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Abstract Dissolved organic phosphorus (DOP) has been identified as a key phosphorus source that
supports primary production and microbial nitrogen (N2) fixation. However, the specific contribution and
spatial distribution of DOP utilization remain poorly understood due to limited in‐situ measurements. In this
study, we explored the role of DOP in supporting N2 fixation using a modified inverse biogeochemical ocean
model. Our findings reveal that DOP utilization primarily occurs in subtropical gyres, where it serves as a
critical phosphorus source. Direct DOP assimilation reduces phosphorus limitation in nutrient‐depleted gyres,
thereby stimulating global N2 fixation, the global distribution of which is re‐estimated. The new estimate shows
a significant increase in N2 fixation rates in the North Atlantic compared to the previous estimate because DOP
utilization reduces the severe phosphorus limitation in that region. Neglecting DOP utilization would result in an
approximately 9% underestimation of the global N2 fixation rate.

Plain Language Summary Dissolved organic phosphorus plays a crucial role in providing
phosphorus, which is essential for primary production and microbial nitrogen (N2) fixation. However, due to
limited in‐situ measurements, the extent and pattern of DOP use in the ocean are not well understood. In this
study, we used a modified ocean model to investigate howDOP supports N2 fixation. Our results show that DOP
is mainly used in subtropical gyres, where it helps reduce phosphorus shortages, thereby boosting N2 fixation
globally. We found that N2 fixation rates, especially in the North Atlantic, are much higher than previously
thought due to the mitigating effect of DOP on phosphorus limitation. Ignoring the role of DOP would lead to an
underestimation of global N2 fixation by about 9%.

1. Introduction
Phosphorus (P) and nitrogen (N) are essential elements supporting primary production (Duhamel et al., 2021).
However, in permanently stratified subtropical gyres, surface phosphate and nitrate concentrations are often
lower than the theoretical uptake capacity of phytoplankton, thereby limiting the primary production (Wu
et al., 2000; Yuan et al., 2023). Microbial dinitrogen (N2) fixation, which draws atmospheric N2 to produce
bioavailable nitrogen, can fuel up to 50% of total productivity in certain regions (Louchard et al., 2021; Zehr &
Capone, 2020). There are no external bioavailable sources like N2 fixation in the marine phosphorus cycle. N2

fixation is usually limited by the availability of phosphate and iron (Berman‐Frank et al., 2001; Kustka
et al., 2003; Wang et al., 2019; Wu et al., 2000). In regions such as the North Atlantic and the northern Indian
Ocean, where high dust inputs reduce iron limitation, both field measurements and modeling studies reveal that
N2 fixation is primarily limited by phosphate availability (Sañudo‐Wilhelmy et al., 2001; Wang et al., 2019). The
lateral transport of DOP from productive poleward gyres and equatorial upwelling regions has been shown to
supplement the phosphorus requirements of subtropical oceans, with the additional uptake of organic molecules
liberating bioavailable P (Letscher et al., 2022). Laboratory experiments suggest that DOP utilization may be an
external phosphorus source for N2 fixation. The activity of Phosphodiesterase, an enzyme that helps hydrolyze P‐
ester, is positively correlated with the rates of N2 fixation in the central North Pacific, which also implies that DOP
may support N2 fixation (Yamaguchi et al., 2019). Given that DOP concentrations often exceed those of dissolved
inorganic phosphorus (DIP), DOP utilization could potentially alleviate phosphorus limitation for diazotrophs,
thereby stimulating N2 fixation, primary production, and export production. However, the specific contribution of
DOP to N2 fixation and its geographical distribution remain largely unknown.

The lack of quantification methods for DOP utilization efficiency limits our understanding of its contribution.
Isotope incubation experiments, which measure only a specific type of DOP, cannot accurately reflect the overall
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DOP assimilation rate (Karl, 2014). Alkaline phosphatase (AP), an enzyme that helps phytoplankton liberate
bioavailable phosphorus from DOP molecules, serves as an indicator of DOP utilization. However, the presence
of AP can only qualitatively suggest whether DOP is being utilized without quantifying the extent of DOP uti-
lization. Moreover, AP can remain active for up to 2 weeks and, therefore, can be potentially transported away
from the site of production (Cembella et al., 1984). This creates a spatiotemporal disconnect between in‐situ AP
activity and actual DOP utilization efficiency (Duhamel et al., 2021).

Due to the sparse global observations of DOP, extrapolating global distribution patterns is challenging.
Biogeochemical models can estimate the contribution of DOP on a large scale by calculating elemental balances.
Sensitivity tests using prognostic biogeochemical models have shown that global N2 fixation increases by 26% in
DOP utilization experiments compared to the control run (Letscher & Moore, 2015). However, uncertainties
remain due to the dependence on prescribed model parameters. Inverse models, which deduce biogeochemical
rates and fluxes constrained by observational data, offer a promising approach to reducing these uncertainties
(DeVries, 2014; DeVries et al., 2012; Wang et al., 2023).

In this study, we use an inverse biogeochemically coupled N‐P model, which is well‐constrained by tens of
thousands of hydrographic data points and effectively resolves the global nitrogen cycle (Wang et al., 2019). To
investigate the impact of DOP uptake on N2 fixation, aMonod equation is incorporated into the model to represent
this mechanism as part of primary production. We present estimates on (a) the rate of DOP utilization in the global
euphotic zone (EZ) and its contribution to NPP, (b) global patterns of N2 fixation and the fraction supported by
DOP utilization, and (c) the effect of DOP utilization and N2 fixation on export production.

2. Methods
Wemodify the steady‐state PN‐cycling model fromWang et al., which has been used to diagnose spatial patterns
of global N2 fixation rates (Wang et al., 2019). In the revised phosphorus cycle (Figure 1), both inorganic and
organic phosphorus are assimilated by phytoplankton to produce particulate organic phosphorus (POP). The net
biological production of organic nitrogen is converted from phosphorus assimilation using a spatially variable N:
P ratio as has been done before. After biological production, the labile part of the particles lyses and transforms
to DOP.

2.1. Phosphorus Model

Three explicit tracers are considered in the phosphorus model: DIP, DOP, and POP. The governing equations for
the phosphorus cycle are as follows:

Figure 1. Schematic representation of (a) P‐cycle and (b) N‐cycle models. γp and μ are dissolved inorganic phosphorus and
dissolved organic phosphorus (DOP) utilization rates that are defined in Section 2.1. κp is particulate organic phosphorus
(POP) and particulate organic nitrogen dissolution rate constant and is prescribed to be (1/30) d− 1. κdp and κdn are DOP and
dissolved organic nitrogen remineralization rate constants, respectively. GN is the dissolved inorganic nitrogen assimilation
rate, which equals the product of the POP production rate (γp[DIP] + μ[DOP] ) and a spatial variable N:P ratio (rN:P).
Atmospheric deposition and river fluxes are prescribed in Section 2.2.
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[
d
dt
+ T ][DIP] = − γ[DIP] + κdp[DOP] + κg ( [DIP] − [DIP]obs),

[
d
dt
+ T ][DOP] = − κdp[DOP] + κp[POP] − µ[DOP],

[
d
dt
+ F ][POP] = γ[DIP] − κp[POP] + µ[DOP], (1)

where T is a transport matrix and is constrained using multiple tracers (DeVries & Holzer, 2019). T[C] represents
advection (U⃗) and diffusion (K) transport of dissolved tracer C (T[C] ≡ ∇ ⋅ ( U⃗[C] − K∇ [C])). F represents a
sinking flux divergence operator. For example, FPOP ≡ ∇ ⋅ (w⃗[POP]) , where w⃗ is sinking speed and increases
linearly with depth. The linearly increased sinking speed and a constant POP dissolution rate (κp = 1/30 days− 1)
produce a canonical power‐law function:

F(z) = F(z0) (
z
z0
)

− b

, (2)

where F(z) and F(z0) stand for fluxes at depth z and euphotic depth z0, respectively (Wang et al., 2019). κdp is
DOP remineralization rate constant and is optimized in the inversion. κg is a geological restoring constant and is
prescribed at (1/106) yr− 1 to restore model mean concentration of DIP to observational mean value ( [DIP]obs).

The biological production of organic phosphorus consists of two parts: DIP assimilation and autotrophic DOP
uptake. Dissolved inorganic phosphorus assimilation rate is modeled using a spatially variable uptake rate co-
efficient (γ(r) , where r is a position coordinate), which is built using satellite‐derived NPP (MODIS CbPM
(Westberry et al., 2008)) and a gridded surface DIP observation ([DIP]obs from World Ocean Atlas 2018 (Garcia
et al., 2019b)) as shown in Equation 3. We prescribe NPP0 at 1 mmol C m− 2 s− 1 and [DIP]0 at 1 mmol m− 3 to
remove the dimensions. ⍺ and β are scaling factors that are optimized in the inversion. rC:P is the C:P ratio ac-
cording to Galbraith and Martiny (Galbraith & Martiny, 2015), and is used to convert NPP from C unit to P unit.
Photosynthesis is limited to the EZ, the top two model layers (z0 = 73.4 m). The γ function is defined as follows:

γ(r) ≡

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

⍺
[ 1
rC:P

NPP(r)
NPP0 ]

β

[DIP]obs(r)
[DIP]0

, if z< z0

0,otherwise

, (3)

Dissolved organic phosphorus utilization is modeled according to Letscher et al. (2022), which is the reciprocal of
the Monod equation with two adjustable parameters v and km, the minimum uptake rate of DOP at elevated DIP
concentration and half‐saturation constant for maximal DOP uptake rate at low [DIP]obs, respectively.

µ = v
(km + [DIP]obs)

[DIP]obs
. (4)

2.2. Nitrogen Model

We simulate three nitrogen tracers, dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON), and
particulate organic nitrogen (PON) in the model. We use DIN to represent all bioavailable nitrogen (e.g., nitrate,
nitrite, ammonia, urea). rN:P represents the non‐Redfieldian N:P ratio, which is modeled using the following
equation:

rN:P = A + BΘ( [DIP]; [DIP]c,Ω), (5)
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where A and B are tunable parameters and are optimized in the inversion. Θ is a hyperbolic tangent function as
defined by Equation 6. [DIP]c = 0 mmol m− 3 and Ω = 1 mmol m− 3 are prescribed because the model solution
is not sensitive to them (Wang et al., 2019).

Θ(x; xc, λ) ≡
1
2
[ 1 − tanh(

x − xc

λ
) ], (6)

The net biological production of organic phosphorus includes both inorganic (γ [DIP]) and organic phosphorus (μ
[DOP]) utilization, which is then converted to organic nitrogen production by multiplying a ratio of nitrogen to
phosphorus (rN:P). The governing equations for the nitrogen cycle are as follows:

[
d
dt
+ T][DIN] = − rN:P(γ[DIP] + μ[DOP])Λ([DIN]) + κdn [DON] − (Dw + Ds) + (Iriv + Iatm),

[
d
dt
+ T][DON] = − κdn [DON] + κp[PON],

[
d
dt
+ F][PON] = rN:P(γ[DIP] + μ[DOP]) − κp[PON], (7)

where Λ is a hyperbolic tangent function defined according to Equation 6, which is used to gradually shut down
DIN uptake when [DIN] is getting close to 0. The DIN threshold for initiating N2 fixation is determined by
optimal parameters constrained using field measurements of DIP, DIN, DOP, and DON. The optimal relationship
between the N2‐fixation‐limiter (1‐Λ(DIN)) and ambient DIN concentration is illustrated in Figure S1 in Sup-
porting Information S1. N2 fixation does not fully cease until ambient DIN reaches approximately 3.0 μM. The
actual nitrogen introduced through N2 fixation is jointly determined by theoretical nitrogen uptake rate
(rN:P(γ[DIP] + µ[DOP]) ) and the magnitude of the limiter (Equation 7), indicating that significant N2 fixation
can still occur in high‐DIN waters if the nitrogen uptake rate is high, as is often the case in coastal regions (Selden
et al., 2021; Tang, Wang, et al., 2019). Therefore, this modeling approach is effective for much of the open ocean
and even some coastal oceans (Wang et al., 2019), but it may introduce bias in certain coastal regions, because
previous studies have shown that N2 fixation can occur even when ambient DIN concentrations are high
(>5.0 μM) (Knapp, 2012;Mills et al., 2020). F is the sinking flux divergence operator as mentioned in Section 2.1.
Dw and Ds are water column denitrification and sedimentary denitrification, respectively, which are modeled as
follows:

Dw = kw ⋅ Θ( [O2]; [O2]c,∆) ⋅ [DOC] ⋅ [DIN], (8)

Ds = B diag(a1 + a2 ⋅ exp{c(
[O2] − [DIN]

[DIN]0
)})F[POC], (9)

where kw and ∆ are adjustable parameters and optimized in the inversion. The oxygen function limits denitrifi-
cation to regions where oxygen levels are lower than the threshold value; DOC and POC are converted from DON
and PON, respectively, using Redfield C:N ratio of 106:16; B is a diagonal matrix symbolize the bottom of water
columns where sediment denitrification occurs; a1 = 0.060, a2 = 0.19, c = log 0.99, [DIN]0 = 1 mmol m− 3.

The atmospheric deposition (Iatm) and riverine inputs (Iriv) of nitrogen are prescribed for the current model exactly
as in the previous model (see supplementary information of Wang et al., 2019). Since both models include these
same external sources, they cancel out when we focus on comparing N2 fixation driven by DOP utilization.

2.3. Observational Data

Observations of DIP, DOP, DIN, and DON are used to constrain model parameters. We download DIP and DIN
data from the Global Ocean Data Analysis Project (GLODAPv2 (Olsen et al., 2016)), DOP from the DOPv2021
database (Liang et al., 2022), and DON from Letscher et al. (2015). Note that in this study only semi‐labile DOP
and DON whose lifetime spans from hours to months are considered. Refractory DON and DOP (rDON and
rDOP, respectively) are adopted from Letscher and Moore (2015), who estimated the concentration of rDON and
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rDOP by identifying the asymptotic mean concentrations below 1,000 m from depth profiles of DON and DOP
measurements. No spatial variations of refractory DON (1.8 ± 0.4 μM) and DOP (0.03 ± 0.02 μM) were found
possibly owing to large analytical error of deep ocean DON and DOP measurements (Letscher & Moore, 2015).
We update rDOP concentration to 0.05 μM according to Liang et al. (2022) with an updated DOP data (∼3,800
observations). Therefore, we subtract the refractory DOP of 0.05 μM and refractory DON of 1.8 μM from ob-
servations to obtain ‘semi‐labile’ DOP and DON. Furthermore, oxygen data from World Ocean Atlas (Garcia
et al., 2019a) are used to build the denitrification function as described in Section 2.2. The optimization routine
used in this study follows the approach outlined by Wang et al. (2019), which reproduces the observational data
well (Figure S2 in Supporting Information S1).

3. Results and Discussion
3.1. Global Distribution of Dissolved Organic Phosphorus Uptake

The vertically integrated autotrophic DOP uptake rate in the EZ increases from nutrient‐rich subpolar regions to
nutrient‐poor subtropical gyres (Figure 2a). High DOP utilization rates are observed in the central North and
South Atlantic Oceans, as well as in the tropical northeastern and southeastern Pacific oceans. However, the
reasons leading to high rates of DOP uptake may differ. The high rates in the North Atlantic Oceans are attributed
to the consistently low DIP concentrations (Dai et al., 2023), whereas the elevated levels in the South Atlantic
Ocean, the eastern tropical North and South Pacific Oceans are likely due to the high phosphorus demand driven
by the intense primary production.

High rates of DOP uptakes are also found in coastal systems, likely influenced by species‐level resource parti-
tioning (Alexander et al., 2016; Schoffelen et al., 2018), that is, species capable of hydrolyzing DOP exhibit a
competitive advantage over those lacking this ability. For example, there are hot spots in nearshore areas such as
southern Australia and the Bering Strait. However, these findings should be interpreted with caution due to the
coarse resolution of the model. Elevated utilization rates are particularly prominent along the flanks of the eastern
upwelling systems in the Atlantic and Pacific Oceans. The North Atlantic Subtropical Gyre (NASG), where
depleted DIP severely limits phytoplankton growth, particularly diazotrophs (Moore et al., 2013), exhibits the

Figure 2. (a) Integrated euphotic zone dissolved organic phosphorus (DOP) uptake rate. (b) Contribution percentage of DOP
uptake to net primary production, which is defined as dissolved inorganic phosphorus uptake plus autotrophic DOP uptake
rate (see Section 2.1).
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highest DOP uptake rate (∼12 mmol P m− 2 yr− 1). This notable assimilation differs from previous research
(Letscher et al., 2022), but we consider it reliable given the strong phosphorus limitation in this region, which
suggests the presence of compensatory mechanisms among phytoplankton.

Autotrophic DOP uptake supports 15% of global NPP. Surprisingly, the highest contribution percentages (∼60%–
70%) were found in the western subtropical gyres of both the Pacific and Atlantic Oceans (Figure 2b), despite
lower DOP assimilation rates in these regions compared to the eastern basins (Figure 2a). The discrepancy can be
explained by different nutrient supply mechanisms: upwelling systems along the eastern boundaries bring
abundant nutrients (e.g., DIP) from the subsurface to the surface, thereby supporting higher primary production in
these eastern basins. Phytoplankton community in downstream areas that lacks supply from the subsurface uses
DOP as a compensatory. In the Indian Ocean, the highest DOP assimilation rates are observed in the northern
basins, such as the Bay of Bengal and the Arabian Sea. At the same time, DOP supports a higher fraction of NPP
in the southern subtropical Indian Ocean for reasons like those in the Pacific and Atlantic oceans. In summary,
DOP uptake is a vital phosphorus source in subtropical gyres, with the highest assimilation rates in the eastern
gyres but supporting a greater fraction of NPP in the western and central gyres.

3.2. Dissolved Organic Phosphorus Uptake Stimulates N2 Fixation

We update the estimate on the global microbial N2 fixation rate with DOP as an additional phosphorus source. The
new global estimate is 176 Tg N yr− 1 which is on average ∼9% higher compared to the previous model results
(Wang et al., 2019). Our globally integrated estimate of N2 fixation (176 Tg N yr− 1) falls into the range estimated
by previous models (133 ± 72 Tg N yr− 1) (Tang, Li, et al., 2019) and is closer to the arithmetic mean (223 ±
30 Tg N yr− 1) derived from extrapolation of in‐situ observations (Shao et al., 2023) compared to our previous
estimate (163 Tg N yr− 1) (Wang et al., 2019). Spatially, the general pattern of N2 fixation rate is similar to that
from the previous results (Wang et al., 2019). High rates of N2 fixation mainly occur in the subtropical gyres
downstream of eastern boundary upwelling systems (Figure 3a), low rates are found in the high‐latitude oceans
and eastern equatorial upwelling systems. The spatial pattern aligns with field measurements (Bonnet
et al., 2017). The combined N2 fixation and external inputs (atmospheric and riverine inputs) deliver
212 Tg N yr− 1 to the ocean, which are balanced by nitrogen losses via denitrification and anaerobic ammonium
oxidation (anammox) in the water column (63 Tg N yr− 1) and sediment (150 Tg N yr− 1). The water column

Figure 3. (a) Global distribution of microbial N2 fixation rate. (b) N2 fixation anomaly. Anomaly is the difference between the dissolved organic phosphorus (DOP)
absorption model (this research) and the model without it (Wang et al., 2019). (c) N2 fixation anomaly in percentage, which is the ratio between the absolute anomaly
(b) and N2 fixation rate (a). To emphasize the relative contributions of DOP utilization to N2 fixation, only positive anomalies are considered, while negative ones are
disregarded. (d) N:P ratio of exported particles from the euphotic zone (EZ). Here we calculated particulate organic material exported from the EZ (73.4 m, the first two
model layers) to deeper layers.
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nitrogen loss rate aligns well with the previous report (DeVries et al., 2013), while benthic nitrogen loss is higher
than the former estimation (131.5 Tg N yr− 1) to compensate for higher N input (Wang et al., 2019).

We quantified the contribution of DOP to N2 fixation by calculating the difference between the outputs of our
modified model and previous results that did not include direct DOP utilization, which is identified as the
‘anomaly’ in Figure 3b. The positive anomaly (Figure 3b) occurs in central gyres, where direct DOP utilization
provides an additional phosphorus source beyond DIP (Figure 2b). The percentage of positive anomalies reveals
the relative contribution of DOP utilization to N2 fixation across different basins (Figure 3c). In the western gyres,
although the absolute rates of DOP utilization are low, its contribution to NPP and N2 fixation is relatively high
compared to the eastern basins. In the NASG, N2 fixation rates nearly double, indicating that the direct utilization
of DOP alleviates the severe phosphorus limitation.

Consistent with earlier model outputs, negative anomalies in N2 fixation (Figure 3b) are found along the
edges of equatorial upwelling systems in both the Pacific and Atlantic oceans (Letscher & Moore, 2015).
These upwelling systems are crucial in supplying nutrients to subtropical gyres through large‐scale cyclonic
circulations. In the previous model, N2 fixation in the central gyres was limited by low phosphate concen-
trations, necessitating the import of nitrate from the edges of the gyres to sustain primary production, thereby
promoting higher N2 fixation rates at the edges. However, with the direct utilization of DOP in the gyres, the
dependence on nitrate from the edges is reduced, leading to lower N2 fixation rates as inferred from the
model. A similar pattern is observed in the Indian Ocean: the equatorial and southern regions, where DOP
utilization dominates (>50% of NPP, Figure 2b), exhibit a positive anomaly, while the northern Indian Ocean
shows a slight negative anomaly.

High N2 fixation rates in the subtropical gyres lead to a higher N:P ratio than the Redfield value in exported
organic matter (Figure 3d). The N:P ratios in exported organic particles can be up to approximately 20:1 in
subtropical gyres. In contrast, denitrification in the Oxygen Minimum Zones (OMZs) of the eastern Pacific and
eastern Atlantic reduces the ratio to around 14:1. The incorporation of DOP utilization results in a higher N:P ratio
in exported material compared to the previous model that does not account for DOP utilization. The positive
anomaly increases from 0.1 at the edge of the gyre to 0.5 in the center. Conversely, intensified denitrification
lowers the N:P ratio in the OMZs, while enhanced N2 fixation in the subtropical gyres raises the N:P ratio.
Together, these processes help maintain a relatively constant global mean N:P ratio. The N:P ratio in exported
organic particles aligns well with field observations (Martiny et al., 2014) (Figure S3 in Supporting Informa-
tion S1). However, please note that this is not a direct comparison, as the modeled N:P ratio represents sinking
PON/POP at the base of the model EZ (73 m), while the measured PON/POP ratios are for suspended particles
within the EZ (0–100 m). Due to the limited availability of field measurements on export PON/POP ratios, this
comparison is the best approximation available.

3.3. Contribution of Dissolved Organic Phosphorus Uptake and N2 Fixation to Export Production

Globally integrated Annual Net Community Production (ANCP) is 10.5 Pg C yr− 1 in our estimation assuming a
constant C/N ratio (106:16), which is calculated by subtracting the EZ's organic nitrogen remineralization from
primary production. Our result is close to the non‐advective‐diffusive POC vertical flux estimation, which is
10.63 Pg C yr− 1 (Wang et al., 2023). In the subtropical ocean, our estimated ANCP rate (Figure 4a and Figure S4
in Supporting Information S1) is higher in both flanks of eastern upwelling systems in the Pacific and the Atlantic,
where an elevated DOP utilization rate is shown (Figure 2a). For comparison, export flux concentrated in coastal
regions in the previous research. The difference underlies the intensifying contribution of DOP utilization on
export production. Our ANCP estimate for the eastern equatorial Pacific (3.5–4 mol C m− 2 yr− 1) (Figure S4 in
Supporting Information S1) aligns well with the satellite‐based ANCP (3–4 mol C m− 2 yr− 1) (Yang et al., 2019).
In the southern flanks of the eastern upwelling system (∼15°S), our estimation is slightly higher (4–
4.5 mol C m− 2 yr− 1 compared to 2.5–3.5 mol C m− 2 yr− 1), presumably due to the utilization of DOP. High export
flux is observed in the subpolar Southern Ocean, North Pacific, and North Atlantic, consistent with the previous
study (Wang et al., 2023).

In N‐depleted subtropical gyres, newly fixed nitrogen is a crucial nitrogen source for export production. The
percentage of new nitrogen contributing to export production increases from ∼30% at the edges to ∼100% in
the central gyres (Figure 4b). The general pattern of an increasing contribution of N2 fixation to export/new
production from the edges to the center of gyres aligns with field measurements using isotope tracers by
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Shiozaki et al. (2009). However, the specific percentage contributions differ, likely due to variations in
export depth selection (e.g., uniformly 73 m in our model vs. measurement depth defined by 1% photo-
synthetically active radiation). The relative contribution of new nitrogen to export production in our esti-
mates (72%) is close to the measurements at Station ALOHA, where newly fixed nitrogen accounts for 36%–
69% of export/new production (Dore et al., 2002). The consistent distribution of new nitrogen contribu-
tion (Figure 4b) and N2 fixation rate (Figure 3a) underscores the importance of N2 fixation for new
production.

To quantify the effect of DOP utilization on export production, we compare the contribution percentages between
models with and without DOP assimilation. The difference shown in Figure 4c, highlights the contribution of
DOP utilization to ANCP. Dissolved organic phosphorus utilization leads to a ∼20% increase in the Pacific and
southern Indian Oceans and a∼40% increase in the Atlantic. In conclusion, DOP utilization is vital for N2 fixation
and primary production in subtropical gyres (Figure 2b). By alleviating phosphorus limitation, microbial N2

fixation is enhanced (Figure 3b), which in turn boosts export production (Figure 4c).

Figure 4. (a) Annual Net Community Production (ANCP). ANCP is calculated by gross biological production (N
assimilation) minus respiration in the euphotic zone and multiplied by the constant C:N ratio. (b) Contribution of newly fixed
N to export production. (c) Anomaly of contributions of newly fixed N to export production. Anomaly is the difference
between the dissolved organic phosphorus absorption model (this research) and the model neglecting it (Wang et al., 2019).
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4. Conclusions
We have quantified the contribution of DOP utilization to microbial N2 fixation by modifying the inverse
biogeochemical N‐P model to include a DOP utilization function. Our results reveal that DOP assimilation en-
hances microbial N2 fixation, and that a large fraction of the NPP in subtropical gyres is supported by DOP
utilization with contributions ranging from ∼40% at the edges to ∼100% in the center (Figure 2b). This indicates
that DOP utilization is a crucial mechanism for obtaining additional phosphorus in P‐depleted gyres. As phos-
phorus limitation is alleviated, microbial N2 fixation is enhanced, with the global integrated rate increasing by
∼9% compared to previous model that did not account for DOP utilization. Regionally, in the NASG, which
experiences severe phosphorus limitation, microbial N2 fixation rates show a ∼100% increase. Both DOP uti-
lization and microbial N2 fixation are critical for new production, with DOP utilization contributing to a ∼20%‐
40% increase in the contribution of newly fixed nitrogen to export production in subtropical gyres. However, our
model does have some limitations. For instance, we simplify the diverse DOP compounds into a single group and
optimize a global mean e‐folding remineralization rate constant for DOP. Additionally, we have not accounted for
aerosol‐derived DOP, which may moderately underestimate DOP utilization in the NASG (Jin et al., 2024).
Finally, the model resolution is relatively low and lacks seasonal variability.

In the future, development of high‐resolution inverse models will allow us to better capture the complexities of
nitrogen and phosphorus cycling in coastal regions, particularly to represent the high N2 fixation rates observed in
field studies (Tang, Wang, et al., 2019). Additionally, incorporation of seasonal resolution in these models will
help capture the seasonal fluctuations in DOP concentrations observed at stations such as ALOHA and BATS
(Church et al., 2002; Lomas et al., 2010), providing a more comprehensive understanding of DOP dynamics.

Data Availability Statement
The new estimate on global scale oceanic N2 fixation and associated data to generate the figures in this study are
available at Zenodo (Wang & Shen, 2024). The code for the modified oceanic N‐P model is available at Zenodo
(Shen & Wang, 2024).
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