’. Along this transect, 18 stations were sampled
(black circle on Supplementary Fig. 4). The TONGA dataset includes
PON measurements collected in the western tropical South Pacific in
November 2019 along a west-to-east transect® (white square on Sup-
plementary Fig. 4). We assume that the 50 m depth boundaries the
biologically active layer where the majority of PON production sus-
tained by N, fixation takes place in the Melanesian archipelago. Our
field data show that the surface PON concentration is reasonably well
correlated with the PON integrated within the 0-50 m depth layer
(Supplementary Fig. 13). The coefficient of determination between the
logo-transformed data is high (R>=0.91) and the pattern of data
suggests that the relationships can be well described by a power
function (blue line Supplementary Fig. 13):

PONN1(0—s0m) = 63.62 X PON %0 2

For comparison, Supplementary Fig. 13 includes the relationship
established in the North Pacific subtropical gyre using in situ mea-
surements of PON performed over two decades from December 2002
to December 2022 as part of the Hawaii Ocean Time-series, HOT,
program at Station ALOHA (black triangle on Supplementary Fig. 4). It
is notable that the best-fit power functions for the PONint(0-50m) V5.
PON are similar for the whole dataset and its subsets, HOT and
OUTPACE/TONGA datasets. This indicates, on one hand, that the
PONinT(0-50m) VS- PON relationship is consistent for different sub-
tropical regions of the open ocean, and on the other hand, that it
shows relatively low variability over time.

Therefore, based on these observations, the relationship estab-
lished in the western tropical South Pacific has been applied to
satellite-derived monthly surface PON concentration in order to esti-
mate the integrated water column standing stock of PON within the
upper 50 m. Details of the method used to estimate the total area-
integrated standing stock of PON within the top 50 m of the column
waters of the study area are provided below. The first step involves
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estimating the integrated water column standing stock of PON within
the upper 50 m (PONint(o.50m), in unit of mg m?) for each pixels in a
restricted area of the western tropical South Pacific (red box on Fig. 1a).
This corresponds to the area recently defined as N, fixation hotspot'.
According to these authors, the fluids emitted from the Tonga volcanic
arc have a substantial impact on iron concentrations in the photic
layer. The natural iron fertilization fuels regional hotspot of N,
fixation which extend 800 km in longitude and 400 km in latitude
(-360 000 km?). The region defined as the hotspot of N, fixation was
divided into sections of 1.5° of longitude and 1° of latitude, which is
reasonably limited in terms of spatial extent. As a result, each satellite
derived monthly maps of mass of PONr.som) Was divided into
16 sectors of 35 pixels each. As satellite data are not available at any
given time, the number of valid pixels varies from one sector to
another. It should be noted that each sector contains a sufficient
number of valid pixels to calculate an average value of monthly mean
of PONINT(O-SOm) in each sectors (PONINT(O-SOm)-sectorr in unit of g m'Z).

1
PON 10— 50m)—sector = No Z PONnr(0-som) 3)
p

Given the relatively small surface area of each sector, we assume
that the data from the valid pixels provide an average value of
PONint(0-s0m)- Np is the number of valid pixels in each section. The next
step was to calculate the area-integrated value of water column PON
within each sector (PONinNT©-50m)-sector-areas iN UNIit of g). For that pur-
pose, the PONin0-s0m)-sector Nas been multiplied by the surface area (S,
in unit of m?) of each sector.

PONlNT(O—SOm)—sector—area = PONINT(O—SOm)—sector xS (4)

The final step involves calculating the total area-integrated
standing stock of PON within the top 50 m of the column waters of
the study area, PONinT(0-50m)-total-area (in unit of g). Afterwards,
PONiNT(0-50m)-total-area Was converted to Tg (1 Tg=102g).

PONINT(O—SOm)—totaI—area = Z PONlNT(Ofsom)—sector—area )

Data availability

The Ocean Color satellite data used in this study are publicly available
from the online GlobColour repositories: https://hermes.acri.fr/index.
php?class=archive. The in situ measurements of surface mass con-
centrations of particulate organic nitrogen (PON) used in this study are
publicly available from the following data repositories: the Biological
and Chemical Oceanography Data Management Office (https://www.
bco-dmo.org/), the Global Ocean Particulate Organic Phosphorus,
Carbon, Oxygen for Respiration, and Nitrogen (https://doi.org/10.
5061/dryad.d702p, https://doi.org/10.5061/dryad.05qfttf5h), the LEFE-
CYBER database (https://www.obs-vlfr.fr/proof/cruises.php; OUTPACE
and TONGA cruises), the NASA SeaWiFS Bio-optical Archive and Sto-
rage System (https://seabass.gsfc.nasa.gov/; HLY1001, HLY1101), the
PANGAEA Data Publisher for Earth and Environmental Science (https://
doi.org/10.1594/PANGAEA.902230; ANTXXVI/4, KM12-10), the Data
and Sample Research System for Whole Cruise Information database
of the Japan Agency for Marine-Earth Sciences (https://doi.org/10.
17596/0001879; MR1705-C), the SEA scieNtific Open data Edition
(https://www.seanoe.org/data/00824/93570/; COASTIOOC), the Ber-
muda Atlantic Time-series Study (https://bats.bios.edu/), the Hawaii
Ocean Time-series (https://hahana.soest.hawaii.edu/hot/), and the
French coastal monitoring SOMLIT network (https://www.somlit.fr/).
The Absorbing Aerosol Index (AAl) dataset is publicly available from
the open access online data repositories (https://www.temis.nl/
airpollution/absaai/#GOME2_AAI). Temperature and salinity data

used to calculate the mixed layer depth are publicly available from the
Multi-Observation Global Ocean ARMOR3D Level 4 reanalysis product
(https://doi.org/10.48670/moi-00052). The raw data underlying all
main figures have been deposited in the public repository (https://doi.
org/10.5281/zenodo.17541762). The code used to estimate seawater
inherent optical properties, including the spectral absorption a(A) and
backscattering bp(A) coefficients and their non-water components
anw(\) and byp(A) from remote-sensing reflectance Ris(A), is publicly
available online  (https://github.com/SIO-Ocean-Optics-Research-
Laboratory/LS2 Distribution). The code used to derive apn(A) from
an(N) is publicly available online (https://github.com/TELHYD-LOG/
3SAA). The codes used to decompose the monthly time series of PON
(Census X11 method) have been deposited in the public repository
(https://github.com/AlFumel3/Census-X11-algorithm/tree/main). The
data and code that support the findings of this study are available from
the corresponding author upon request.
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