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Abstract 

Decades of observations show that the world’s oceans have been losing oxygen, with far-

reaching consequences for ecosystems and biogeochemical cycling. To reconstruct 

oxygenation beyond the limited scope of instrumental records, proxy records are needed, 

such as sedimentary δ15N. We combine two δ15N records from the Santa Barbara Basin 

(SBB), a 24-year long, biweekly sediment trap time series, and a 114-year, high-resolution 

sediment core together spanning the years 1892-2017. These records allow for the 

examination of δ15N variability on seasonal to centennial timescales. Seasonal variability in 

SBB δ15N is consistent in timing with the poleward advection of a high δ15N signal from the 

Eastern Tropical North Pacific in the summer and fall. Strong El Niño events result in 

variable δ15N signatures, reflective of local rainfall, and neither the Pacific Decadal 

Oscillation nor North Pacific Gyre Oscillation impose strong controls on bulk sedimentary 

δ15N. Seasonal and interannual variability in sediment trap δ13Corg is consistent with local 

productivity as a driver, however this signal is not retained in the sediment core. The time 

series from the sediment trap and core show that bulk sedimentary δ15N in SBB has now 

exceeded that measured for the past 2000 years. We hypothesize that the change in δ15N 

reflects the increasing influence of denitrified waters from the Eastern Tropical North Pacific 

and ongoing deoxygenation of the Eastern Pacific. When juxtaposed with other regional δ15N 

records our results further suggest that SBB is uniquely situated to record long-term change 

in the Eastern Tropical North Pacific. 
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1. Introduction 

Oxygen deficient zones (ODZs) are critical to global biogeochemical cycling (Breitburg et 

al., 2018; Gruber, 2008) and changes in the expanse and intensity of ODZs have profound 

implications for marine life and ocean geochemistry (Breitburg et al., 2018; Levin, 2017; 

Stramma et al., 2010b; Stramma et al., 2012). ODZs have expanded globally over the past 

several decades (Breitburg et al., 2018; Levin, 2017; Keeling et al., 2009; Stramma et al., 

2008). However, instrumental records of oxygenation are sparse and too short to adequately 

address oxygen variability on geologic timescales or differentiate between decadal 

oscillations and longer-term trends. Understanding longer-term temporal variability in marine 

oxygenation must therefore rely on sedimentary proxy records (e.g., Deutsch et al., 2014; 

Emmer and Thunell, 2000; Kienast et al., 2002; Liu et al., 2005).  

 

The Eastern Tropical North Pacific (ETNP) hosts one of the largest expanses of oxygen 

depleted waters (Karstensen et al., 2008; Paulmier and Ruiz-Pino, 2009) and a suite of 

reactions that influence global nitrogen cycling (DeVries et al., 2012; Liu et al., 2005). Under 

oxygen deficient conditions microbial activity converts bioavailable nitrate (NO3
-) to nitrogen 

(N2), a process referred to as denitrification, and both removes bioavailable nitrogen and 

imposes an N isotopic fractionation as 14N is preferentially consumed. As a result, the the 

residual NO3
- pool in the ETNP has a ratio of 15N to 14N ((15N/14N)sample/(15N/14N)atmosphere - 1) 

*1000 or δ15N) that is substantially higher (> 15‰) than typical open ocean values of 4 - 6‰ 

(Brandes et al., 2003; Sigman et al., 1997; Sigman and Casciotti, 2001; Sigman et al., 2009; 

Voss et al., 2001). The high δ15N signature of the ETNP is transported northward within the 

California Under Current (CUC) and is observed in both the water column and sediments as 

far north as Vancouver Island, Canada (Altabet et al., 1999; Castro et al., 2001; Chang et al., 

2008; Kienast et al., 2002; Liu and Kaplan, 1989). Thus the Eastern Pacific margin provides 
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an important long-term record of denitrification in the ETNP (Altabet et al., 1999; Deutsch et 

al., 2014; Emmer and Thunell, 2000; Tems et al., 2015; Thunell and Kepple, 2004). 

Sedimentary δ15N, however, may be influenced by local as well as distal sources as was 

demonstrated in the San Pedro Basin (Collins et al., 2011). This may complicate the 

interpretation of sedimentary δ15N as a proxy for denitrification in the ETNP. 

 

Latitudinal comparisons of sediments show that the δ15N decreases along the Eastern Pacific 

margin with increasing distance from the ETNP (Kienast et al., 2002) and that temporal 

variability in the relative strength of the CUC may impact local δ15N records (Tems et al., 

2015). Less is known as to the extent that regional overprinting may influence individual 

records. Interpreting ODZ expansion may be especially complicated in upwelling boundary 

zones such as the California Current System (CCS) where changes in upwelling and 

productivity are likely to accompany oscillations in regional and global climatology (e.g., 

Bakun, 1990, 2015; García-Reyes et al., 2015; Sydeman et al., 2014; Varela et al., 2015). 

Local upwelling can decrease subsurface oxygen due to the physical upwelling of high 

nutrient water masses that promote increased productivity at the surface and respiration at 

depth. Further complexities may occur in regions such as Santa Barbara Basin (SBB), 

California, where anoxic bottom and pore waters allow periodic denitrification to occur 

within the basin (Goericke et al., 2015; Liu and Kaplan, 1989; Sigman et al., 2003). Thus in 

SBB, sedimentary δ15N variability may represent a combined influence of the magnitude of 

ETNP water transport, mixing with other water masses, local nutrient utilization or 

denitrification, terrestrial inputs, and regional oceanography (Figure 1). Emmer and Thunell 

(2000) showed that SBB sediment cores record the high δ15N signal associated with ETNP 

denitrification on millennial time scales. Using sinking particles collected by deep moored 

sediment traps (1993-1994), they also found that bulk sedimentary δ15N was highest during 
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upwelling. This suggests that regional processes may influence SBB sedimentary δ15N 

records and raises questions as to the relative importance of local versus distal sources on 

sedimentary δ15N in SBB and the timescales over which they are relevant. 

  

In order to disentangle the timescales of varying influences on the SBB bulk δ15N sediment 

record, we reexamine the now ~24-year long moored sediment trap time series of sinking 

particle δ15N from SBB along with a sediment core dated from 1892 to 2006 (Osborne et al., 

2016). The aim of the study is to evaluate seasonal, interannual, and decadal influences on 

bulk sedimentary δ15N in the basin over the past 125-years. To further constrain potential 

influences on δ15N due to local oceanography and changes in productivity, we have also 

generated a record of the carbon isotopic composition of organic material (δ13Corg defined as 

((13C/12C)sample/(13C/12C)VPDB - 1) *1000) from both the sediment trap time series and 

sediment core.  

 

Santa Barbara Basin is located just south of the Southern California Bight and is bordered to 

the north by California, U.S.A, and to the south by the Channel Islands. The flow within the 

590 m deep basin is restricted by sills at ~230 m depth to the east and ~480 m to the west 

(Talley, 1993; Figure 2). Low oxygen source waters, restricted flow, and high productivity 

(and thus respiration) leave the modern SBB anoxic below the western sill throughout most 

of the year. Anoxic conditions may be temporarily relieved by occasional “flushing” events 

associated with intense upwelling near Point Conception in spring or winter (Bograd et al., 

2002; Goericke et al., 2015; Reimers et al., 2003). A combination of deep basin anoxia and a 

high sedimentation rate result in laminated sediments and ideal conditions for 

paleoceanographic reconstructions (e.g., Cannariato et al., 1999; Emmer and Thunell, 2000; 

Hendy and Kennett, 1999; Nederbragt et al., 2008).  
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Seasonality in SBB is driven by upwelling-favorable winds along the California coastline. In 

the spring, upwelling brings cold, nutrient-rich waters to the surface, initiating phytoplankton 

blooms dominated by diatoms (Anderson et al., 2008; Brzezinski and Washburn, 2011; 

Dorman and Winant, 1999; Harms and Winant, 1998; Hendershott and Winant, 1996; Otero 

and Siegel, 2004; Figure 3). By fall, upwelling-favorable winds relax, resulting in an overall 

decrease in productivity and surface water warming (Anderson et al., 2008; Dorman and 

Winant, 1999; Hendershott and Winant, 1996; Otero and Siegel, 2004; Thunell, 1998; Figure 

3). Flow through SBB is poleward for much of the year with a strong influence of the 

CUC/Inshore Counter Current systems fed by equatorial waters (Bray et al., 1999; Chelton, 

2012; Lynn and Simpson, 2012; Figure 2). The dominant direction of surface flow reverses 

during the spring upwelling period (~February-June) with an increased influence of the 

California Current and North Pacific Intermediate Waters (Bray et al., 1999; Harms and 

Winant, 1998; Hickey, 1979; Lynn and Simpson, 1987). Upwelling events at or north of 

Point Conception are associated with the blocking of poleward flow over the eastern sill 

(Hickey, 1992). Given its shallow eastern sill, on-shelf location, and that the main branch of 

the CUC is located offshore at > 250 m, the majority of poleward flow through SBB is likely 

derived from the Inshore Counter Current. In practice, the definitions and loci of these flows 

are variable and the entire system of poleward flow as it influences SBB is referred to here as 

the California Counter Current (CCC).    

 

2. Methods 

2.1 Sediment trapping time series 

Data collection from the SBB sediment trap time series began in 1993 and data are currently 

available through 2017. Sinking particles for δ15N and δ13C analyses were collected from a 

sediment trap moored near the center of SBB (34°14′N, 120°02′W; Figure 2) using an 
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automated McLane Labs 13-cup sediment trap with a 0.5 m diameter aperture. Biweekly trap 

samples have been collected nearly continuously since initiation of the project with traps 

redeployed every ~6 months. Our record relies primarily on the sediment trap located around 

500 m depth (~90 m above the seafloor). Over the course of the ~24-year time series the trap 

position has ranged from 409 to 532 m. A second “shallow” sediment trap was deployed from 

late 2010 to 2017 between 146 and 289 m depth. In a few cases, due to malfunction or 

insufficient material collected in the “deep” trap, material from the “shallow” trap was 

substituted into our δ13Corg (but not δ15N) time series to allow for a more complete record 

(noted in Supplementary Data and discussed further below). Until 2015 sediment traps were 

poisoned with 10 g L-1 sodium azide. Starting in 2015 an 8% formalin solution has been used 

to poison and preserve material in the lower trap. No step change occurs in either δ15N or 

δ13C coincident with the change in preservation method used (Supplemental Figure 1).  

 

2.2 Multi-core collection and processing 

Multicore SBB-MC1-DB (34°13′N, 119°58′W; 580 m depth; Figure 1) was collected from 

SBB in 2012. The core was sampled at 0.5 cm resolution up to 10 cm depth and then at 1 cm 

resolution to 50 cm. Lead 210 and cesium 137 were used to date the core and to develop an 

age model ±1 year (Osborne et al., 2016).  

 

2.3 Isotopic analyses 

Analyses of sediment trap δ15N and δ13Corg were conducted on a quarter split of trap material 

that was freeze-dried and ground. Samples for δ13Corg analyses were further acidified to 

remove inorganic δ13C. Fluxes of C and N were measured as weight percent on a Perkin 

Elmer 2400 CHNS/O Elemental Analyzer and are reported in g m-2 day-1 based on the dry 

weight of total flux to the trap. Homogenized sediments of 30-60 ug for N or 80-110 ug for C 
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were run on an Isoprime isotope ratio mass spectrometer coupled to a VG Isoprime IRMS at 

the University of South Carolina (with a lower detection mass 20 ug for both δ15N and 

δ13Corg). Results for δ15N are reported relative to atmospheric N2 (0‰) and δ13Corg relative to 

VPDB. Standard reference materials were analyzed at the beginning and end of each run (~30 

samples) with NIST RM-8542, NIST RM-8541, NIST RM-8542, and USGS 40 used for 

δ13Corg, and IAEA-N-1, IAEA-N-2, IAEA-N0-3, and USGS40 used for δ15N. Between 2 and 

4 replicates of a single homogenized sample were run every ~20 samples and produced an 

average standard error of 0.1‰ for δ13Corg and 0.040‰ for δ15N. A difference of < 0.67‰ 

was measured for all δ13Corg replicates, and < 0.21‰ for all δ15N replicates.  

 

2.4 Data processing and sources 

All hydrologic data, including temperature, density, and nutrient data were sourced from 

openly available datasets, primarily from the monthly Plumes and Blooms time series 

(http://www.oceancolor.ucsb.edu/plumes_and_blooms/; accessed on 17-06-2019), which has 

sampled mid-SBB hydrography to 100 m since 1996. Local rainfall data are available on the 

Santa Barbara County website (http://www.countyofsb.org/pwd/rainhistory.sbc, accessed on 

30-06-2018). Determinations as to the phase and state of the El Niño Southern Oscillation 

(ENSO), Pacific Decadal Oscillation (PDO), and North Pacific Gyre Oscillation (NPGO) 

were based on the Oceanic Niño Index (ONI), and data available at 

http://jisao.washington.edu/pdo/PDO.latest (accessed on 30-04-2018) and 

http://www.o3d.org/npgo/ (accessed on 15-04-2019) respectively. Data on total Organic 

Carbon (TOC), terrigenous, and opal fluxes to the sediment trap are also available as 

described in Thunell et al. (2007).  

 

 

http://www.oceancolor.ucsb.edu/plumes_and_blooms/
http://www.countyofsb.org/pwd/rainhistory.sbc
http://jisao.washington.edu/pdo/PDO.latest
http://www.o3d.org/npgo/
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2.5 Modeling 

We used the University of Victoria (UVic, version 1.9) climate model coupled to the Model 

of Ocean Biogeochemistry and Isotopes (MOBI, version 1.4) as described in more detail in 

Schmittner and Lund (2015). The global UVic model includes a three-dimensional ocean 

component at a coarse resolution (1.8×3.6º, 19 vertical levels), a simple single-layer 

atmospheric Energy-Moisture-Balance-Model, which uses a prescribed monthly climatology 

of winds, and a dynamic-thermodynamic sea ice model. MOBI1.4 includes two classes of 

phytoplankton (nitrogen fixers and a general non-nitrogen-fixing phytoplankton class), one 

class of zooplankton, detritus, and nitrate and phosphate as limiting nutrients. It simulates 

nitrogen isotopes (15N and 14N) separately in all compartments of its interactive nitrogen 

cycle including fractionation during denitrification in the water column and in sediments, and 

the isotopic effects of nitrogen fixation (Somes et al., 2017). UVic/MOBI was driven only 

with historical CO2 emissions from 1750 to the present. Its simulated decadal mean 

atmospheric CO2 in 2000-2010 is 378 ppm compared with observations from Mauna Loa of 

380 ppm (Dr. Pieter Tans, NOAA/ESRL, www.esrl.noaa.gov/gmd/ccgg/trends/ accessed on 

30-10-2018). Model global surface air temperature increased between 1890-1900 and 2000-

2010 by 0.66ºC, close to observational estimates of 0.82ºC (GISTEMP Team, 2018; Hansen 

et al., 2010). 

 

2.6 Statistics 

All statistics were carried out using the R software base package (R Core Team, 2010) and 

the PMCMRplus package (Pohlert, 2018). Assumptions of normality were not met by δ15N 

and δ13Corg data, identified by a Shapiro-Wilk test (Shapiro and Wilk, 1965). The non-

parametric Kruskal-Wallis test (Kruskal and Wallis, 1952) and a Dunn post-hoc test (Dunn, 

http://www.esrl.noaa.gov/gmd/ccgg/trends/
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1964) were used to assess seasonality of δ15N and δ13Corg as defined by the start date of trap 

collection for each sample. 

 

3. Results 

3.1 Seasonality of δ15N and δ13C 

A large amount of stochastic variability, but limited seasonality, was observed in the flux of 

δ15N to the deep SBB sediment trap. Only the δ15N of samples collected beginning in March 

was found to be significantly lower than samples collected in August and September (p < 

0.05; Figure 4). Similarly, months with the highest δ13Corg values (April-May) are 

significantly different than those with the lowest values (October -January) (Figure 5). The 

total C and N fluxes are highest in traps opening June (Supplementary Data) and there is a 

weak positive relationship between C flux and δ13Corg (R2 = 0.15, p < 0.012). While a positive 

correlation between δ15N and δ13Corg in sediment trap samples is statistically significant, it is 

not meaningful (R2 = 0.01, p = 0.02).  

 

In the most recent available year of overlapping shallow and deep sediment trap data (2016-

2017) δ13Corg values were positively correlated between the two traps (R2 = 0.65, p < 0.001). 

Differences in δ15N between the shallow and the deep trap, however, vary depending on the 

depth of the shallow trap. From October 2010 to June 2015, the shallow trap was deployed 

between 137 and 146 m with a mean δ15N of 8.9‰ ±1.1. There was no systematic offset from 

values recorded in the deep trap (averaging 8.4‰ ±1.1 over the same interval). Subsequent to 

June 2015, the shallow trap depth was lowered to between 239 and 289 m, and had a δ15N 

that averaged 7.8‰ ±0.4 between June 2015 and October 2017. This was significantly lower 

than the average δ15N of 9.3‰ ±1.0 measured in the deep trap over the same time period 

(Supplementary Figure 1; Kruskal-Wallis; chi-squared =63.01, p < 0.001). 
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3.2 Long-term trends in SBB δ15N and δ13Corg 

The 114-year down-core δ15N record ranges between 6.7‰ and 8‰. A decrease in δ15N of 

roughly 0.5‰ occurs from the 1890s into the 1920s (Figure 6). Between the 1920s and 1990s 

δ15N is consistently between 6.7 and 7.4‰. A rapid increase in δ15N begins in the mid-1990s 

with values reaching 8‰ in 2005 and 2006, higher than at any previous point in the record. In 

contrast, there is no trend in the sediment core δ13Corg record, which ranges from -22.8‰ to -

21.3‰ between 1894 and 2006 (Figure 7). 

 

3.3 Comparison of sediment trap and core records of δ15N and δ13Corg 

The biweekly sediment trap time series of both δ13Corg and δ15N display more variability than 

down-core records and are reflective of seasonal and stochastic variability. Results comparing 

flux-weighted annual δ15N from the sediment trap and age-paired sediment samples show 

only a minimal offset of ~0.5‰ with core material having lower δ15N values than sediment 

trap material (Supplemental Figure 2). Flux weighted annual records also closely 

approximate both the absolute values and the trends observed in down-core records when 

there is temporal overlap (Figure 6). Combined, sediment trap and core data represent a 

continuous high-resolution record of SBB bulk sedimentary δ15N from 1892 to 2017. The 

overlay of the sediment trap δ15N record with down core record supports the larger scale shift 

seen in both with an increase of ~3‰ occurring between the mid 1990s and 2017.   

 

Unlike the δ15N record, comparison between sediment trap and down-core δ13Corg indicates a 

poor match between the carbon isotopic composition of the sediment trap time series and core 

measurements. Down-core carbon isotope values are 0.5-1‰ higher than observed during 

comparable intervals from the sediment traps (Supplemental Figure 2). This is a substantial 

offset given the fairly small range of down-core δ13Corg values (-22.8 to -21.2‰).  
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3.4 ENSO-driven variability in δ15N and δ13C 

Oceanic Niño Index values indicate the occurrence of two “strong” (> 1.5 °C sea surface 

temperature anomaly) El Niño events over the course of the sediment trap time series, the 

first in 1997/1998 and the second in 2015/2016. Several strong La Niña events were captured 

in 1998-2000, 2007/2008 and 2010-2012 (Figure 8). Additional years characterized by 

weaker El Niño or La Niña conditions were also sampled. The relationship between ENSO 

phases and sediment trap δ15N values is inconsistent. During the 1997/1998 El Niño, δ15N 

values are generally lower, especially through the fall and winter, whereas in 2015/2016, 

δ15N are higher than average (Figure 8; Supplemental Figure 3). Years with dominant La 

Niña conditions do not display markedly different δ15N signals, except in the 1995/1996 La 

Niña, where δ15N was higher throughout the year than in either the proceeding or following 

years (Figure 8; Supplemental Figure 3).  

 

The sediment trap record of δ13Corg, in contrast, is significantly lower during strong and 

moderate El Niño years when compared with La Niña or neutral years (Kruskal-Wallis; chi-

squared =26.20, p < 0.001) (Figure 8; Supplemental Figure 3). Neither δ15N nor δ13Corg show 

any significant relationship with periods of strong or all periods of ENSO activity in down-

core records (Kruskal-Wallis; p = 0.84 and p = 0.32 respectively). However, even small 

uncertainties in sediment dating and the inevitable averaging across multiple years could 

obscure a down-core ENSO signal. 

 

3.5 Potential for influence of PDO or NPGO on stable isotope signals 

Both PDO and NPGO have varied with similar phasing over the course of the sediment trap 

time series. Two documented regime shifts have occurred in PDO; the first from a warm to a 

cool phase in ~2000 and then a return to a warm phase in ~2016. Shifts between positive and 



 

 
© 2019 American Geophysical Union. All rights reserved. 

negative phasing of the NPGO have occurred in 1998, 2005, 2007, and 2014. The δ13Corg 

recorded over the sediment trap time series is significantly higher during the cool phase of the 

PDO (Kruskal-Wallis; chi-squared =14.39, p < 0.001) and positive phase of the NPGO 

(Kruskal-Wallis; chi-squared =17.07, p < 0.005). Sediment trap δ15N is not significantly 

different during different NPGO phasing (Kruskal-Wallis; p = 0.74), and potential trends in 

δ15N associated with shifts in PDO phase are obscured by the overall increase of ~ 3‰ 

observed over this same time period. Down-core, cool PDO phases are significantly higher in 

δ15N (Kruskal-Wallis; chi-squared =7.57, p = 0.006). This significance disappears when years 

after 1995 are excluded (p = 0.13) suggesting that the rapid increase in δ15N experienced 

since the mid-1990s cool PDO phase dominates the long-term signal.  

 

4. Discussion 

4.1 Upwelling drives seasonal signals in δ13Corg 

The seasonal signal of δ13Corg observed in the deep SBB sediment trap suggests that it is 

driven by local changes in productivity. The increase in δ13Corg in the spring through summer 

coincides with phytoplankton blooms in SBB, initiated by the presence of nutrient rich 

upwelled waters (Thunell, 1998; Figure 3). This increase is also consistent with a decrease in 

fractionation that occurs with increased phytoplankton growth rates (Burkhardt et al., 1999; 

Francois et al., 2012; Fry, 1996; Fry and Wainright, 1991; Laws et al., 1995; Popp et al., 

1998). The full seasonal range of δ13Corg falls within reported values for marine 

phytoplankton (Deines, 1980; Meyers, 1994), It should be noted that terrestrial end members 

near SBB have very similar δ13Corg to those observed in the sediment trap suggesting that 

sedimentary δ13Corg is likely a poor tracer for the relative influences of marine and terrestrial 

sources in SBB (Figure 1; Sarno et al., this issue). 
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The lower δ13Corg observed in the sediment core compared to the sediment trap points to a 

relatively rapid alteration of the δ13Corg signal (Figure 7). A similarly altered δ13Corg signal 

has been shown previously to result from both oxic and anoxic degradation in freshwater 

(Lehmann et al., 2002), although no such offset was observed between sediment trap and core 

top samples in the Gulf of California (Pride et al., 1999). We hypothesize that in SBB this 

offset is most likely due to the addition of material with a lower δ13Corg value, such as from 

sediment microbial communities. For example, Beggiatoa mats have been identified in the 

deep SBB (Bernhard et al., 2003), which can have a δ13Corg signature as low as -28‰ when 

influenced by hydrocarbons (Zhang et al., 2005). As no δ13Corg trend is observed in the upper 

portion of the core (Figure 7), the alteration of the δ13Corg signal can be assumed to be both 

rapid (occurring within the 6 years between the most recent sample and core recovery) and 

persistent. This is in contrast to the δ13C of foraminiferal shells from the same core, which 

preserve a negative δ13C trend associated with increased upwelling and CO2 in SBB 

(Osborne, 2016). Thus, despite the close ties between productivity and δ13Corg found in 

sediment trap samples, changes in δ13Corg on the order of 1-2‰ are unlikely to reflect changes 

in productivity or export in the SBB sediment core record.   

 

4.2 Transport from the ETNP overwhelms local δ15N signals on annual timescales 

The bulk δ15N in sediment cores collected from along the Eastern Pacific margin is primarily 

a reflection of poleward advection of the ETNP δ15N signal (Altabet et al., 1999; Castro et al., 

2001; Chang et al., 2008; Emmer and Thunell, 2000; Kienast et al., 2002; Liu and Kaplan, 

1989). In SBB the highest δ15N values occur during the early fall, when poleward advection 

is highest (Bray et al., 1999; Harms and Winant, 1998; Hickey, 1979, 1992; Lynn and 

Simpson, 1987, 2012). These results are similar to those found off the Oregon coast, where 

higher sedimentary δ15N values were observed during periods of increased poleward transport 
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(Kienast et al., 2002). Indeed, the lowest δ15N values in SBB occur in the spring when 

poleward transport is lowest or absent (Bray et al., 1999; Harms and Winant, 1998; Hickey, 

1979, 1992; Lynn and Simpson, 1987, 2012). We note that while nitrogen utilization is 

complete in SBB surface waters for most of the year, it is also during spring upwelling that 

NO3 availability may increase in surface waters (Figure 3). Incomplete NO3 utilization in 

surface waters would be expected to further decrease the δ15N of sinking material.  

 

Differences in the δ15N signature between the surface and deep sediment trap time series 

suggest a depth dependent change in the δ15N of sinking particles in the water column 

(Supplemental Figure 1). When the shallow trap was located between 130 and 146 m, δ15N 

values were higher than those measured during the same period in the deep trap at > 400 m. 

However, after the shallow trap was moved deeper to between 239 and 289 m, δ15N 

signatures became less variable and lower than those recorded simultaneously in the deep 

trap or previously at shallower depths. The clear step change of 1.1‰ that occurs between 

146 and 239 m indicates the presence of a more complicated δ15N profile in SBB. A decrease 

in δ15N of sinking material has also been observed in other basins, although at much greater 

depths (e.g. Altabet, 1991, 1988; Voss et al., 1996; Freudenthal et al., 2001). 

 

Our findings differ somewhat from the interpretations of Emmer and Thunell (2000), but not 

with their conclusion that an ETNP source dominates the long-term δ15N record in the basin. 

The earlier study is based on the first year and a half of sediment trap δ15N (1993-1994) and 

shows higher δ15N values during a period of upwelling.  The extended time series, however, 

reveals overall lower δ15N observed in association with the spring upwelling season, and 

highlights the importance of multi-decadal time series in interpreting sedimentary proxies. It 
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also provides a mechanism (i.e., seasonal advection) by which the SBB δ15N record reflects 

ETNP denitrification on multiannual timescales.  

 

Only modest differences between core top and deep sediment trap δ15N have been observed 

across the Eastern Pacific margin from Monterey Bay to the Gulf of California (Altabet et al., 

1999; Robinson et al., 2012), including in SBB (Prokopenko et al., 2006). This is reaffirmed 

by our results that show only a small (0.5‰) offset between the deep sediment trap and 

sedimentary δ15N (Supplemental Figure 2), and a comparable record of δ15N increase in the 

two archives (Figure 6). In SBB, an increase in the δ15N of nitrate has previously been 

observed in the water column beneath the depth of the eastern sill and oxic boundary at > 500 

m (Sigman et al., 2003). This is not reflected in the difference in bulk δ15N between the deep 

sediment trap and the sediment core. We therefore conclude that the signal of δ15N flux 

observed in the deep sediment trap is largely preserved in SBB sediments. 

 

4.3 Interannual variability from ENSO and PDO 

4.3.1 ENSO 

No evidence was found for coherent and significant variations in bulk sedimentary δ15N due 

to ENSO variability, with differences in δ15N records between the 1997 and 2015 El Niño 

event potentially attributable to variations in rainfall and terrestrial δ15N inputs (Figure 8; 

Jong et al., 2018; Lee et al., 2018; Sarno et al., this issue; Sweeney and Kaplan, 1980). A 

decrease in sediment trap δ13Corg is associated with both El Niño events. This is consistent 

with an interpretation of sediment trap 13Corg as reflecting a decrease in productivity 

associated with El Niño along the California margin (Figure 8; Supplemental Figure 3; 

Chavez, 1996; Thunell, 1998).  
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4.3.2 PDO and NPGO 

The PDO may have an influence on δ15N records via changes in thermocline depth in the 

ETNP (Deutsch et al., 2011) and in water mass transport (Tems et al., 2015). No clear 

relationship between δ15N and PDO phasing is observed either in our sediment trap record or 

down-core, once the record after 1995 is excluded. Similarly, no relationship is noted 

between δ15N and the more recently defined NPGO Index (Di Lorenzo et al., 2008). The 

sediment trap record of δ13Corg does indicate significantly higher values associated with cool 

PDO and positive NPGO phases over the past 24 years, which again may reflect increased 

upwelling and greater productivity, as shown by previous work (Bringué et al., 2014; Mantua 

et al., 1997; Di Lorenzo et al., 2008; Nezlin et al., 2017).  

 

4.4 Increase in δ15N from the 1990s to present 

A dramatic ~3‰ increase in sedimentary δ15N has occurred in SBB between the 1990s and 

2017, such that sedimentary δ15N in SBB is now unprecedentedly high for the past 2000 

years over which high-resolution δ15N records are available (Wang et al., this issue; Figure 

6). Comparable records from Santa Monica Basin (Figure 9c), Soledad Basin, and Pescadaro 

Basin (Supplemental Figure 2), all capture the beginning of this trend, and reflect changes in 

the ETNP (Deutsch et al., 2014; Tems et al., 2015). The ETNP ODZ has expanded over the 

past few decades (Deutsch et al., 2014; Horak et al., 2016; Stramma et al., 2008, 2010a) and 

the observed increase in δ15N likely reflects an increase in denitrification in the ETNP.  

 

Increases in δ15N are not only associated with an expanding ETNP ODZ, but also oxygen loss 

along the California Margin (Bograd et al., 2008, 2015; Deutsch et al., 2014; Goericke et al., 

2015; McClatchie et al., 2010; Tems et al., 2015), in the Southern California Bight, and SBB 

(Bograd et al., 2008, 2015; Goericke et al., 2015; McClatchie et al., 2010; Tems et al., 2015). 
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Meanwhile, the contribution of Pacific Equatorial Waters to the CUC may be increasing and 

shifting northward (Meinvielle and Johnson, 2014). The combination of an increase in δ15N 

values within the ETNP (Duetsch et al., 2014; Tems et al., 2015), decreased disolved oxygen 

in source waters to the CCC (Bograd et al., 2008, 2015), and an increased equatorial 

influence on CCC waters (Meinvielle and Johnson, 2014) all implicate a southern source for 

the increase in SBB δ15N observed over the past three decades.  

 

In addition to broader regional trends, Goericke et al. (2015) describe a decrease in nitrate 

concentrations in the deep SBB since 1986. Based on quarterly California Cooporative 

Oceanic Fisheries Investigations (CalCOFI) data, biochemical changes in SBB are attributed 

to a decrease in the frequency of the occasional, upwelling-associated flushing events that 

refresh the oxygen depleted region of the basin below the western sill. While, we find no 

direct evidence to link flushing events to the sediment trap δ15N record, a long-term decrease 

in ventilation would also promote increased water column denitrification, and potentially 

contribute to an increasing trend in sedimentary δ15N.  

 

4.5 SBB δ15N records reflect long-term anthropogenic changes 

In order to examine the possibility of anthropogenic forcing as a driver of the recent increase 

in sedimentary δ15N, a modeling exercise was conducted using UVic/MOBI, focused on the 

expected change in δ15N of nitrate in the ETNP since the 1880s. The model uses static wind 

forcing and lacks a resolved Counter Current that transports water poleward along the Eastern 

Pacific margin. Thus the output functions as an estimate of anthropogenically-forced changes 

in the δ15N of nitrate in the ETNP and shows a meaningful increase in δ15N as a consequence 

of anthropogenic CO2 occurring over the past 125 years (Figure 9). The δ15N anomaly of both 

modeled ETNP δ15N flux and the SBB record are similar in magnitude and timing since the 
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1920s (Figure 9). To distinguish this trend from additional non-anthropogenic drivers, the 

modeled trend was removed from the SBB record (Figure 9). Subtraction of this long-term 

trend reveals a mid-century δ15N minimum in SBB similar to that observed in southern 

records such as the Santa Monica Basin (Figure 9c; Deutsch et al., 2014; Tems et al., 2015), 

as well as the decrease of ~1‰ measured from the late 1800s to the 1950s. The mid-century 

minimum described in other records has been linked to decadal-scale variability in Walker 

circulation and trade wind strength, resulting in a contraction of the ETNP ODZ (Cheung et 

al., 2016; Deutsch et al., 2014). Thus, comparison with both neighboring basins and modeled 

ETNP δ15N strongly implies that increasing δ15N in SBB is the product of both decadal scale 

variability (via Walker circulation) and longer-term anthropogenic forcing.  

 

The mid-century divergence between SBB sedimentary δ15N and the records previously 

published by Deutsch et al. (2014) and Tems et al. (2015), suggests a dampening of decadal-

scale variability in SBB and a more anthropogenically-forced record. In the 1990s a global 

shift from “zonal” to “meridional” wind patterns occurred, with the later associated with 

stronger trade winds over the tropical North Pacific, stronger North Pacific gyre circulation, 

and stronger upwelling along the California margin (as reviewed by Oviatt et al., 2015) and 

in the ETNP. Thus, prior to the mid-1990s, a deeper thermocline and smaller ODZ in the 

ETNP may have been accompanied by decreased North Pacific gyre strength and decreased 

upwelling (relative to modern) off of Point Conception. Reduced gyre strength would be 

expected to increase the relative influence of the CCC compared to the CC (Tems et al., 

2105), increasing poleward transport of a high δ15N signal. However, an additional 

mechanism specific to SBB is required to explain the difference between centennial δ15N 

records from SBB and Santa Monica Basin.  
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Upwelling around Point Conception has been shown to block equatorward flow through SBB 

(Hickey, 1992). Therefore, we hypothesize that reduced upwelling off of Point Conception 

could allow greater poleward movement specifically through SBB, providing an additional 

mechanism to obscure a mid-century decrease in δ15N advected poleward from the ETNP. 

Few records are available prior to the 1950s, however, the Pacific Fisheries Upwelling Index 

shows reduced upwelling north of Point Conception at 36°N from the 1960s to the mid-1990s 

when compared to present conditions (Figure 9a). This is roughly coincident with a dominant 

positive PDO phase, and the period of greatest discrepancy between the SBB sediment record 

and the trends observed farther south (Supplemental Figure 4). The well-documented increase 

in Central California upwelling over the past three decades, attributable to anthropogenic 

impacts and/or multi-decadal oscillations (García-Reyes and Largier, 2010; Jacox et al., 

2014; Oschlies et al., 2018; Seo et al., 2012), further supports reduced mid-century upwelling 

compared to the modern day. In parallel, a decrease in the strength of upwelling activity near 

Point Conception would decrease the frequency of flushing events in SBB and increase the 

potential for local denitrification. It should be noted that earlier intervals of decoupling 

between SBB Pescadero Basin δ15N records have also been documented and attributed to 

large-scale perturbations in North Pacific circulation (Wang et al., this issue).  

 

While apparent discrepancies between SBB and other Eastern Pacific Margin sites may pose 

a limitation on the interpretation of decadal-scale variability in the sedimentary δ15N record, 

our findings support an interpretation of the SBB record as reflecting longer term ETNP ODZ 

expansion as proposed by Emmer and Thunell (2000). Moreover, our results indicate that the 

SBB offers a more faithful record of the long-term anthropogenically forced component of 

ETNP denitrification. 
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5. Conclusions 

Stable isotopes of δ15N and δ13Corg from bulk sinking particles display seasonality in their 

flux to the SBB. Sub-annual variability in water column δ13Corg is driven by productivity, but 

the down-core bulk δ13Corg record is subject to rapid alteration in the sediment. Seasonality in 

bulk δ15N reflects poleward advection of the δ15N of nitrate from the ETNP. Applying this 

interpretation to the substantial increase in δ15N observed in sediment trap and core records 

since the 1990s leads to the conclusion that as of 2017, the extent of ETNP denitrification is 

greater than in the past 2000 years. While the long-term signal of sedimentary δ15N appears 

to reflect tropical processes, multiannual (ENSO) to multidecadal variability is partially 

overprinted by the influences of local rainfall and upwelling, making the SBB record distinct 

from neighboring basins. Thus, the record of δ15N in SBB is best interpreted as representing 

long-term trends in the ETNP ODZ. The apparent dampening of decadal-scale signals may 

prove useful in disentangling the influence of anthropogenic forcing on ODZ expansion from 

natural short-term oscillations. The recent increase in bulk δ15N in SBB cannot be explained 

by decadal oscillations or local factors, and likely represents a long-term increase in ETNP 

denitrification driven by anthropogenic climate change.  
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Figure 1. Cartoon depicting the major drivers of δ15N and δ13Corg in SBB. Upward arrows 
indicate sources of δ15N delivered to surface waters, and downward arrows export of δ15N 

and δ13Corg  signals to the sediment. The influence of terrestrial δ13Corg is noted with an 
asterisk. In most systems terrestrial organic carbon would be associated with higher δ13Corg, 

however recent analyses of δ13Corg in local river sediments shows that the terrestrial end 
member may be closer to typical marine values (Sarno et al., this issue). 
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Figure 2. Map of Santa Barbara Basin and the surrounding region, showing the location of 
the sediment trap time series and core location. 
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Figure 3. Conditions in Santa Barbara Basin derived from monthly Plumes and Blooms 
bottle data between 1996 and 2016 plotted by day of the year. Plots show from top to bottom, 
temperature, σT, PO4 concentrations (μmol/kg), and the concentration of NO3 ((NO3+NO2) -

NO2) (μmol/kg). 
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Figure 4. Boxplots of seasonal δ15N flux to the SBB sediment trap. Months that are 
significantly different from one another are denoted by light and dark gray shading (Shapiro-
Wilks; Dunn’s post-hoc test; p < 0.05). The black bar denotes the median in each month and 
the boxes denote the 1st and 3rd quartiles. Superimposed on the boxplot are all available δ15N 
data (gray points) as well as a periodic regression describing observed seasonality (r2 = 0.05, 

p < 0.001). 
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Figure 5. Boxplots of seasonal δ13Corg flux to the SBB sediment trap. The black bar denotes 
the median value for each month and the boxes denote the 1st and 3rd quartiles. Months that 

are significantly different from one another are denoted by light and dark gray shading 
(Shapiro-Wilks; Dunn’s post-hoc test; p < 0.05). Superimposed on the boxplot are all 

available δ13Corg data (gray points) as well as a periodic regression describing observed 
seasonality (r2 = 0.11, p < 0.001). 

  



 

 
© 2019 American Geophysical Union. All rights reserved. 

 
 

Figure 6. Compilation of all sediment trap δ15N (open pink circles), flux weighted annual 
mean sediment trap values (open diamonds) and sediment core values (black circles) from 
1892 to 2017. The error bar shown to the left of data is based on the maximum difference 

between replicate samples. 
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Figure 7. Compilation of all sediment trap δ13Corg (open pink circles), flux weighted annual 
mean sediment trap values (open diamonds) and sediment core values (black circles) from 
1892 to 2017. The error bar shown to the left of data is based on the maximum difference 

between replicate samples. 
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Figure 8. Time series of a) the NPGO index b) the PDO index, c) the Oceanic Niño Index 
(ONI) anomaly, d) terrestrial flux g m-2 day-1 from the SBB sediment trap, e) monthly rainfall 
data for Santa Barbara county (cm), f) δ13Corg, and g) δ15N time series from the SBB sediment 

trap. The error bars shown to the left of δ13Corg and δ15N are based on the maximum 
difference between replicate samples. 

  



 

 
© 2019 American Geophysical Union. All rights reserved. 

 
 

Figure 9. Comparison of (a) annual average upwelling index (PFEL) for 36°N, (b) modeled 
output of anthropogenically-driven changes in the δ15N of nitrate in the ETNP (90°W, 10°N, 

25m; red line) and the combined series of bulk δ15N flux in the SBB sediment core and 
annually flux weighted trap materials (black). Below is (c) the difference between the SBB 

record and modeled output (open black circles on blue) along with data from the Santa 
Monica Basin (closed yellow circles; Tems et al., 2015), which is representative of other 

records from the Eastern Pacific Margin south of SBB. All δ15N records have been subtracted 
from the long-term mean for direct comparison. The period of reduced equatorial trade wind 

activity and upwelling north of Point Conception is denoted by the shaded region. 


