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The nitrogen isotopic composition of shell-bound organic matter in planktonic foraminifera (FB-δ15N) is widely used as a proxy for past ocean deoxygenation because water-column denitrification in oxygen-deficient zones (ODZs; [O2] < 5 µmol/kg) preferentially removes 14N, enriching the remaining nitrate in 15N. Typically, increases in FB-δ15N records from ODZ-influenced regions are interpreted as evidence of ODZ expansion or intensification. However, planktonic foraminifera predominantly feed on organic nitrogen derived from the subsurface nitrate immediately below the euphotic zone, often above ODZ core depths. It remains unclear if the δ15N maxima observed within ODZ cores, reflecting denitrification intensity at a given location, directly correlates with the FB-δ15N values recorded above. Here, we combine new and published data from the eastern tropical Pacific ODZs to examine relationships among subsurface nitrate δ15N, ODZ δ15N maxima, and ODZ upper-boundary depths. Our analysis reveals a strong correlation between subsurface nitrate δ15N and ODZ δ15N maxima (R2 = 0.56-0.79), supporting the use of FB-δ15N as an indicator of denitrification intensity within ODZ regions. However, subsurface nitrate δ15N also correlates strongly with the ODZ upper-boundary depth (R2 = 0.57-0.59), with lower δ15N values observed where ODZs are deeper. For example, at our new study sites in the Eastern Tropical North Pacific (5 – 8°N), where the ODZ upper-boundary depth is ~300 m, the δ15N maxima (>10‰) at the ODZ core decrease upward to subsurface nitrate δ15N values of ~6.5‰ — only slightly higher than the global pycnocline nitrate δ15N. These results suggest that variations in ODZ depth should be accounted for when interpreting FB-δ15N records (and other δ15N archives) from ODZ regions. Under warmer conditions, organic matter remineralization may become shallower due to the temperature dependence of respiration, shifting ODZs upward and elevating FB-δ15N even without changes in denitrification rates. To more robustly reconstruct ODZ history using FB-δ15N, we recommend using multiple sites from the ODZ interior to regions beyond their modern boundaries. Cores situated outside modern ODZs, where thermocline nitrate δ¹5N still carries the ODZ signature, are ideal for tracing ODZ expansions and contractions, while cores from within the modern ODZs provide complementary constraints on ODZ intensity and vertical structure.
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1 Introduction

The nitrogen isotopic composition of shell-bound organic matter in planktonic foraminifera (foraminifera-bound δ15N, or FB-δ15N, where δ15N = {[(15N/14N) sample/(15N/14N) N2 in air] - 1} x 1000‰) has emerged as a powerful proxy for reconstructing past changes in the marine nitrogen cycle and its interaction with climate (e.g., Ren et al., 2009; Kast et al., 2019; Studer et al., 2021; Auderset et al., 2022; Wang et al., 2022). In regions with complete surface nitrate consumption such as oligotrophic gyres, FB-δ15N are correlated with the δ15N of the subsurface nitrate (i.e., immediately below the euphotic zone) (Ren et al., 2009, 2012; Schiebel et al., 2018; Smart et al., 2018; Robinson et al., 2023). In regions with incomplete nitrate consumption such as the Southern Ocean, FB-δ15N is also indicative of the degree of nitrate consumption in the past (Martínez-García et al., 2014). Compared with other δ15N archives, FB-δ15N offers several advantages. First, relative to bulk sedimentary δ15N records, FB-δ15N is less affected by diagenesis because the shell-bound organic matter is protected by the calcite shells (Ren et al., 2009). Second, foraminifera are more widely distributed throughout the ocean than other fossil-bound δ15N archives such as diatoms and corals. Third, foraminifera can be readily separated from ocean sediments via sieving and picking, enabling species-specific δ15N analyses that mitigate complications arising from shifts in species composition. Fourth, each FB-δ15N measurement integrates 500-1,000 individuals, providing a statistically robust average δ15N value over hundreds of years. Collectively, these characteristics make FB-δ15N an ideal proxy for systematically reconstructing historical changes in the marine nitrogen cycle.

One notable application of the FB-δ15N proxy is in reconstructing ocean deoxygenation in the eastern tropical Pacific, which hosts the world’s largest oxygen-deficient zones (ODZs; typically defined as < 5 µmol/kg O2). In this region, upwelling brings nutrient-rich waters to the surface and boosts productivity (Chavez and Barber, 1987; Fiedler et al., 1991), while sluggish thermocline circulation leads to poor ventilation and limited oxygen replenishment (Luyten et al., 1983). This combination leads to the development of the largest ODZs in the ocean (Fiedler and Talley, 2006; Paulmier and Ruiz-Pino, 2009). These ODZs affect human societies by reducing marine biodiversity, disrupting food webs, and adversely affecting fish stocks (Breitburg et al., 2018). Moreover, the low oxygen environment promotes water column denitrification, thereby increasing the losses of fixed nitrogen from the ocean (Gruber, 2008; DeVries et al., 2012). During denitrification, the lighter isotope 14N is preferentially removed, leading to higher δ15N in the residual nitrate in the thermocline water (Cline and Kaplan, 1975; Liu and Kaplan, 1989). This high-δ15N thermocline nitrate is subsequently transported to the euphotic zone above or adjacent to the ODZs, thereby elevating the δ15N in both the upper ocean ecosystem and in FB-δ15N. Consequently, an increase in FB-δ15N in regions influenced by ODZs is interpreted as indicative of ODZ expansion or intensification.

To predict how ODZs might respond to anthropogenic climate change, studies have used FB-δ15N to reconstruct past variations in the extent and intensity of ODZs, spanning timescales from the early Cenozoic to the Holocene (Kast et al., 2019; Studer et al., 2021; Auderset et al., 2022; Wang et al., 2022; Hess et al., 2023; Moretti et al., 2024; Yao et al., 2024). For example, lower δ15N values observed during the warm mid-Miocene were used to suggest that the eastern Pacific ODZs were smaller than they are today, contrary to some climate model predictions (Auderset et al., 2022; Hess et al., 2023). Despite these valuable applications, important questions remain regarding the calibration of FB-δ15N proxy in modern eastern tropical Pacific ODZs. Although it is generally assumed that FB-δ15N records from regions influenced by ODZs reflect the intensity and extent of ODZs, the depth of the δ15N maxima at the core of ODZs, which reflects relative denitrification intensity at a given station, is often deeper than the depth of subsurface nitrate δ15N recorded by planktonic foraminifera. Thus, the upward transfer of the ODZ δ15N signal to the subsurface may be further complicated by factors such as the depth of ODZs.

In this study, we aim to further validate FB-δ15N as an ocean deoxygenation proxy in the eastern tropical Pacific. We report new sediment core-top FB-δ15N measurements from three to five foraminifera species with corresponding water-column nitrate δ15N from samples collected at three stations during the R/V Sally Ride cruise SR2113 in November to December 2021 in the Eastern Tropical North Pacific (ETNP) region (4.8°N-6.0°N, 86.6°W-88.0°W). Combining these data with published δ15N data from the eastern tropical Pacific ODZs, we examine the relationship among subsurface nitrate δ15N (thus FB-δ15N), ODZ δ15N maxima, and the depth of the ODZ upper boundary. In addition, we investigate differences in δ15N between symbiont-bearing, surface-dwelling species and symbiont-barren, deep-dwelling species, and examine how hypoxic conditions above ODZs influence foraminiferal assemblages and abundance, as well as inter-species δ15N differences.


2 Materials and methods


2.1 Compilation and analysis of published nitrate δ15N from eastern tropical Pacific ODZs

We have compiled and analyzed published nitrate δ15N and concentration data from the eastern tropical Pacific ODZs (Figures 1c, d; 2, Supplementary Figures S1, S2; Supplementary Data) (Brandes et al., 1998; Voss et al., 2001; Sigman et al., 2005; Rafter et al., 2012; Casciotti et al., 2013; Rafter and Sigman, 2016; Peters et al., 2018a, 2018b; Fripiat et al., 2021; Lee et al., 2025). Detailed information on station locations, water depths, nitrate δ15N values, and nitrate concentrations is provided in the Supplementary Data. Oxygen concentration values (Supplementary Figure S1) were directly obtained from the respective studies. Specifically; all oxygen concentration data for the Eastern Tropical South Pacific (ETSP) are available in these original sources, whereas only 18 out of 26 stations in the ETNP include oxygen concentration data (Voss et al., 2001; Sigman et al., 2005; Lee et al., 2025).

[image: Maps and graphs showing nitrate \( \delta^{15}N \) data in oceanic zones. (a) and (b) maps show regions with marked points, color-coded by depth and density at the top of the Oxygen Deficient Zone (ODZ). Insets detail locations CR02, CR03, CR02-6. (c) and (d) graphs plot nitrate \( \delta^{15}N \) against depth, with color differentiation for data, represented by red and blue curves and points, respectively.]
Figure 1 | Compilation of new and published nitrate δ15N data from the eastern tropical Pacific ODZs. Maps on the left display the upper boundary of the ODZs is as (a) depth (dbar) and (b) potential density (kg m-3) (Data obtained from (Kwiecinski and Babbin, 2021)). Circles indicate nitrate δ15N sampling locations in the Eastern Tropical North Pacific (ETNP, red circle, n=26) and the Eastern Tropical South Pacific (ETSP, blue circle, n=18). Empty circles represent stations from previous studies, while solid circles indicate the stations from this study. Nitrate δ15N depth profiles are shown for each station in (c) the ETNP (including data from this study) and (d) the ETSP. Red circles outlined in black in (c) correspond to stations [maps (a, b)] from this study. Thick red and dark blue lines in (c) and (d) represent averaged δ15N profiles for the ETNP and ETSP, respectively, calculated from both previous and current study stations. Maps were generated using Ocean Data View.
[image: Four scatter plots labeled a, b, c, and d show relationships involving subsurface nitrate δ¹⁵N levels. Plot a: δ¹⁵N maxima vs. thermocline nitrate δ¹⁵N, with R² values of 0.56, 0.79, and 0.74. Plot b: δ¹⁵N vs. ODZ depth, R² values of 0.59, 0.57, 0.50. Plot c: δ¹⁵N vs. nitrate concentration, R² values of 0.58, -0.16, 0.57. Plot d: maximum thermocline nitrate δ¹⁵N vs. nitrate concentration, R² values of 0.59, 0.19, 0.50. Data includes ETNP, ETSP, and this study, shown by distinct colored markers with error bars.]
Figure 2 | Relationship among subsurface δ15N, thermocline δ15N maxima, and ODZ depths in the eastern tropical Pacific ODZs. (a) Comparison of subsurface δ15N with thermocline δ15N maxima at the same stations. (b) Comparison of subsurface δ15N with depth at the ODZ upper boundary. (c) Comparison of subsurface δ15N with thermocline nitrate concentration at the depth of ODZ δ15N maxima. (d) Comparison of thermocline δ15N maxima with thermocline nitrate concentration at corresponding depths. Dark red dots represent data from this study; light red dots represent data from previous ETNP studies; and blue dots indicate previous ETSP studies. R2 values are annotated in each plot: red corresponds to ETNP (previous and current data), blue to ETSP, and black to the combined dataset of both ETNP and ETSP. Most p-values across our regression analyses are statistically significant (p < 0.05), except for the ETSP cases in (c) (p = 0.1) and (d) (p = 0.07).
In our analysis, subsurface nitrate δ15N is defined as the average δ15N between 150 m and 200 m at each station. If a station lacks data within this depth range, we linearly interpolate the nitrate δ15N values at 150 m and 200 m based on the nearest available depth measurements and compute their average. The ODZ nitrate δ15N maxima is defined as the highest nitrate δ15N observed within the ODZs (O2 < 5 μmol/kg). To determine the ODZ upper-boundary depth, we applied linear interpolation to detailed oxygen concentration profiles (Supplementary Data) and calculate the depth where the oxygen concentration falls below 5 µmol/kg. When these profiles were unavailable, we estimated the ODZ upper-boundary depth using data from the Kwiecinski and Babbin (Figure 1a; Kwiecinski and Babbin, 2021) in combination with the nitrate δ15N depth profiles (Figures 1c, d; Supplementary Data). Error bars (1sd) were calculated based on the standard deviation of the two datasets. We excluded stations in which the ODZ upper-boundary depth is shallower than 100 m, because in such cases the contributions of denitrification and nitrate assimilation to subsurface nitrate δ15N cannot be reliably separated.

To illustrate the differences between the ETNP and ETSP, averaged depth profile of nitrate δ15N in both ODZ regions, were generated using Python by sampling y-values at 100 evenly spaced points along the full x-range, stacking the values into arrays, and computing the mean at each position.


2.2 Statistical methods for assessing controls on subsurface nitrate δ15N

To evaluate the independent and combined influences of thermocline nitrate δ15N maxima and the ODZ upper-boundary depth on subsurface nitrate δ15N, we employed multiple statistical approaches, including multiple linear regression, Pearson correlation analysis, and multicollinearity diagnostics using Variance Inflation Factors (VIFs).

We developed multiple linear regression models separately for the ETNP, ETSP, and the combined dataset. These models allowed us to quantify the individual and joint contributions of thermocline δ¹5N maxima and ODZ upper-boundary to variations in subsurface nitrate δ¹5N. The general form of the regression model is (Jobson, 1991):

Subsurface nitrate δ15N=β0+β1(thermocline nitrate δ15N maxima)+β2(ODZ upper‐boundary depth)

Pearson correlation coefficients (r) were calculated to quantify linear relationships among the variables: subsurface nitrate δ15N, thermocline nitrate δ15N maxima, and ODZ upper-boundary depth. The Pearson correlation coefficient is defined as follows (Kutner, 2005):

r=∑i=1n(xi−x¯)(yi−y¯)∑i=1n(xi−x¯)2 ∑i=1n(yi−y¯)2

where xi and yi represent paired observations, x¯ and y¯ denote their respective means.

To assess multicollinearity between predictor variables, we computed the Variance Inflation Factor (VIF). The VIF quantifies the extent to which collinearity among predictors inflates the variance of estimated regression coefficient and is calculated as follows (Kutner, 2005),

VIF=11−r2

where r is the Pearson correlation between the predictor variables. A high VIF value indicates significant multicollinearity, suggesting caution when interpreting regression results.


2.3 Sample collection

Sediment core-top and water column samples were collected from three stations (Figures 1a, b) during the R/V Sally Ride SR2113 expedition spanning in November-December 2021 in the ETNP. These stations included CR02 (longitude: 88.0° W, latitude: 6.0° N, depth:2640.0m), CR03 (longitude: 86.6° W, latitude: 5.4° N, depth:1774.4m), and CR02-6 (longitude: 86.6° W, latitude: 4.8° N, depth: 1268.1m).

Sediment samples were collected via Multi Cores at the stations, using an Ocean Instruments MC-800 multi-corer with polycarbonate liners (i.d. = 9.6 cm). Cores were immediately extruded and sectioned upon recovery, and discrete sediment samples were stored in a 0°C walk-in freezer on board the ship before transport back to shore. Once in the lab, bulk sediment samples were dried in an oven at 50°C for 72 hours. The core lengths for CR02, CR03, and CR02–6 were 36 cm, 22 cm, and 28 cm, respectively. The sediment core-tops (0–10 cm) were sectioned into 1 cm intervals. After drying, portions of the sediment were left unground for various analyses, while the remainder was preserved for further lab analyses.

For foraminifera separation, the core-top sediment samples were transferred into 500 ml conical flasks, soaked in Milli-Q water, and then placed on an orbital shaker overnight. Following this step, the mixture was wet sieved through a 250 µm mesh. Gentle manual agitation was used to remove adherent sediment from the foraminifera. The separated foraminifera samples were collected from the sieve, transferred into 15 ml polypropylene centrifuge tubes (BD Falcon), and dried at 55°C for 7 days.


2.4 Foraminifera identification, counts, and picking

Five species of planktonic foraminifera (section 3.2) were identified in sufficient quantities, allowing for the collection of at least 3 mg per species. The morphology of these species was determined following the classifications of d’Orbigny (1839) and Brady (1877). The equation for determining relative abundance of each species is from Achacoso et al. (2016):

Relative Abundance (%)=The number of individuals of the same speciesTotal number of individuals for all species×100

The sorted foraminifera were carefully transferred from the centrifuge tubes to a sectioned tray for examination under a VWR laboratory led zoom stereo binocular microscope. Using brushes of varying sizes, individual foraminifera specimens were picked and placed onto 4-hole hard paper slides. A cover glass slide and a removable metal brace were then applied to securely protect each slide. To ensure an exhaustive collection, each sample was reviewed multiple times, guaranteeing the selection of at least 3 mg of the specified foraminifera species and thorough examination of the entire sample before proceeding to the next set.


2.5 FB-δ15N analyses

The picked foraminifera samples were gently crushed to open their chambers using a glass rod and transferred to 15ml centrifuge tubes. Impurities were removed by treating each sample with 10 ml of 2% sodium polyphosphate and sonicating for 2–5 minutes. The solution was then decanted, and the foraminifera were rinsed three times with Milli-Q water. Next, 10 ml of the dithionite-citric acid mixture (pH ~8) was added to each vial (Mehra and Jackson, 1958). The vials were placed in an 80°C water bath for an hour and were shaken once during the period. After that, the dithionite-citric acid solution was decanted and the foraminifera were rinsed three times with Milli-Q water again.

After the reductive cleaning step, ~10 ml of sodium hypochlorite (10-15% available chlorine) was added to each sample, which is then placed on an orbital-shaker overnight (>12 hours). After that, the sodium hypochlorite solution was decanted and rinsed three times with Milli-Q water. The samples were then carefully transferred into 4 ml pre-combusted glass vials, and all remaining Milli-Q water was removed with a vacuum pump. The samples were then dried in an oven at 55°C overnight. In each batch of analyses, three replicates of a coral standard (CBS-II) were included following the same cleaning procedures, serving as quality control of the cleaning protocol.

After drying, the cleaned foraminifera samples were weighed and transferred into another 4 ml pre-combusted glass vial. Then, 3–7 mg of foraminifera were dissolved in 50 μl 4 N HCl to release the shell-bound organic N into solution. The released organic nitrogen was then oxidized into nitrate by adding 1 ml of the persulfate oxidizing reagent (POR), prepared by dissolving 1g of low-N recrystallized persulfate and 2 g NaOH in 100 ml of distilled, low-N Milli-Q water. In this step, amino acid standards (USGS 64 and 4 USGS 65) and POR blanks were included to account for the contribution of blanks during the oxidation processes. The samples were autoclaved for 1 hour to ensure complete oxidation, then centrifuged at 4000 rpm for 10 minutes. After transferring the supernatant to a new vial, the pH of each sample was adjusted to neutral with 4 N HCl and 2 N NaOH.

After the oxidation step, the resulting nitrate was converted to nitrous oxide using the ‘denitrifier method’ using Pseudomonas chlororaphis that lacks nitrous oxide reductase (Sigman et al., 2001; Weigand et al., 2016). The δ15N of the resulting N2O in the headspace of the vials was then measured on a customized Gas Bench coupled to a Thermo-Fischer Scientific Delta V isotope ratio mass spectrometer. Nitrate isotope standards IAEA-N3 and USGS-34 were analyzed along with the samples, which are used for calibrating the reported δ15N values (‰ vs. air). The final FB-δ15N precision, based on replicate analyses, is 0.2‰.


2.6 Water column nitrate δ15N

Water nitrate δ15N samples were collected through Conductivity, Temperature, Depth (CTD) casts using the 10-L Niskin Rosette at 4 stations. Samples were collected from approximately 24 depths ranging from 7–2900 m. The shallowest samples were collected first to avoid nitrate contamination from higher nitrate waters deeper in the water column. Samples were filtered through a 0.2 μm PVDF luerlock filter attached to a syringe. Once filtered, samples were stores in 30 ml pre-acid-washed HDPE bottles and immediately frozen until analysis. Nitrate δ15N (Landry and Wang, 2024) in these samples were then measured using the “denitrifier method” described in section 2.3 with Pseudomonas aureofaciens (Weigand et al., 2016).


3 Results


3.1 Relationship among subsurface nitrate δ15N, ODZ nitrate δ15N maxima, and ODZ depths in the eastern tropical Pacific ODZs

The ETNP and ETSP host two of the largest ODZs in the global ocean. The ETNP ODZ is deeper and more expansive, with the average ODZ upper-boundary depth around 279 dbar (or meters), extending beyond 800 dbar in core regions (Kwiecinski and Babbin, 2021). In comparison, the ETSP ODZ starts at a shallower average depth of approximately 246 dbar and has an average thickness of 108 dbar (Kwiecinski and Babbin, 2021). In terms of scale, the ETNP ODZ ([O2] < 5 μmol/kg) encompasses a significantly larger volume, estimated at 0.6-2.4 × 106 km3 (Bianchi et al., 2012) and covers a horizontal area of up to 4.27 × 106 km2 (Kwiecinski and Babbin, 2021). The ETSP ODZ is smaller, with a volume of about 0.4-6.1 × 105 km3 (Bianchi et al., 2012) and a surface extent of 2.3 × 106 km2 (Kwiecinski and Babbin, 2021). Both the ETNP and ETSP ODZs are associated with similar potential densities, averaging approximately 26.5 kg/m3 (Kwiecinski and Babbin, 2021). The larger size and stability of the ETNP ODZ results from weaker ventilation, which leads to persistently low oxygen concentrations (Supplementary Figure S1) with less variability throughout the upper 1000 m of the water column (Supplementary Figure S2). In contrast, the ETSP ODZ is influenced by the Peru–Chile Undercurrent (PCUC) and stronger eddy-driven mixing, which periodically introduce oxygenated water, making it thinner and less stable than the ETNP ODZ (Czeschel et al., 2015; Margolskee et al., 2019).

Mean subsurface nitrate δ15N values in the compiled dataset are higher in the ETSP (mean = 17.9‰) than in the ETNP (mean = 11.7‰). Similarly, thermocline nitrate δ15N maxima are higher in the ETSP (mean = 21.1‰) than in the ETNP (mean = 16.5‰). A significant positive correlation between subsurface nitrate δ15N and thermocline nitrate δ15N maxima is observed (Figure 2a, ETNP: R2 = 0.56, p < 0.05; ETSP: R2 = 0.79, p < 0.05). In addition, a significant relationship between subsurface nitrate δ15N and ODZ upper-boundary depth is observed (Figure 2b; ETNP: R2 = 0.59, p < 0.05; ETSP: R2 = 0.57, p < 0.05). Furthermore, the ETNP exhibits robust inverse correlation between subsurface nitrate δ15N and thermocline nitrate concentrations at the depth of thermocline nitrate δ15N maxima (Figure 2c, R2 = 0.58, p < 0.05), as well as between thermocline nitrate δ15N maxima and corresponding nitrate concentrations (Figure 2d, R2 = 0.59, p < 0.05). In contrast, the ETSP shows weaker inverse relationships (Figure 2c, R2 = 0.16, p = 0.1; and Figure 2d, R2 = 0.19, p = 0.07). However, combining data from both regions yields consistently strong correlations.

Our statistical analyses indicate that both thermocline nitrate δ15N maxima and ODZ upper-boundary depth independently and significantly influence subsurface nitrate δ15N across the ETNP, ETSP, and combined datasets. In the ETNP, the best-fit linear model explains 73% of the variance in subsurface δ15N (Table 1, R2 = 0.73, p < 0.001). In the ETSP, the best-fit linear model explains 83% of the variance (Table 1, R2 = 0.83, p < 0.001). Combining ETNP and ETSP data, the best-fit linear model explains 80% of the variance (Table 1, R2 = 0.80, p < 0.001).


Table 1 | Multiple linear regression coefficients (β0, β1, and β2) and model performance (R2 and F-statistic) are compared across the ETNP, ETSP, and the combined dataset.


	
	ETNP
	ETSP
	Combined



	β0 (Intercept)
	8.75
	9.27
	5.28


	β1 (Thermocline nitrate δ15N maxima)
	0.48***
	0.65***
	0.72***


	β2 (ODZ depth)
	-0.025***
	-0.031***
	-0.024***


	R2
	0.73
	0.83
	0.80


	F-statistic
	31.54
	35.62
	82.57


	Sample size
	26
	18
	44


All coefficients showed statistically significant correlations (p < 0.001***) in both ETNP and ETSP regions. The regression model is: Subsurface nitrate δ15N = β0 + β1(thermocline nitrate δ15N maxima) + β2(ODZ upper-boundary depth)


Pearson correlations confirm strong positive relationships between subsurface nitrate δ15N and thermocline nitrate δ15N maxima (r = 0.74 to 0.89), and strongly negative correlations with ODZ depth (r = –0.71 to –0.77) (Table 2). The negative correlation between thermocline nitrate δ15N maxima and ODZ depth is moderate (r = –0.56 to –0.70) (Table 2) suggesting that these two predictors are related but not strongly coupled. Consistent with these findings, all VIF values remained low (range: 1.46-1.97; Table 3), confirming minimal multicollinearity.


Table 2 | Pairwise pearson correlation coefficients (r) among subsurface δ15N, thermocline δ15N maxima, and ODZ depth across the ETNP, ETSP, and combined dataset.


	Relationship
	ETNP
	ETSP
	Combined



	Subsurface δ15N and Thermocline nitrate δ15N maxima
	0.74
	0.89
	0.86


	Subsurface δ15N and ODZ depth
	-0.77
	-0.76
	-0.71


	Thermocline nitrate δ15N maxima and ODZ depth
	-0.56
	-0.70
	-0.59


Pearson correlation coefficients are interpreted as strong when |r| ≥ 0.7, moderate when |r| is between 0.4 and 0.7, and weak when |r| < 0.4 (Hinkle et al., 2003). All variable pairs show statistically significant correlations (p < 0.001) in both ETNP and ETSP regions.



Table 3 | Variance Inflation Factors (VIFs) assessing multicollinearity between two predictors, thermocline δ15N maxima and ODZ depth, across the ETNP, ETSP, and combined dataset.


	Dataset
	Pearson correlation (r)
	r2
	VIF



	ETNP
	-0.56
	0.31
	1.46


	ETSP
	-0.70
	0.49
	1.97


	Combined
	-0.59
	0.34
	1.52


VIF values below 5 indicate low multicollinearity and suggest no concerns regarding multicollinearity (O’brien, 2007).



3.2 Foraminifera abundance

Three different foraminiferal groups were analyzed in this study: deeper-dwelling, non-symbiont bearing, non-spinose species (G. tumida); deeper-dwelling, symbiont bearing, non-spinose species (N. dutertrei and G. menardii); and surface dwelling, symbiont-bearing, spinose species (G. sacculifer, and O. universa). Their relative abundance varied across the stations (Supplementary Figure S3, Table 4). At stations CR02 and CR03, N. dutertrei and G. menardii dominated, each constituting approximately 45% of the total foraminiferal assemblage. G. tumida is the third most abundant species, accounting for 5-8%, with all other species collected accounted for less than 5%. At station CR02-6, N. dutertrei and G. menardii remained the most abundant (each ~30%). Of the other species present, G. tumida and G. sacculifer each contributed about 15-18%, while O. universa comprised roughly 5-8%.


Table 4 | Planktonic foraminifera species, FB-δ15N values, FB-δ15N standard deviation, and relative foraminifera abundance in this study.


	Station ID
	Planktonic Foraminifera Species
	FB-δ15N (‰ vs. Air)
	1SD based on sample replicates (‰ vs. Air)
	Relative abundance (%)



	CR02-6
	Globigerinoides sacculifer
	5.2
	0.3
	~15-18


	Orbulina universa
	6.4
	0.2
	~5-8


	Globorotalia menardii
	8.9
	0.3
	~30


	Neogloboquadrina dutertrei
	8.8
	0.03
	~30


	Globorotalia tumida
	9.2
	0.2
	~15-18


	CR02
	Globorotalia menardii
	8.6
	0.1
	~45


	Neogloboquadrina dutertrei
	8.6
	0.2
	~45


	Globorotalia tumida
	8.7
	0.2
	~5-8


	CR03
	Globorotalia menardii
	9.2
	0.1
	~45


	Neogloboquadrina dutertrei
	9.2
	0.1
	~45


	Globorotalia tumida
	9.2
	0.2
	~5-8




3.3 Foraminifera-bound N isotopes

FB-δ15N of individual species ranges from 5.2‰ to 9.2‰ (Figure 3b; Table 4). At station CR02, the FB-δ15N values for three deep-dwelling species, N. dutertrei, G. menardii, and G. tumida, are 8.6‰, 8.6‰, and 8.7‰, respectively. At station CR03, these three species show an increase of approximately 0.5‰ compared to their counterparts at CR02, with values of 9.2‰, 9.2‰, and 9.2‰ respectively. At station CR02-6, these three deep-dwelling species exhibit values that are about 0.3‰ lower than those at CR03, recorded at 8.8‰, 8.9‰, and 9.0‰. Furthermore, the other two surface-dwelling species, G. sacculifer and O. universa, present values significantly lower than those of the deep-dwelling species, specifically, their values are 5.2‰ and 6.4‰.

[image: Map and graphs depicting oceanographic data. Panel a shows sampling locations in the Pacific Ocean with subsurface nitrate data. Panel b displays a depth profile of δ15N values and corresponding oxygen levels, indicating hypoxic zones. Panels c, d, and e are contour plots of nitrate δ15N at various sections, showing variations in depth and latitude with color gradients representing isotope values. The legend explains symbols for different organisms and datasets.]
Figure 3 | (a) Map of the eastern tropical Pacific oxygen deficient zone (ODZ, purple shading), showing locations of stations in this study (pink circles outlined in black, labeled b) and three nitrate δ15N transects (white circles outlined in black, labeled c, d, and e). (b) Depth profile from the surface to 1000 m, displaying subsurface nitrate δ15N (circles: green for station CR02, yellow for CR03) and dissolved oxygen concentration (shaded boxes: lighter grey indicating the hypoxic zone with [O2] < 63 μmol/kg, dark grey indicating the ODZ with [O2] < 5 μmol/kg). The potential density is shown on the right axis. Plotted alongside are FB-δ15N from individual species at three stations (symbols). Global averaged habitat depth for each species, adapted from previous studies (Ravelo and Fairbanks, 1992; Farmer et al., 2007; Ren et al., 2009; Rebotim et al., 2017), are also shown: estimated habitat depths are Globigerinoides sacculifer (35 ± 30 m), Orbulina universa (75 ± 30 m), for Globorotalia menardii (110 ± 40 m), for Neogloboquadrina dutertrei(130 ± 40 m), and Globorotalia tumida (200 ± 50 m). (c–e) Published transects of nitrate δ15N (depth:100m -1000m) in the eastern tropical Pacific to data from Rafter and Sigman (2016) and Peters (2018a). Maps (panels a, c-e) were generated using Ocean Data View.

3.4 Water column profiles of nitrate δ15N and dissolved oxygen concentration

In Figure 3b, the profiles for stations CR02 (green circles) and CR03 (yellow circles) exhibit similar trends, with nitrate δ15N peaking at 12.4‰ and 10.1‰, respectively, around a depth of 400 m. Nitrate δ15N values are 2–3‰ lower than the FB-δ15N values of deep-dwelling species at corresponding depths (120–250 m, Farmer et al., 2007), which range from 6.2‰ to 6.8‰. The oxygen-deficient zone (dark grey box, with concentrations remaining below 5 µmol/kg) spans depths from 300 to 600 m. Additionally, oxygen concentrations drop below 63 µmol/kg between 70 and 1000 m, indicating the presence of a hypoxic zone (grey box).


4 Discussion


4.1 Influence of water-column denitrification and ODZ depths on FB-δ15N as an ocean deoxygenation proxy

FB-δ15N records are widely used to reconstruct past ocean deoxygenation (Kast et al., 2019; Auderset et al., 2022; Wang et al., 2022; Hess et al., 2023; Moretti et al., 2024) because of their sensitivity to water-column denitrification in ODZs. Typically, higher FB-δ15N values are interpreted as reflecting an expansion of ODZs or intensification of denitrification. However, FB-δ15N directly reflects the nitrate δ15N in the subsurface, which is typically shallower than the core depths of the ODZs. The δ15N maxima at the ODZ cores record the degree of water-column denitrification following Rayleigh fractionation (Sigman et al., 2005; Casciotti, 2016). Nitrate δ15N decreases upward from the ODZ core to the subsurface due to mixing and other processes. It is unclear whether FB-δ15N faithfully record the water-column denitrification occurring below. In our analysis of new and published nitrate δ15N data from the eastern tropical Pacific ODZs, we demonstrate that subsurface nitrate δ15N is well correlated with the ODZ δ15N maxima (with an R2 value of 0.56 to 0.79, p < 0.05). This high degree of correlation indicates that the water-column denitrification signal is effectively propagated to the subsurface nitrate δ15N (thus FB-δ15N) above the ODZs, supporting the use of FB-δ15N as a proxy for local water-column denitrification and ODZ intensity.

However, our analysis also reveals a complication of the FB-δ15N deoxygenation proxy related to variations in ODZ depth. We find that subsurface nitrate δ15N is correlated with the depth of the upper boundary of ODZs (with an R2 value of 0.57 to 0.59, p < 0.05), with lower δ15N values observed above deeper ODZs. In contrast, the Pearson Correlation Coefficients between thermocline δ15N maxima and ODZ depth was moderate (r = –0.56 to –0.70; p < 0.001), and the VIF values for these two predictors remained low (1.46–1.97), indicating minimal multicollinearity. At our study stations (Figure 3a), where the ODZ upper boundary lies below ~300 m, the δ15N maxima at the core of the ODZs is higher than 10‰, while the subsurface nitrate δ15N is only 6.3‰ (Figure 3b), which is only slightly higher than the mean global average pycnocline nitrate δ15N (Fripiat et al., 2021) and comparable to thermocline nitrate δ15N outside modern ODZs in the eastern Pacific (Figures 3c–e). At these stations, based on FB-δ15N values alone, one might not have inferred the presence of the underlying ODZs, suggesting that FB-δ15N might be decoupled from the local, in situ water-column denitrification rates occurring immediately below. This decoupling between the thermocline ODZ δ15N maxima and the subsurface δ15N may be explained by the greater depth of ODZs, which impedes the diffusion of the high δ15N signal from the thermocline into the subsurface, thereby reducing its influence on FB-δ15N value. In addition, N2 fixation in the surface waters, followed by subsequent remineralization in the subsurface, may further lower subsurface nitrate δ15N (Wang et al., 2018). However, N2 fixation rates appear to be limited in the eastern tropical Pacific (Knapp et al., 2016; Shao et al., 2023). Even if N2 fixation were significant, its impact would be insufficient to override the elevated nitrate δ15N produced by water-column denitrification, given the large isotope effect of water-column denitrification. Regardless of the mechanism, our compilation indicates that FB-δ15N is less sensitive to local, in situ water column denitrification when the upper boundary of the ODZs is deeper than ~250 m, as observed at our new sites. Instead, FB-δ15N at these stations appears to reflect broader regional denitrification. These findings suggest that variations in ODZ depths must be considered when interpreting FB-δ15N records, as discussed below in Section 4.4.


4.2 Influence of ODZs on planktonic foraminifera habitat depths

Another impact of ODZs on FB-δ15N arise from shifts in the habitat depths and species composition of foraminifera under low-oxygen conditions. While global variability in foraminifera habitat depths has been well-documented (e.g., Ravelo and Fairbanks, 1992; Rebotim et al., 2017), few studies have specifically examined habitats under hypoxic (i.e., < 63 μmol/kg O2) to suboxic conditions. The species analyzed in this study have been shown or hypothesized to tolerate hypoxic conditions (Kuroyanagi et al., 2013, 2019; Rippert et al., 2016). Davis et al. (2021) reported that suboxic-hypoxic conditions in an ETNP ODZ significantly affect the distribution and abundance of foraminifera. While some smaller specific species (size < 250 µm) exhibit adaptations that allow them to tolerate hypoxic conditions, the overall density and diversity of foraminifera decrease in the ODZs (Davis et al., 2021).

Globally, deep-dwelling species like N. dutertrei, G. menardii, and G. tumida typically inhabit depths below 100m (Ravelo and Fairbanks, 1992; Farmer et al., 2007). However, the eastern tropical Pacific ODZs exhibit hypoxic to suboxic conditions at such depths (Figure 3b). Notably, our data reveal that N. dutertrei and G. menardii are the most abundant species in these regions (Supplementary Figure S3). It is likely that these deep-dwelling species are forced to migrate upward, occupying shallower depths above the ODZs, where oxygen concentrations are more favorable for survival.


4.3 Inter-species variation in FB-δ15N in ODZ regions

FB-δ15N is also influenced by both the diet and symbiotic status of foraminifera (Bé and Hemleben, 1970; Anderson and Be, 1976; Bé et al., 1977; Caron and Bé, 1984; Spindler et al., 1984; Hemleben et al., 1989; Ren et al., 2012). The dietary habits of foraminifera vary among species and with depth in the water column. Surface-dwelling species prey on zooplankton and large phytoplankton using specialized spines for effective capture (Bé et al., 1977; Spindler et al., 1984) and are often symbiotic photosynthetic algae such as dinoflagellates. This symbiosis leads to lower δ15N values because the symbionts efficiently recycle ammonium produced by their host, typically resulting in FB-δ15N that are 0-1‰ lower than the subsurface nitrate δ15N (Uhle et al., 1997; Ren et al., 2012; Smart et al., 2018). In contrast, deep-dwelling, symbiont-barren species exhibit higher δ15N values (Ren et al., 2012; Smart et al., 2018), primarily due to the lack of symbiont-mediated nutrient recycling and the consumption of partially degraded organic matter with higher δ15N (Ren et al., 2012).

Groundtruthing studies (Ren et al., 2012; Smart et al., 2018; Auderset et al., 2024) have documented inter-species differences in FB-δ15N across the global ocean, driven by variations in diet and symbiotic associations as described in the previous paragraph. In oligotrophic waters with complete surface nitrate consumption, surface-dwelling, symbiont-bearing species show δ15N similar to subsurface nitrate δ15N, whereas deep-dwelling, symbiont-barren species exhibit values 3-4‰ higher. For example, species such as G. sacculifer and O. universa, which host symbiotic dinoflagellates (Bé et al., 1977; Schiebel and Hemleben, 2017), show δ15N values 0–1‰ lower than subsurface nitrate δ15N. Conversely, deep-dwelling, non-symbiotic species like G. tumida are 3-4‰ higher than subsurface nitrate δ15N. N. dutertrei and G. menardii, which host non-photosynthetic chrysophytes (Gastrich, 1987; Faber et al., 1988), show similar δ15N as G. tumida (Ren et al., 2012). Our new results from an ODZ region are consistent with previous findings (Figure 4), with G. tumida, N. dutertrei, and G. menardii exhibiting δ15N values that are 3-4‰ higher δ15N than those of G. sacculifer and O. universa, which are similar to subsurface nitrate δ15N. This suggests that the presence of hypoxic conditions do not alter the inter-species differences in FB-δ15N.

[image: Diagram (a) illustrates nitrogen cycling among marine organisms, with surface and deep dwellers like G. sacculifer utilizing symbiotic relationships and ammonium excretion processes. Diagram (b) is a graph plotting δ15N values against depth for various marine species across different ocean locations, with data points colored by ocean (blue for Pacific, red for Atlantic, gray for this study).]
Figure 4 | (a) Diagram illustrating difference in FB-δ15N among planktonic foraminifera species within the ETNP ODZ, comparing surface-dwelling symbiont-bearing spinose species (dark red dashed circle, (1)) to deeper-dwelling symbiont-bearing non-spinose and non-symbiont-bearing non-spinose species (pink dashed circle, (2)). The x-axis represents the δ15N values for all organisms in the diagram. Deeper in the water column, the particulate organic nitrogen (PON) consumed by foraminifera is higher in δ15N, with the δ15N of suspended PON increasing down the water column (Altabet, 1988). The overall concept of this diagram is adapted from Ren et al., 2012 and Smart et al., 2018. (b) Depth profile of FB-δ15N for surface dwellers (i.e. G. sacculifer and O. universa) and deep dwellers (i.e. N. dutertei, and G. truncatulinoides) from previous studies (Ren et al., 2012; blue circles: Atlantic Ocean, red circles: Pacific Ocean) and from this study (grey circles).

4.4 Implications for reconstructing the history of ODZs

The findings from this study have important implications for using FB-δ15N (and other δ15N archives) as a proxy to reconstruct historical variations in ODZs. While previous studies have primarily used FB-δ15N to indicate ODZ expansion or contraction (Kast et al., 2019; Studer et al., 2021; Auderset et al., 2022; Wang et al., 2022; Hess et al., 2023; Moretti et al., 2024; Yao et al., 2024), our analyses reveal that ODZ depth also influences FB-δ15N. Below, we propose two potential scenarios for this influence (Figures 5a–c).

In the first scenario, under a warmer climate, organic matter remineralization may occur at shallower depths due to the temperature dependence of respiration (Boscolo-Galazzo et al., 2021; Gerace et al., 2023; Kim et al., 2023). This shift could result in an upward displacement of the thermocline δ15N maxima without increasing their absolute values (Figure 5b). Consequently, FB-δ15N might increase even if water-column denitrification rates remain unchanged, although further research is needed to determine whether such shifts occurred during past warm periods.

[image: Three-panel diagram comparing oceanic conditions. Panel (a) shows oxygen and nitrogen levels by depth in the modern ocean. Panel (b) depicts changes from warming-driven shoaling, with stable denitrification and upward ODZ shift. Panel (c) illustrates upwelling-enhanced export effects, with increased denitrification and similar upward ODZ shift. All panels display oxygen concentration and nitrogen isotopes. Surface and deep dweller zones are marked.]
Figure 5 | Schematic diagrams illustrating how ODZ depth changes may influence FB-δ15N in both subsurface- and deep-dwelling foraminifera under two scenarios. (a) The top panel shows profiles representing the modern ocean, adapted after Casciotti et al. (2018), including depth profiles of nitrate and FB-δ15N (‰), N*=[NO3-]-16[PO43-] (µM), and oxygen concentration (µmol/L). Depth ranges of the ODZs (grey shaded area) and the euphotic zone (yellow shaded area) are indicated. The bottom two panels (b, c) show the hypothetical changes in these profiles and the corresponding shifts in ODZ depth under two scenarios: (b) warming-driven shoaling of remineralization and (c) upwelling-enhanced export production. In panels (b, c), the FB-δ15N offsets between subsurface and deep dwellers, shown in the modern ocean profiles, are indicated with dashed lines and arrows, highlighting the expected FB-δ15N response under each scenario.
In the second scenario, increased organic matter export driven by stronger upwelling (Gutiérrez-Cárdenas et al., 2024) or elevated thermocline nutrient content is expected to both intensify the ODZs and shift them upward (Figure 5c). In this case, enhanced denitrification would raise both the thermocline δ15N maximum and increased nitrate loss (lower N*, Figure 5), and the upward shift would facilitate the transfer of the elevated δ¹5N signal to the subsurface, thereby increasing subsurface nitrate δ15N (and FB-δ15N). Here, the FB-δ15N increase would be consistent with higher water-column denitrification rates, albeit in a non-linear manner as the ODZ depth change also contributed to the increase of FB-δ15N.

Considering these factors, variations in ODZ depth should be considered when using FB-δ15N to reconstruct ODZ history. Given the spatial complexity of ODZs, integrating multiple cores spanning from the ODZ interiors to regions beyond their modern boundaries is critical for more robust reconstructions. As the elevated thermocline nitrate δ¹5N signals within ODZs are laterally transported into adjacent regions outside modern ODZ boundaries, FB-δ15N records from these peripheral areas primarily reflect ODZ expansions and contractions through time and broader regional changes in denitrification rates. In contrast, FB-δ15N records from cores within modern ODZs provide complementary constraints on the intensity and vertical structure of the ODZs. Together, multiple FB-δ15N records can provide a more comprehensive reconstruction of ODZ evolution.


5 Conclusion

In this study, we combined new and previously published δ15N data from the eastern tropical Pacific ODZs to demonstrate that FB-δ15N (and other δ15N archives) from modern ODZ regions is a robust proxy for tracking past ocean deoxygenation, provided that changes in ODZ depths are considered in addition to water-column denitrification intensity. New δ15N data from the eastern tropical North Pacific (5–8°N) suggest that, when ODZs are deep, subsurface nitrate δ15N may not bear the signal of local denitrification underneath. In these regions, FB-δ15N may instead reflect broader regional denitrification rates, similar to locations outside today’s ODZs. Consequently, interpreting FB-δ15N records from ODZ regions requires careful consideration of potential shifts in ODZ depths. For instance, shallower organic matter remineralization under warmer climates—or deeper remineralization under colder conditions—could drive changes in FB-δ15N without changes in water-column denitrification rates. In addition, low-oxygen conditions in ODZs may force deep-dwelling foraminiferal species to migrate upward, although current data do not indicate significant impacts on interspecies variations in FB-δ15N. For a more robust reconstruction of ODZ history using FB-δ15N, we recommend analyzing multiple sites along transects that span from within modern ODZs to adjacent regions beyond their current extent. Cores located outside present-day ODZs, yet still containing thermocline nitrate δ15N signatures influenced by ODZs, are well suited for recording expansions and contractions of ODZs. In contrast, cores from within modern ODZs provide complementary insights into the ODZ’s intensity and vertical structure. Combining these FB-δ15N records allows for a more comprehensive understanding of ODZ evolution over time.
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