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The Seychelles–Chagos Thermocline Ridge (SCTR) is a persistent open-ocean upwelling region, yet its nitrate-isotope dynamics remain sparsely documented. To clarify how physical transport and biological uptake shape these signals, we measured nitrate concentrations and dual-isotope ratios (δ15N, δ18O) along a meridional section in the southwestern tropical Indian Ocean. Below the upper layer, isotopic compositions primarily reflect the origin and biogeochemical history of distinct water masses, including Circumpolar Deep Water from the south and denitrification-influenced Red Sea Overflow Water from the north. In the upper 100 m, however, patterns depart from simple Rayleigh or steady-state expectations and are best explained by two-end-member mixing between newly upwelled, low-isotope nitrate and surface waters containing isotopically enriched residual nitrate from prior assimilation. The mixing imprint becomes detectable only when nitrate drawdown exceeds ∼80%, indicating that physical mixing can overprint classical assimilation signals under moderate consumption. Together, these results clarify when curved trajectories in nitrate-isotope space should appear and provide a practical basis for interpreting nitrogen cycling in upwelling systems where nutrient supply, water-mass advection, and biological uptake jointly control the observed isotope distributions.
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1 Introduction

The Seychelles–Chagos Thermocline Ridge (SCTR) is a persistent open-ocean upwelling region in the southwestern tropical Indian Ocean that plays a crucial role in regional biogeochemistry. Although its precise spatial extent varies across studies, the SCTR is generally centered near 8°S and 60–65°E, defined by shallow thermocline depth, surface chlorophyll concentrations, and sea surface temperature anomalies (Xie et al., 2002; Hermes and Reason, 2008; Resplandy et al., 2009). Vertical nutrient supply in the SCTR is driven primarily by wind-induced Ekman divergence, which facilitates the upward transport of nitrate-rich subsurface waters into the euphotic zone (Resplandy et al., 2009; Vinayachandran et al., 2021). This upwelled nitrate fuels surface phytoplankton growth and contributes to carbon export, as evidenced by recent observations of enhanced particulate organic carbon flux and elevated mesopelagic ecosystem activity in the region (Kim et al., 2022; Seo et al., 2024). Despite these findings, most prior studies have relied on satellite-derived estimates and numerical models to infer the biogeochemical dynamics in the SCTR (Dilmahamod et al., 2016; McCreary et al., 1993; Sreeush et al., 2018). Direct field measurements of nutrient dynamics in the SCTR have been few, leaving the nitrogen transformation pathways governing surface production and subsurface remineralization poorly constrained.

Nitrate dual-isotope measurements (δ15N, δ18O) provide essential constraints on nitrogen cycling. The isotopic composition of nitrate is shaped primarily by biological consumption processes, including phytoplankton assimilation and water-column denitrification, which impart fractionation on both N and O typically of similar magnitude (Granger et al., 2004, 2010). During assimilation, preferential uptake of 14N and 16O enriches the residual nitrate pool in δ15N and δ18O, commonly 5–8‰ under laboratory and field conditions (Sigman et al., 1999; Casciotti et al., 2002; Granger et al., 2004). As a result of this process, the unconsumed, residual nitrate pool becomes progressively enriched in the heavier isotope; this enrichment therefore serves as a tracer of the extent of nutrient utilization. In oxygen-deficient zones such as the Arabian Sea, denitrification produces much larger effects (typically 20–30‰) and co-enriches both δ15N and δ18O in the remaining nitrate due to kinetic fractionation during intracellular nitrate reduction and efflux (Brandes et al., 1998; Voss et al., 2001; Granger et al., 2008).

Nitrate production processes–primarily nitrification and remineralization–also influence isotopic composition but differently from consumption. Nitrification yields nitrate with δ15N close to that of the remineralized organic N, whereas its δ18O derives largely from ambient seawater and O2, producing oxygen isotope ratios close to ambient waters (Boshers et al., 2019). In contrast, nitrogen fixation introduces reactive nitrogen with a distinct signature: N-fixing microorganisms convert atmospheric N2 (near 0‰ in δ15N) into bioavailable forms that, after assimilation and remineralization followed by nitrification, can lower ambient nitrate δ15N, especially where fixed nitrogen is a dominant input (Minagawa and Wada, 1986; Carpenter et al., 1997; Knapp et al., 2008). These imprints together shape nitrate δ15N-δ18O patterns in surface and subsurface waters.

Nitrate isotopic composition in the Indian Ocean has been investigated in several pivotal studies that provide context for understanding the SCTR. In the subtropical southern Indian Ocean, Harms et al. (2019) analyzed nitrate isotope distributions alongside temperature–salinity and oxygen profiles to characterize water masses and assess their origins and nitrogen cycling histories. δ15N data from Southern Ocean surface transects were used to quantify the isotope effect of nitrate assimilation and evaluate its use as a paleoceanographic proxy (Sigman et al., 1999). These studies highlight how both local biological processes and remote source signatures, such as upstream-derived nitrate transported laterally, shape the isotopic composition of nitrate in the subtropical Indian Ocean. More recently, Marshall et al. (2023b) emphasized the role of the Agulhas Current in carrying nitrate signals from the Indian into the Atlantic Ocean, while instabilities within the Agulhas Current system have been shown to enhance upward nitrate fluxes in the southwestern subtropical Indian Ocean (Marshall et al., 2023a). The Arabian Sea, with its strong water-column denitrification, has revealed complex nitrogen cycling through isotopic analyses of nitrate and nitrite in its oxygen-deficient zone, underscoring the importance of dual-isotope tracers for understanding subsurface nitrogen cycling dynamics (Altabet et al., 2002; Gaye et al., 2013; Martin and Casciotti, 2017).

While previous studies have characterized nitrogen cycling in the broader Indian Ocean, the SCTR remains under-explored despite its unique upwelling-driven dynamics. In situ isotopic observations are essential for disentangling the relative roles of nitrate assimilation, regeneration, and vertical or lateral transport in shaping the nitrogen cycle in this region. We investigated the processes that shape the vertical distribution of nitrate isotopes in the southwestern tropical Indian Ocean, including the SCTR, where persistent upwelling and complex water-mass interactions influence nitrogen cycling. Using nitrate isotope data (δ15N and δ18O), we examined the respective roles of large-scale water-mass transport, biological assimilation, and physical mixing. Our findings reveal unexpected isotopic patterns in the upper water column that deviate from classical fractionation models, suggesting that the interplay between upwelling, assimilation, and mixing creates distinct isotopic signatures. These insights provide a new framework for interpreting nitrate isotope distributions across diverse upwelling regimes and help reconcile contrasting patterns observed between the Indian and Pacific oceans.




2 Material and methods



2.1 Water sampling and analysis of nitrate isotopes

Hydrographic data and water samples were collected aboard the RV Isabu in the western Indian Ocean (60–68°E, 4–12°S) for the period December 18–29, 2021. The sampling was mostly conducted in the SCTR, except for one station near 12°S, located to the south of the southern boundary of the SCTR (Figure 1).
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Figure 1 | Sampling stations in the Western Indian Ocean overlaid on the depth of the 20 °C isotherm (D20, m). Blue circles represent sampling stations from this study, where CTD measurements, nutrient analyses, and nitrate isotope analyses were conducted, and red triangles represent sampling stations from Harms et al. (2019). The D20 were estimated using December temperature data from the World Ocean Atlas 2023 (WOA23), provided by NOAA/NCEI (Locarnini et al., 2024). The dataset has a spatial resolution of 1° × 1° and represents climatological monthly means for December, averaged over the period 1965–2022.

Temperature, salinity, and dissolved oxygen data were recorded using conductivity, temperature, and depth(CTD) sensors (SBE 911plus and SBE 43, Sea-Bird Scientific, WA, USA). Dissolved oxygen measurements from the sensor were calibrated against concentrations determined by Winkler titration using a spectrometric titrator (DOT-05, Kimoto Electric Co., Ltd., Japan). The water samples for nutrient analysis were acquired using Niskin samplers without filtration and stored in a cryogenic freezer at −80 °C. Prior to sampling, all bottles were thoroughly pre-rinsed with the sampled seawater to minimize contamination. The frozen samples were later thawed and analyzed in the laboratory using a gas-segmented flow analyzer (QuAAtro 39, SEAL Analytical, Wisconsin, USA) for nitrate concentration measurements, based on the method described in Rho et al. (2015, 2022). Based on repeated measurements of reference solutions, the analytical precision for nitrate was approximately 0.2 μM.

The water samples for nitrate isotope analysis were filtered through 47 mm GF/F Whatman filters (Cytiva, MA, USA) and collected in ThermoFischer Scientific (Massachusetts, USA) Nalgene high density polyethylene (HDPE) bottles (Altabet et al., 2019). Immediately after collection, the samples were stored in a freezer, with the temperature being maintained at −80 °C until analysis. In the laboratory, nitrate in thawed samples were reduced to N2O using the Ti(III)-reduction method (Altabet et al., 2019). This method has been used in a number of recent studies (Bourbonnais et al., 2023; Rotiroti et al., 2023; Matiatos et al., 2021). Under acidic conditions, nitrate in the sample was reduced by Ti3+ to N2O gas (Burns, 1962). This reaction is shown in Equation 1.

 2NO3−(aq)+8Ti3++10H+→N2O(g)+8Ti4++5H2O

(1)

To eliminate nitrite interference in the sample, which could also be reduced to N2O during the reaction, sulfamic acid was added before introducing TiCl3 (Granger and Sigman, 2009). The produced N2O was measured using an isotope ratio mass spectrometer (MAT 253 Plus, Thermo Fisher Scientific, MA, USA) connected to an automatic preparation system (Precon and GasBench II; Thermo Fisher Scientific, MA, USA).

The Ti(III)-reduction method yields incomplete conversion of nitrate to N2O, potentially causing isotopic fractionation (Altabet et al., 2019). To minimize this effect, we prepared the standards and samples under identical conditions (reagent volumes, reaction time, temperature). Further, we diluted high-nitrate samples with low-nutrient seawater to match the target concentrations (e.g., 1, 3, 5, and 10 μM). Under these uniform conditions, N2O signal intensities remained stable within ± 5%, implying the conversion from NO3−
 to N2O was consistent among the samples. This value is well below the 15% threshold that could introduce biases of ∼ 1‰ in δ15N and 0.8‰ in δ18O (Altabet et al., 2019). The overall consistency indicates that any fractionation from incomplete conversion was negligible, supporting the reliability of our δ15N and δ18O measurements.

Calibration and analytical validation were performed using USGS32 (δ15N = +180‰, δ18O = +25.7‰) and USGS34 (δ15N = −1.8‰, δ18O = −27.9‰) standards. Systematic errors in mass spectrometry tend to increase with greater “isotopic distance” between the sample and the standard (Mariotti et al., 1981). To minimize such errors, we prepared mixed standards, two for δ15N and three for δ18O, by combining USGS32 and USGS34 to yield intermediate δ15N and δ18O values across the sample range. These were used to generate calibration curves with high linearity (Supplementary Figure S1), which improved measurement accuracy and consistency. Analytical errors for both δ15N and δ18O, determined from replicate standards, were less than 0.3‰. Water samples with concentrations below 1 μM were excluded from isotopic ratio analysis because of insufficient N2O production. To ensure consistency and monitor instrument drift, calibration standards were analyzed in an interval of ∼8 h.




2.2 Nitrate assimilation models

Two models are conventionally used in oceanographic studies to examine isotopic fractionation, namely the Rayleigh and steady-state models (Mariotti et al., 1981; Sigman et al., 1999). The Rayleigh model is applicable to a closed system, and is used when a unidirectional transformation occurs under a constant kinetic isotope effect, and the reactant nitrogen pool is neither replenished nor lost during the transformation. It is represented as follows:

δ15N=δ15Ninitial−ϵ×{ln(f)}

(2)

where δ15Ninitial represents the initial 15N of the reactant nitrogen pool, ϵ denotes the kinetic isotope effect, and f represents the fraction of remaining reactant ([NO3−]/[[NO3−]initial]). If nitrate is supplied continuously, partially consumed, and partially exported, a steady-state model (open system) is followed:

δ15N = δ15Ninitial+ ϵ × (1−f)

(3)

As both nitrogen and oxygen isotopes are subject to the same degree of fractionation during assimilation, Equations 2, 3 can also be applied to oxygen isotopes.





3 Results



3.1 Hydrographic and isotopic characteristics of the upper layer

The sea surface temperature in the study area consistently exceeded 27°C, showing no significant spatial variation (Figure 2A). We used the 20°C isotherm (D20) as an indicator of thermocline depth because it effectively represents the depth of a strong temperature gradient and is conventionally employed in SCTR research (Xie et al., 2002; Lee et al., 2022). At most CTD stations, D20 was located at depths of 70–80 m (Figure 2A), consistent with previous observations and modeling studies in the SCTR (Donguy and Meyers, 1995; Hermes and Reason, 2008; Zheng et al., 2016). An exception occurred at the southernmost station near 12°S, where D20 reached a depth of 130 m. Owing to the significant variation in D20 depths, we classified stations north of 12°S as within the SCTR and the station south of 12°S as outside the SCTR.
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Figure 2 | Distributions of (A) temperature (°C), (B) salinity, (C) dissolved oxygen (µmol kg−1), (D) Nitrate (µmol kg−1), and Nitrate isotopes (E) δ15N (‰) and (F) δ18O (‰) in the study area. Top figures provide detailed distributions within the upper layer (0–500 m), whereas the bottom figures offer an overview of the entire water column, respectively. Black line represents D20. Light gray contour lines represent sigma-theta (typically ∼27.8), marking the boundaries of the CDW layer. Water-mass annotations (STUW, SAMW, RSOW, CDW) mark their typical domains along the section.

At the southernmost station (100–150 m depth), subsurface salinity exceeded 35.4, accompanied by high oxygen concentrations above 160 µmol kg−1 (Figure 2; Supplementary Figure S2). Both salinity and oxygen values were notably higher than those of the waters further north. These characteristics were consistent with the presence of the South Indian Subtropical Underwater (STUW; 18.2–21.1°C, 35.4–35.7; O’Connor et al., 2005; Talley et al., 2011; Kim et al., 2021), which forms through the subduction of high-salinity subtropical surface waters. Another layer with high oxygen concentrations (exceeding 170 µmol kg−1) was observed below the STUW at depths of 300–750 m in the non-SCTR region (Figure 2; Supplementary Figure S2). This layer exhibited potential temperature and salinity characteristics consistent with Subantarctic Mode Water (SAMW), which forms through winter surface cooling between the subantarctic and subtropical fronts and typically lies within a density range of 26.4–27.0 σθ (McCartney, 1979; Herraiz-Borreguero and Rintoul, 2011).

The nitrate concentrations in the surface layer were depleted to less than 1 µmol kg−1. The depletion was more pronounced in the subsurface layer (<500 m) of the non-SCTR region than in the SCTR region (Figure 2D). Correspondingly, the nitracline differed between the SCTR and non-SCTR regions. Note that nitracline is defined in this study as the depth at which nitrate concentrations exceed 1 µmol kg−1, following previous approaches that use a prescribed nitrate threshold (Cullen and Eppley, 1981; Koeve et al., 1993; Martin and Pondaven, 2003). The nitracline was shallower (15–85 m) in the SCTR region but deeper in the non-SCTR region, reaching 125 m, indicating enhanced nitrate availability in the upper layer of the SCTR. The higher nutrient availability was ascribed to the likely upwelling of nutrient-rich water in the SCTR region (Resplandy et al., 2009). A cross section of chlorophyll fluorescence (Supplementary Figure S3) showed a subsurface maximum that was shallower and somewhat stronger over the SCTR and gradually deepened south of 12°S, co-locating with the shallow D20 and the nitracline.

In the SCTR region, the δ15N and δ18O levels above the D20 were elevated at ranges of 7–15‰ and 4–15‰, respectively (Figure 2). These values exceeded those observed below the D20, where δ15N and δ18O averaged 6.4 ± 0.7‰ and 3.0 ± 0.6‰, respectively. Similar isotopic values were found in the subsurface salinity maximum layer at 100–150 m near 12°S, which corresponds to the STUW, where δ15N and δ18O were measured at 6.7 ± 0.3‰ and 2.8 ± 0.2‰, respectively. At greater depths (300–400 m) near 12°S, the SAMW-like waters exhibited slightly higher values, exceeding 7‰ for δ15N and 4‰ for δ18O.




3.2 Hydrographic and isotopic characteristics of intermediate and deep layers

The intermediate waters across our study area were generally characterized by an oxygen minimum layer that arises from intense oxygen consumption during the remineralization of sinking organic matter. This low-oxygen condition was particularly pronounced in the northern area (4–7°S). Here, in the intermediate 750 m), the salinity levels exceeding 34.8 were significantly higher than those in the southern area, and the lowest oxygen concentrations (as low as 60 μmol kg−1) were recorded, suggesting the spread of low-oxygen water from the north (Figure 2; Supplementary Figure S2). Historical data from the World Ocean Atlas 18 indicate that oxygen concentrations in the intermediate layer south of the equator remain below 100 μmol kg−1, despite ongoing mixing with surrounding waters (Ditkovsky et al., 2023). Considering that the potential temperature and salinity in this layer were aligned with the characteristic of Red Sea Overflow Water (RSOW; 5–14°C, 34.8–35.4;27.2–27.4 kg m−3; Emery, 2001; Talley et al., 2011), these waters potentially originated from the mixing of RSOW and low-oxygen water from the Arabian Sea (Menezes, 2021). The low-oxygen waters between 4°S and 7°S were characterized by relatively high δ15N and δ18O values, typically exceeding 7‰ and 3.5‰, respectively (Figure 2).

In contrast with the intermediate layer, which exhibited low oxygen below 100 µmol kg−1, the dissolved oxygen levels in the deep layer increased with depth, exceeding 150 µmol kg−1 below 2500 m. The high O2 feature was more pronounced in the southern region (south of 9°S), where water with O2 concentrations over 175 µmol kg−1 occurred below 3000 m (Figure 2; Supplementary Figure S2). The ranges of potential temperature and salinity in this region were similar to those of the Circumpolar Deep Water (CDW) (1–2 °C, 34.62–34.73; σθ = 27.8; Emery, 2001; Kim et al., 2020). This finding was a consistent with a northward migration of the CDW with high O2 from higher latitudes. Nitrate concentrations increased with depth, peaking at approximately 36 µmol kg−1 between 1000 and 1250 m, before declining to below 35 µmol kg−1 at depths exceeding 2500 m, where CDW was prevalent. In this deep layer, the measured average values for δ15N and δ18O were 5.6 ± 0.3‰ and 2.5 ± 0.4‰, respectively (Figure 2).





4 Discussion



4.1 Influence of water masses on the nitrate isotope distribution

Nitrate isotope distributions in the Indian Ocean reflect the interplay of multiple water masses, each possessing a distinct isotopic signature that stems from its origin and biogeochemical history. Purely biological processes alone cannot fully explain the observed patterns, underscoring the need to consider physical oceanographic factors. In this study, we first identified water masses by primarily using temperature–salinity (T–S) characteristics and oxygen distributions (Supplementary Figure S2; see Section 3). Subsequently, we compared our measured nitrate isotope ratios (δ15N, δ18O) with existing data from previous studies (Harms et al., 2019; Marshall et al., 2023b). This was done to place our observations in a broader regional context and assess the consistency of water mass signatures. Below, we briefly describe each water.

We identified SAMW near 12°S at 300–400 m depth, where δ15N and δ18O reached 7.4 ± 0.1‰ and 3.8 ± 0.4‰, respectively, i.e., elevated values in comparison with that in deeper layers (Figure 2). Such enrichment reflects preformed nitrate that had been consumed partially at high latitudes before subduction (Talley et al., 2011; DiFiore et al., 2006; Rafter et al., 2013), leaving the residual nitrate isotopically heavier. As SAMW spreads northward, it transports isotopically enriched, preformed nitrate into the lower thermocline. This factor explains the elevated δ15N values observed at 300–400 m near 12°S.

At depths of 700–900 m in the northern part of the study region, we observed a water mass characterized by relatively high salinity and low oxygen concentrations (Supplementary Figure S2), consistent with the properties of RSOW (Emery, 2001; Talley et al., 2011). This layer exhibited elevated δ15N and δ18O values of 7.7 ± 0.5‰ and 3.7 ± 0.7‰, respectively (Figure 2). These isotopic signatures are consistent with the influence of RSOW, which mixes with low-oxygen waters originating in the Arabian Sea before entering the Indian Ocean (Menezes, 2021). The RSOWcarries the isotopic imprint of extensive denitrification in the Arabian Sea, where nitrate δ15N values can exceed 20‰ in active denitrification zones (Gaye et al., 2013; Martin and Casciotti, 2017). The enrichment we observed suggests that RSOWretains this denitrification-derived signature as it is advected into the SCTR region.

In deeper layers below 2500m, δ15N and δ18O reach the lowest reflected levels in our dataset, namely 5.6 ± 0.3‰ and 2.5 ± 0.4‰, respectively, where CDW, characterized by cold, oxygen-rich conditions, is the dominant water mass (Figure 2; Supplementary Figure S2). Originating in the Southern Ocean, CDW functions as a reservoir for upstream-derived nitrate, with a possible contribution from nitrate regenerated via remineralization-nitrification, and is generally characterized by low δ15N and δ18O values during transport. The low isotopic values primarily result from the incomplete biological utilization of nitrate in the Southern Ocean, where a large fraction of nitrate is subducted before being assimilated (Sigman et al., 2000; DiFiore et al., 2006; Rafter et al., 2013). The isotopically light, upstream-derived nitrate becomes incorporated into CDW, which carries it into the deep ocean, making CDW the primary deep water nitrate reservoir in the region. Low-δ15N sinking organic matter produced by incomplete assimilation in the Southern Ocean can be remineralized and subsequently nitrified, adding regenerated nitrate to CDW and reinforcing its isotopically light δ15N and δ18O characteristics.

The nitrate isotopic composition observed in this study is broadly consistent with that in previous reports from the subtropical and tropical Indian Ocean (Harms et al., 2019; Marshall et al., 2023b). This consistency supports the validity of our dataset and its comparability with existing regional observations. A summary of representative δ15N and δ18O values for major water masses across studies is provided in Supplementary Table S1. Taken together, these results highlight the importance of water mass origin in shaping the distribution of nitrate isotope composition across depths. However, in the upper ocean, where physical mixing alone cannot fully account for the observed isotopic enrichment, biological processes such as partial assimilation should also be considered.




4.2 Nitrate assimilation and isotopic signatures in the upper layer



4.2.1 Upwelling-driven changes in nitrate assimilation and isotopic mixing in the SCTR

In the upper 100 m of the SCTR regions, we observed a trend of increasing δ15N and δ18O with decreasing depth toward the surface (Figure 2). This conclusion follows from the observed co-variation in the upper 0–100 m–nitrate decreases while both δ15N and δ18O increase (Figures 2E, F). This pattern aligns with the findings of previous studies, i.e., elevated isotope ratios in surface waters are associated with phytoplankton assimilation (Smart et al., 2015; Rafter and Sigman, 2016; Peters et al., 2018).

To further explore the mechanisms driving these isotopic variations, we applied both Rayleigh and steady-state models of nitrate assimilation (Mariotti et al., 1981; Sigman et al., 1999). These models depend on parameters that include the initial nitrate concentration, isotopic composition, and kinetic isotope effect. In the analysis, we set the initial nitrate concentration at 20 µmol kg−1, corresponding to the inflection point (“kink”), where δ15N and δ18O start increasing sharply (Figure 3A; Rafter and Sigman, 2016). This threshold marks the transition where isotopic fractionation by biological assimilation becomes evident, making it the most appropriate end-member for the analysis. The isotope effect (ϵ)
 was set at 6‰, based on information in previous field and laboratory studies (Casciotti et al., 2002; Yoshikawa et al., 2005; Rafter and Sigman, 2016).

[image: Three-panel chart illustrating nitrate concentrations and isotopic compositions. Panel A shows nitrate data points and models with Rayleigh, steady-state, and mixing curves. Panel B displays similar data with Pacific-specific points and models. Panel C presents depth profiles of nitrate concentration for different Pacific locations, with shaded regions indicating variability.]
Figure 3 | (A) Relationship between nitrate δ15N and the natural logarithm of nitrate concentration (ln[NO3–]) in the upper 100 m of the SCTR. The dashed line represents a Rayleigh fractionation model with ϵ = 6‰, the dotted line shows the steady-state model, and the solid gray curves represent isotopic mixing trajectories between source nitrate and fractionated end-members. Black crosses indicate representative degrees of nitrate consumption. (B) Same relationship for equatorial Pacific data from Rafter and Sigman (2016), grouped by longitude: green squares represent the eastern equatorial Pacific (110°W), where strong upwelling sustains high nitrate and a Rayleigh-type signal dominates; light olive green triangles represent the central Pacific (170°W), where weaker upwelling allows greater drawdown and mixing curvature to emerge. Modeled curves are overlaid as in (A). (C) Vertical profiles of nitrate concentration (µmol kg−1) in the SCTR (blue), the central equatorial Pacific at 170°W (light olive green), and the eastern equatorial Pacific at 110°W (green), based on WOA23 annual climatological data (1965– 2022). Shaded envelopes represent one standard deviation around the mean. Surface nitrate drawdown is strongest in the SCTR and 170°W, potentially enabling greater isotopic contrast and the expression of post-assimilation mixing, whereas more moderate drawdown at 110°W may limit such expression despite possible mixing.

Given the year-round upwelling in the SCTR region from the deep to the upper layers (McCreary et al., 1993; Lee et al., 2022), the relationship between the isotopic ratios and concentration could be expected to closely follow the steady-state (open system) model, i.e., nitrate is supplied and assimilated continuously. Conversely, we observed numerous values in the SCTR region that aligned closely with the Rayleigh (closed system) model or fell between the Rayleigh and steady-state model lines (magenta dashed and dotted lines in Figure 3A). Such deviations suggest that the Rayleigh model alone cannot account for the observed nitrate isotope distribution.

To account for the deviations from both Rayleigh and steady-state models, we considered isotopic mixing between nitrate pools with different assimilation histories. This scenario can arise when newly upwelled, isotopically lighter nitrate is introduced into surface waters in which biological uptake has already enriched the remaining nitrate pool (Sigman et al., 1999; Rafter and Sigman, 2016). The resulting mixture produces isotope signatures that deviate from the Rayleigh trajectory, typically shifting to lower δ15N and δ18O values.

To better represent the observed curvature, we adopted a two-end-member mixing model using the inflection point nitrate (20 µmol kg−1) as the source and highly fractionated surface nitrate as the enriched end-member. As nitrate consumption progressed, the isotopic contrast between the two end-members increased, and the mixing curve became more concave below the Rayleigh slope (Figure 3A). At low drawdown (<50%), the curve appeared nearly linear; however, with consumption above 80%, which is common in the SCTR upper layer (Figures 2, 3C), the mixing signal was expressed fully. The observed SCTR data closely followed this predicted curvature, supporting the conclusion that post-assimilation mixing plays a key role in shaping the isotopic distribution, beyond what is captured by Rayleigh or steady-state models alone.

The SCTR exhibits clear signs of post-assimilation mixing, yet these processes occur within a regime that is effectively quasi-closed in terms of vertical nitrate supply. This characterization is supported by persistently low surface nitrate concentrations (<1 μmol kg−1) in both in situ observations and climatological datasets (Figures 2D, 3C; Garcia et al., 2024). Local Ekman pumping is weak (1–3 × 10−6 m s−1; Mubarrok et al., 2023), and strong stratification further suppresses vertical exchange (George et al., 2018; Dilmahamod et al., 2016). Whereas episodic thermocline shoaling could introduce pulses of nitrate (Gandhi et al., 2012), the prevailing physical structure promotes surface parcel isolation. Under these conditions, assimilation could proceed close to completion, enriching the residual nitrate pool. Intermittent injections of lighter nitrate could subsequently mix into this enriched background (Resplandy et al., 2009), producing the isotopic curvature observed in the SCTR.

To place the SCTR in a broader context, we compared its isotopic structure with nitrate profiles from the equatorial Pacific (Figure 3; Rafter and Sigman, 2016). At 110°W in the eastern Pacific, vertical velocities reach 1.5–2 × 10−4 m s−1 (Johnson et al., 2001; Meinen et al., 2001; Poulain, 1993), enabling rapid nitrate supply and drawdown. These conditions have been interpreted as yielding Rayleigh-type signals ascribed to closed-system-like behavior over short timescales–analogous to batch cultures (Rafter and Sigman, 2016; Rafter, 2024). However, such trajectories can also arise transiently when assimilation outpaces physical exchange, even in open systems. Importantly, the absence of isotopic curvature at 110°W does not preclude the occurrence of post-assimilation mixing. Instead, any such mixing could be isotopically masked because of insufficient contrast between residual and incoming nitrate under moderate drawdown. In contrast, at 170°Win the central Pacific, where upwelling is slower (1.9–2.3 × 10−5 m s−1; Weisberg and Qiao, 2000; Johnson et al., 2001), the isotopic profiles deviate from the Rayleigh slope and resemble the SCTR mixing curve (Figure 3B). These differences are evident in the vertical nitrate profiles across regions (Figure 3C), that derive from the World Ocean Atlas 2023 (WOA23; Locarnini et al., 2024) annual climatological nitrate fields (1965–2022). The profiles reveal that the SCTR and 170°W both experience deeper drawdown than 110°W, facilitating greater isotopic contrast. These patterns suggest that the isotopic expression of assimilation and mixing varies systematically with upwelling intensity and the extent of nitrate consumption. For reference, vertical velocities over the SCTR are about 1–3 × 10−6 m s−1 (Mubarrok et al., 2023), consistent with weak Ekman pumping in this region.

Although Rayleigh-like signals are traditionally interpreted as evidence of system closure, our analysis highlights that such trajectories can emerge in systems where assimilation is incomplete and mixing is not isotopically resolvable. At 110°W, for instance, nitrate consumption reaches only ∼70% (Rafter and Sigman, 2016), limiting the isotopic contrast required to express curvature. In contrast, the SCTR and 170°W showed drawdown levels above 80%, allowing the mixing between enriched and fresh nitrate to manifest visibly in isotope space (Supplementary Figure S4). These observations support a more flexible interpretation, namely that Rayleigh behavior and post-assimilation mixing are not mutually exclusive but, instead, reflect different outcomes depending on nitrate consumption levels and nutrient supply conditions. Accurate interpretation of nitrate isotope distributions in upwelling regions requires considering how incomplete drawdown can obscure the effects of mixing. What appears Rayleigh-like could, in some instances, reflect masked mixing rather than true closure. Therefore, apparent model fits must be evaluated in light of both physical transport and assimilation context to avoid oversimplified interpretations. This perspective underscores that the distinction between Rayleigh behavior and mixing often lies in their isotopic visibility rather than in the presence or absence of mixing itself.

The δ15N–δ18O relationship of nitrate provides further evidence that biological assimilation is the dominant process shaping the isotopic composition in the upper SCTR (Supplementary Figure S5). Nitrate samples from the upper 100 m define a nearly 1:1 assimilation trend between δ15N and δ18O. Two samples, however, plot slightly above this line–a pattern that can occur when regenerated nitrate originates from organic matter produced either by N2-fixation or by partial nitrate assimilation (Rafter et al., 2013). Because the N* (DIN−16×PO43– +2.9; Deutsch et al., 2001) values of these samples are not elevated relative to nearby stations, the latter interpretation appears more likely. These samples also coincide with those showing small deviations below the modeled mixing curve in the δ15N–[NO3–] relationship (Figure 3A), suggesting that both features reflect a minor regeneration imprint within an assimilation-dominated regime. Overall, these relationships indicate that nitrate assimilation governs the isotopic behavior in the upper SCTR, with only a weak contribution from in situ nitrification.




4.2.2 Contrasting nitrogen processes in the SCTR and the surrounding Indian Ocean

To improve understanding of regional variability in nitrate assimilation and isotopic fractionation within the southwest Indian Ocean, we compared our data with previously published values from the subtropical southern Indian Ocean (Harms et al., 2019). As shown in Figure 1, these reference stations are located to the south and east of the SCTR, providing spatial context for interpreting differences in nitrogen cycling regimes. As nitrate was almost completely depleted throughout the upper 100 m at most stations outside the SCTR, we extended the comparison to 500 m depth, where the nitrate concentrations facilitated isotopic analysis.

Phytoplankton assimilation of nitrate is a globally widespread process that elevates the δ15N and δ18O values of residual nitrate (DiFiore et al., 2006; Smart et al., 2015; Peters et al., 2018). However, in oligotrophic regions, where surface nitrate is fully consumed, the residual nitrate is often insufficient to reflect isotopic fractionation. This pattern has been noted in several transect studies that included oligotrophic environments, particularly at stations where surface nitrate was nearly absent (Harms et al., 2019; Yoshikawa et al., 2018; Lehmann et al., 2018). In the SCTR, surface waters showed partial nitrate assimilation, as evidenced by increasing δ15N values from approximately 3‰ to 14‰, along with nitrate concentrations decreasing from ∼ 20 μmol kg−1 to below the detection limit within the upper 100 m (Figures 3A, 4). Although surface nitrate was largely depleted in the SCTR region (Figure 2D), residual nitrate remained within the upper layer, facilitating isotopic fractionation. Here, “partial assimilation” refers to the incomplete consumption of nitrate within the productive upper layer, rather than at the immediate surface.

[image: Scatter plot showing the relationship between nitrogen isotope ratios, δ15N/NO3 (parts per thousand versus air), and nitrate concentration, ln(NO3−) in micromoles per kilogram. Data points, represented by various symbols, indicate different regions and studies. A gradient color scale on the right denotes depth in meters from 0 to 500.]
Figure 4 | Plot of nitrate δ15N (‰) against the natural logarithm of nitrate concentration [NO3–] (µmol kg−1) for stations shallower than 500 m from both this study and previously published data (Harms et al., 2019). Symbols in the plot represent the following: blue circles denote the SCTR region (this study), purple hexagons represent the oligotrophic region (including our non-SCTR samples and those of Harms et al., 2019), and red triangles indicate the 20–25°S region. Shade intensity of each color corresponds to the depth at the respective location.

Conversely, at a non-SCTR station near 12°S, nitrate was nearly absent throughout the upper 100 m (Figure 2D), precluding isotopic analysis. This observation agrees with prior findings (Harms et al., 2019) that surface nitrate is typically fully consumed in the subtropical southern Indian Ocean. However, between ∼100 and 500 m, δ15N values ranged from 6‰ to 8‰ (Figure 4), probably reflecting a combination of organic matter remineralization and water mass mixing. The absence of isotopic fractionation in this subsurface nitrate pool is consistent with complete surface nitrate consumption. Subsequently, nitrate is regenerated at depth from sinking organic matter without retaining the assimilation signal (Sigman and Fripiat, 2019).

Additional insight comes from the subtropical dataset at 20–25°S reported by Harms et al. (2019). In that region, δ15N values between 100 m and 300 m decrease toward the surface as [NO3–] declines. Previous studies have attributed this pattern to inputs of isotopically light nitrogen from diazotrophy and the subsequent return of this low-δ15N signal to the nitrate pool via remineralization-nitrification (Carpenter et al., 1997; Knapp et al., 2008). Atmospheric deposition can also supply isotopically light nitrogen to the surface; however, its contribution in the southwestern Indian Ocean is considered minor (Duce and Tindale, 1991). This context renders N2 fixation the primary source of low-δ15N nitrate at these latitudes. By comparison, the SCTR displays isotopic enrichment in the upper layer due to partial assimilation under nutrient-limited conditions, whereas adjacent oligotrophic regions reflect full nitrate consumption and/or the addition of isotopically light nitrogen, resulting in lower δ15N values even at depth.






5 Conclusion

In this study, we examined the vertical distribution of nitrate isotopes in the SCTR, a key upwelling region in the southwestern tropical Indian Ocean. The isotopic composition in the deep and intermediate layers primarily reflects the influence of distinct water masses. The CDW, originating in the Southern Ocean, carries isotopically light, upstream-derived nitrate, with a possible contribution from nitrate regenerated via remineralization-nitrification, whereas enrichment in the intermediate layer is linked to denitrified waters advected from the northern Indian Ocean. In the upper layer, elevated δ15N and δ18O values result from biological assimilation under limited but sustained nitrate supply. However, these patterns deviate from expectations based on classic Rayleigh or steady-state fractionation. These observations align with a two-end-member mixing model involving newly upwelled and isotopically enriched residual nitrate. These findings support a broader interpretive framework in which isotopic signals shaped by nitrate assimilation (via Rayleigh-type fractionation) can be modified further by post-assimilation mixing. The extent to which each process dominates is governed by the balance between nutrient supply and biological demand in upwelling environments. This framework helps to reconcile the diverse isotopic behaviors observed across different oceanic regimes.

Although our observations offer key insights into nitrogen cycling in the SCTR, the dataset reflects only a short observational window. Interannual climate variability, particularly the Indian Ocean Dipole (IOD) and El Nin˜o–Southern Oscillation (ENSO), modulates upwelling intensity and nutrient supply, potentially altering nitrate isotope distributions at seasonal to annual timescales.

To better constrain the mechanisms and variability of nitrogen cycling in this dynamic system, future research should include multi-year time-series observations of nitrate isotopes across different climate phases. Integrating isotopic data with physical and biogeochemical models could help facilitate distinguishing the roles of water mass transport, upwelling, and biological transformation. Additional focus on nitrogen fixation and its isotopic imprint would clarify external nitrogen inputs to the region.
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