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interannual variations of the
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Barbara Basin during the past
80 years
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Laboratory for Marine Science and Technology, Qingdao, China, sDepartment of Geosciences,
National Taiwan University, Taipei, Taiwan, “Department of Earth Sciences, University of Southern
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Sedimentary nitrogen isotope (§"°Ngeq) in Santa Barbara Basin (SBB) has been
mostly interpreted as the record of the eastern tropical North Pacific (ETNP)
intermediate water denitrification process. Nevertheless, debate remains
regarding sources and control mechanisms of §°Ng.q signal in SBB. Multi-
proxy analyses including 8§°N.q, total organic carbon (TOC), total nitrogen
(TN), C/N ratio, and marine biomarkers were performed on a 46-cm sediment
core (SBB-190629) collected from SBB in 2019. The core was dated with varve
counting and 2!°Pb dating method, showing a depositional history of 1938—
2019 CE with a sedimentation rate of 0.564 cm/year. The findings show that
the 8'°N.eq record (at ~0.25-year resolution) ranges from 6.24%. to 7.43%.,
which was affected by both local and remote forcing. The long-term variations
of the SBB §'°N,q signature show a general decreasing trend from 1940 to the
late 1980s, low values during 1980~2000, and an increase afterward, which is
thought to reflect changes in ETNP denitrification induced by the strength of
tropical trade winds. Our results also reveal a series of abrupt annual to
multiannual changes, superimposed on the long-term variation mentioned
above. The SBB local 8°N signal (A8'°Nggg) is accessed by using the deviation
from the mean &'°N (A8'°N) of SBB-190629 to subtract the A§*°N of the ETNP.
The A8'°Nggg record compares well with redox-sensitive proxies (Re/Mo ratio
and Cyg stanol/stenol ratio) from the SBB bottom water and with the OC,arine
content calculated based on the C/N ratio mixing model, indicating that the
A8®Nsgg is mainly controlled by bottom water denitrification, which was
induced by the change of upwelling intensity and marine productivity. Since
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various climatic factors (e.g., El Niflo—Southern Oscillation (ENSO), Pacific
Decadal Oscillation (PDO), and North Pacific Gyre Oscillation (NPGO)) have
different impacts on the upwelling intensity (hence the marine productivity and
denitrification) in SBB on different timescales, the influence of combined
climatic factors on SBB denitrification is time dependent.

KEYWORDS

85N¢eq Variation, denitrification, Santa Barbara Basin, climatic forcing, Eastern Tropical
Northern Pacific ventilation

1 Introduction

In a marine system under oxygen-deficient conditions, e.g.,
eastern tropical North Pacific (ETNP), microbial activity
converts bioavailable nitrate (NO3) to nitrogen (N,) via the
denitrification process. The intensity of the oxygen-deficient
zone (ODZ) controls water column denitrification, as nitrate
becomes the favorable electron acceptor after dissolved O, is
exhausted during microbially regulated organic carbon (OC)
remineralization (Altabet et al., 1999; Ward, 2011; Horak et al.,
2016; Margolskee et al., 2019). During the denitrification
process, N is preferentially removed from the water column,
and '°N is progressively enriched in the remaining nitrate pool
(Altabet, 2006; Davis et al., 2019; Wang et al., 2019). Therefore,
with a stronger ODZ, the water column denitrification is
stronger, which creates a more positive 8'°N of the water
column. The 8N, ae-enriched water from the ODZ is
upwelled into the photic zone and incorporated into
phytoplankton. After the death of the phytoplankton, the
organic matter with a high 8"°N signal via sinking particles is
preserved in the marine sediment (Rayner et al., 2003; Wang
et al, 2019). Under the circumstance of complete nitrate
utilization (biological fractionation effects are negligible) and
the absence of sedimentary diagenesis, such changes can be
recorded in marine sedimentary 8N (§'°N,.q) (Altabet et al,
1999; Emmer and Thunell, 2000; Thunell and Kepple, 2004;
Ward, 2011; Horak et al., 2016; Davis et al., 2019; Margolskee
et al,, 2019; Wang et al., 2019; Sanchez et al., 2022). Hence, in
regions where these conditions are met, 8" Neq is accepted as a
proxy for the integrated rates of denitrification and the volume
of the ODZ: when the ODZ is expanded and the water column
denitrification is intensified, the 8'°Ny.q increases (Emmer and
Thunell, 2000; Tems et al., 2015; Horak et al., 2016; Davis et al.,
2019; Wang et al., 2019; Sanchez et al., 2022).

Santa Barbara Basin (SBB; Figure 1A) is located between the
California Coast to the north and the Channel Islands to the
south, particularly in the Southern California Bight (Emmer and
Thunell, 2000; Hendy et al., 2015; Osborne et al., 2016; Davis
et al, 2019; Wang et al., 2019). It is a shallow nearshore basin
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with a maximum depth of ~600 m. The basin is bordered with
narrow sills to the west (~475-m depth) and east (~230-m
depth), which further reduces ventilation combined with the
re-mineralization of organic matter, creating an anoxic water
environment (dissolved oxygen<0.1 ml/L) below the sills
(Emmer and Thunell, 2000; Bograd et al., 2002; Goericke
et al., 2015). The high sedimentation rate and anoxic
depositional environment minimize bioturbation, creating
high-resolution and low sedimentary diagenesis records in SBB
(Hendy et al., 2015; Sarno et al., 2020). A minimal (<1%o) offset
between the sediment trap 8'°N time series and down core
8'"Nieq records in SBB provides further support that diagenetic
isotopic alteration on §'°N4 is negligible (Altabet et al., 1999;
Emmer and Thunell, 2000; Davis et al., 2019; Wang et al., 2019).
Furthermore, previous studies show that nitrogen utilization is
complete in SBB surface waters throughout the year except in
spring. During the spring, a large amount of nutrients is brought
by upwelling, which may affect nitrogen utilization in the surface
water. However, all of the upwelled nitrate is completely utilized
on interannual scales (Emmer and Thunell, 2000; Davis et al.,
2019). Therefore, 8'°N,.q from the SBB records the variation of
8'°N in the water column and is a good potential indicator of
changes in ODZs and water column denitrification on longer
than annual scales in the past.

The 8N (and 8'°N ) value of the water column
(sediment) in SBB is affected by several factors. In near-surface
circulation (upper 100 m) of SBB, the interaction between the
cold southward flowing California Current (CC) and relatively
warm northward flowing countercurrents (Davidson current)
creates a semi-permanent cyclonic gyre. Annual variations in the
strength of the two surface currents under climatic forcing such
as El Nino/La Nifa and Pacific Decadal Oscillation (PDO)
strongly affect the degree of upwelling, thermocline depth, and
biological productivity within the basin and in turn influence
water column denitrification and 8N value (Liu and Kaplan,
1989; Tems et al., 2015; Davis et al., 2019; Wang et al., 2019).
Between depths of 100 and 400 m, the highly saline, anoxic, and
8'°N-enriched waters originating from the ETNP zone are
deflected to SBB through the California Undercurrent (CUC)
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FIGURE 1

(A) Map of Santa Barbara Basin and the surrounding region, showing sampled and referred core locations in Santa Barbara Basin (SBB). Red
circle (@), core SBB-190629 (this study); blue circle (@), core SPRO901-03KC from Wang et al. (2019); orange circle (@), core SBB-MC1-DB from
Davis et al. (2019). Major currents are mentioned in the text. (B) Locations of core sites along the North American margin are referred to in this
study. Red circle (@), Santa Barbara Basin core location in this study. Purple circle (@), Santa Monica Basin core location from Davis et al. (2019).
Green circle (@), Soledad Basin core location from Deutsch et al. (2014). Black circle, Pescadero Slope core location from Deutsch et al. (2014).

Red box indicates SBB region and is enlarged in panel A.

(Figure 1A). The ETNP has the largest volume of low-O, waters
of all ODZs along the equator to mid-latitude in the
northeastern Pacific (Horak et al,, 2016); fluctuations of the
intensity of denitrification in the ETNP are reflected on water
8"°N and advected to SBB. Compared with the denitrified water
from ETNP, CC input with lower 3N is considered a relatively
stable end-member on decadal scales in the nitrogen isotopic
mass balance of the SBB input water. Therefore, in this study, the
ETNP §"°N variation represents the distal signal (or remote
forcing) in SBB 8'°N budget. Finally, the SBB bottom waters
(>475 m) are derived from North Pacific Intermediate Water
(NPIW), which periodically flows over the deepest sill and
further complicates the water column oxygen content and
denitrification in SBB.

Previous studies have focused on the SBB §'°N.4 records as
the distal signal of ETNP denitrification. However, some studies
show that variation of 8'°N.q in SBB is associated not only with
the change of ETNP ODZ but also with oxygen loss along the
California Margin (Liu and Kaplan, 1989; Emmer and Thunell,
2000; Deutsch et al., 2014; Tems et al., 2015; Davis et al., 2019).
In the study of Davis et al. (2019), the 8"N,.q record of core
SBB-MCI1-DB (Figure 1A) covering a sedimentary history of
1892-2017 CE was used to examine the decadal-scale variability
(via Walker Circulation) and long-term anthropogenic forcing
to 8'°N signals; the difference of 8"°Nieq between ETNP and SBB
was the result of anthropogenic forced changes; however, factors
of regional oceanography may be a candidate but ignored. Wang
et al. (2019) combined 8"°Ny.q records (SPR0901-03KC in
Figure 1A) of the SBB with additional productivity proxies to
assess local and remote forcing of denitrification in the
Northeast Pacific for the last 2,000 years. They suggest that
wind curl upwelling (local signal) contributes to Southern
California’s primary productivity and denitrification process,
especially during weak coastal upwelling intervals. However,
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the resolution and chronological coverage of the core
SPR0901-03KC §'°N,.q record was not able to compare with
instrumental climatic records. Furthermore, recent studies have
identified an increase in water column denitrification in the
bottom waters of SBB (Goericke et al., 2015; White et al., 2019),
and the 8'"°N signal could be transported into the upper water
column via eddy diffusion and upwelling. Hence, understanding
of 8'°N variation on annual-to-decadal timescales and its
influencing factors in SBB requires further investigation.

The present study aims to detect the local §°N signal from the
8" Nieq record and understand the role of climatic fluctuations
and oceanic upwelling on interannual §'"°N variations in SBB. To
do this, a 46-cm-long sediment core spanning 80 years of
depositional history was sampled at a high resolution (every
~0.25 years) and analyzed for nitrogen isotopic signature. The
local §'°N signals are separated from the bulk §'°N,.q throughout
the comparison with the distal 8'°N signals of the ETNP
denitrification records published in the previous literature.
Then, the variation of the SBB local A§'*N (A8"°Ngpg) signals is
compared with several geochemical parameters {(Re/Mo)gg, Cyo
stanol/stenol ratio, marine OC, marine biomarkers} to understand
changes in redox condition, O, content, and productivity in SBB.
The role of climatic indices such as PDO, North Pacific Gyre
Oscillation (NPGO), and El Nifio-Southern Oscillation (ENSO)
as influencing factors in shaping 8'°N,.q signatures of the SBB is
comprehensively discussed.

2 Methods
2.1 Core SBB-190629 and sampling

Core SBB-190629 (34°13.4'N, 119°58.99'W; 583-m depth)
was collected on board the RV Oceanus by a multi-core device
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from SBB on 29 June 2019. The core was 46 cm long and
contained clear laminations (Figure 2A). It was split in half and
kept in a cold room at 4°C in the Department of Earth Sciences
at the University of Southern California (USC). Half of the core
was transported to the Department of Geosciences at the
National Taiwan University (NTU) in February 2020. During
the transportation, the sediments were contracted from 46 to
35 cm. Therefore, sampling depths were calibrated back to the
original depths (Figure 2B). In Figure 2A, the depth scale of
the core was the original depth. In Figure 2B, the depth scale of
the core was the depth of the core at sampling time. The original
depth of the core changed from 46 to 35 cm after the
contraction. However, the main features of the color changes
in the core sediments remained. Therefore, the depth
correlations were able to be established (see the dashed
lines in Figures 2A, B). With the correlated controlling
depths, the relationship between sampling depth (D;) and
original depth (Do) was D; = 0.1408 + 0.6193 x Dy + 0.0037 x
D} (R* = 1.00).

The half core was subsampled at a 1-cm interval for *'°Pb
dating and biomarker analysis and then subsampled at a 2-3-
mm interval (roughly four samples within 1 c¢cm) for fine-
resolution total organic carbon (TOC), total nitrogen (TN),
and 8"°N analyses. A total of 160 subsamples had been
obtained. All sediment samples were freeze-dried by a freeze
vacuum dryer (model EYELA FDU-1200), then ground, and
mixed well. All dried samples were stored in a refrigerator at 8°C
until analysis.

10.3389/fmars.2022.982051

2.2 2%pp dating

A total of 22 horizons of the core were analyzed for *'°Pb
dating through a high-resolution ORTEC GEM-FX8530P4
gamma spectrometer with a 10-cm-thick low-background lead
shield in the NTUAMS Lab at NTU. The energy of 210pp, 226Ra,
214ph and 2Bi peaks in the gamma spectrometer was at 46, 186,
351, and 610 keV, respectively. Each dry sample (weighing
ranging from 5 to 10 g) in a plastic sample container was
placed on top of the detector. Counting efficiency, geometry,
and density effects of the detector were calibrated by various
standards. Supported *'°Pb activity was determined by either the
*?6Ra activity or activity of (***Pb + *'*Bi)/2 in the sample
measurements (Li et al., 2019). The excess '°Pb equals total
19Pb activity minus either *°Ra activity or activity of (*'*Pb +
214Bi)/2. The results are shown in Figure 2C and listed in
Supplementary Table S1.

2.3 Total organic carbon, total nitrogen,
and 8N analysis

Sediment samples were taken at 2-3-mm intervals for TOC,
TN, and §"°N analyses. The samples were treated with 0.5 mol/L of
HCI for removal of carbonates and subsequently rinsed with Milli-
Q water repeatedly until a pH of 7 was reached. After that, the
samples were centrifuged to remove water and then oven-dried at
50°C for 48 h. Then, a small amount (approximately 5-10 mg) of

A B c 210pp activity (Bq/Kg)
SBB-190629 0 200 400 600 800 1000 1200
0 0 O b b L b e 2019
{ 1 * Total 2'%Pp r
1 * Excess 2'°Pb by2%Ra r
4 a Excess 2'Pb by 214pp4+214Bj t
10 t 2001
52 20 1983 <
@
£ 1 [ E]
% 4 F —_—
g2 i I o
304 - 1966
] —— y = 1226.8%¢ 00551 16x L
40__ R?=0.989 L 1948
] SR =-0.0311/-0.055116 = 0.564 cm/yr |
P g 1839

FIGURE 2

Photos and 2°Pb profile of core SBB-190629. (A) Photo of the core before transportation to National Taiwan University (NTU). (B) Photo of the
core after transportation to NTU. (C) !°Pb profile. The constructed ages are shown on the right-hand side of the plot. Red line represents the

fitting curve.

Frontiers in Marine Science

04

frontiersin.org


https://doi.org/10.3389/fmars.2022.982051
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Xu et al.

samples were taken and placed in a tinfoil boat and analyzed for
TOC and TN contents with an Elemental Analyzer FLASH 2000 at
Ocean University of China (OUC) with a standard deviation of
+0.02 wt.% (n = 6), determined by replicate analysis of atropine
(Thermo Fisher Scientific, Breda, Netherlands) and a low organic
content soil (Elemental Microanalysis Ltd., Okehampton, UK).
Other 0.5~1 mg samples were placed in a tinfoil boat and
analyzed for 8"°N on EA-IRMS (FLASH EA 1112 series coupled
with Thermo Fisher Delta V continuous flow isotopic ratio mass
spectrometer) at OUC. Measured 8'°N values were calibrated
against nitrogen isotope standards N-1 (§'°N = 0.40%o) and
USGS-40 (8"°N = —4.52%o).

515N = [(15N/14Nsample)/(ISN/MNsmndard) - 1] x 1,000 (1)

The precision of the §'°N measurements is reflected by the
standard deviation of the duplicated N-1 and USGS-40
measurements, which is less than +0.10%o (n = 6). The results

10.3389/fmars.2022.982051

of TOC, TN, and 8"N are shown in Figure 3 and listed in
Supplementary Table S2.

2.4 Biomarker analysis

Total lipids were extracted from freeze-dried sediment
samples (0.15-0.25 g) by using a dichloromethane and
methanol (3:1 v/v) mixture utilizing ultrasonication (15 min).
After that, an internal standard mixture containing Cy9 n-
alkanol and n-C,4D5, was added to the samples. The total
lipid extracts were extracted by centrifuge. The extracts were
then hydrolyzed with 6% KOH in MeOH. The non-polar lipid
fractions were eluted with 8 ml of hexane using silica gel
chromatography and then subsequently dried under a gentle
N, stream. The alcohol lipid fractions (containing marine
phytoplankton biomarkers) were further eluted with 12 ml of
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FIGURE 3

TOC, TN, and 8*°N variation of the core SBB-20190629. (A) 8'°N variation in core SBB-190629. (B) Total organic carbon (TOC, wt.%) and total
nitrogen (TN, wt.%) records from SBB-20190629. (C) C/N atomic ratio (atom ratio of TOC/TN)
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dichloromethane and methanol (95:5, v/v), dried under a gentle
N, stream, and derivatized using N,O-bis(trimethylsilyl)-
trifluoroacetamide (BSTFA) at 70°C for 1 h before
instrumental measurements. Biomarker quantification was
performed on an Agilent 6890N GC with a flame ionization
detector (FID) (Li et al., 2014). The biomarker contents were
plotted in Figure 4A and listed in Supplementary Table S3.

2.5 Data processing and sources

Ancillary hydrologic data over the period 1953-2018 CE
were collected from the California Cooperative Oceanic
Fisheries Investigations program (CalCOFI) as described at
http://calcofi.org. Determinations as to the phase and state of
PDO were available at http://jisao.washington.edu/pdo/PDO.
The climate indices of ENSO represented by the Nifio 3.4
region (5°N-5°S, 170°W-120°W) are available at https://www.
esrl.noaa.gov/psd/gcos_wgsp/Timeseries/. The NPGO index by
Di Lorenzo et al. (2008) is available at http://www.o3d.org/

npgo/.

2.6 Statistics

The temporal changes of TOC, TN, and §'°N over time were
assessed using the sequential t-test analysis of regime shifts
(STARs) (Rodionov, 2004; Rodionov and Overland, 2005;

25 T T T T

10.3389/fmars.2022.982051

Howard et al., 2007; www.BeringClimate.noaa.gov). The
STARs use a t-test analysis to determine whether sequential
records in a time series represent statistically significant
departures from mean values observed during the preceding
period of a predetermined duration. The cutoff length (1) is set to
30 years, and the probability level to o = 0.1.

The Adjacent-Averaging filter smooth was used to remove
noise from signals by OriginPro8.0 software; for example, the
measured 8'°N and marine OC have smoothed 5 points of
window. Geochemical data were interpolated to obtain evenly
spaced time series using OriginPro8.0 software prior to statistical
analyses. The rule of interpolation is according to the resolution
of data; as the result of the different resolutions of this study to
others, all records are interpolated to annual resolution. When
all of the data were adjusted to the same resolution, IBM SPSS
Statistics software was further used for correlation analysis.

3 Results
3.1 Chronology of the core

The chronology of core SBB-190629 was determined by *'°Pb
dating through a gamma spectrometer. In the ***U->*°Pb decay
series, **°Ra (T,,, = 1,600 years), 24pp (T, = 26.8 min), and
>MBi (Ty,, = 19.9 min) are the parents of '°Pb (T, = 22.3 years).
If sample material is formed more than 200 years ago, its **°Ra
and '°Pb activities reach secular equilibrium (i.e., the activities

Total (A+B+D)

51B

Brassicasterol (B)
= Dinosterol (D)
——— Alkenones (A)

Total biomarker content (pg/g)

Biomarker content (ng/g)

A .
~ 3.00 4 ——Marine OC -2
B
£ 2254 \
g
2 1.50 -
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B
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FIGURE 4

(A) Variation of marine organic carbon (OC) calculated by C/N atom ratio in core SBB-190629. Content of marine biomarkers was expressed in
ug per g dry sediment (ug/g). (B) Total marine biomarkers calculated by A + B + D. (C) Variation of individual marine biomarkers: Brassicasterol

(B), Dinosterol (D), and Alkenones (A).
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are equal). Similarly, after the sample formation is more than 1
day, its 2l4pp. 2B and 2'°Pb reach secular equilibrium.
Therefore, we can use **°Ra, *'*Pb, and *'*Bi to obtain the
supported *'°Pb. Excess 2'°Pb comes from ***Rn (T, = 3.8
days) decay in the atmosphere and precipitates on Earth through
wet and dry fallouts. As excess *'°Pb deposits on the Earth's
surface, its decay timer starts to count. Therefore, excess 210pp in
a sediment sequence exponentially decreases with time (or depth)
(Li et al., 2019):

210y, _210 Pby % oM 210 Pby % o~ AD/SR

@)

where D and SR represent depth and sedimentation rate,
respectively. The slope of the Ln *'’Pb-D plot should yield a
linear sedimentation rate (SR) (Appleby and Oldfield, 1992).
Figure 2C shows the excess *'°Pb decay trend with the core
depth. Because the excess *'°Pb activity is much higher than the
supported 2'°Pb activity, the decay trends of excess *'°Pb and
total >'°Pb are very similar. With the use of ***Ra or (*'*Pb +
>14Bi)/2 as supported >'°Pb for calculation of excess *'°Pb, the
fitting results are similar. Considering *'*Pb and *'*Bi can
quickly reach secular equilibrium with 2'’Pb, we choose to use
the excess *'°Pb calculated from the total *'’Pb minus (*'*Pb +
214Bi)/2. An equation of y = 1226.8 x e “9%°"'®" is obtained by
using exponential fitting of the excess >'’Pb with depth. The
estimated SR in SBB-190629 is 0.564 cm/year (Figure 2C). Based
on this SR, the 46-cm-long core would cover about 80 years of
depositional history. With the use of the SR of 0.564 cm/year, the
age of each depth can be calculated assuming the age of the top
sediment was 2019 CE.

3.2 8™N, total organic carbon, and total
nitrogen variation of core SBB-190629

The 8"N,.q in core SBB-190629 varies from 6.24%o to
7.43%o (Figure 3A). The variation of 8""Neq fluctuated
between 6.70%o0 and 7.20%o from the late 1930s to the 1960s
and then became higher during the 1970s with an average of
7.14%o. After that, a decline in 8'*N.q of ~1%o was evident from
the mid-1980s to the mid-2000s. After that, the 8"’ N.q value
increased sharply in the mid-2000s and reached 7.30%o in
2015-2016.

The TOC of the samples varies from 3.37 to 6.19 wt.%
(Figure 3B, blue). A decrease to approximately 2 wt.% occurred
between the late-1930s and mid-1980s. The TOC further
decreased with an average of 4.28 wt.% between the mid-1980s
and mid-2000s. A sharp increase in TOC with a maximum at
6.19 wt.% was evident since the mid-2000s.

Sedimentary TN consists of organic nitrogen (ON) and
inorganic nitrogen (IN). The TN of sediments in core SBB-
190629 fluctuates between 0.38 and 0.64 wt.% (Figure 3B, green).
The variation trend of TN is similar to that of TOC.
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According to the results of STARs analysis, the regime shifts
of TOC, TN, and §'°N approximately appear at the same time:
1965~1970, 1978~1985, and 2005~2010 (Figure S1). In general,
the variation of TOC, TN, and §"°N roughly displayed similar
temporal trends.

3.3 Marine organic carbon calculated by
C/N and marine biomarkers

The C/N ratios (atom ratio of TOC/TN) in core SBB-190629
vary from 9.73 to 12.61, with an average of 10.53 (Figure 3C).
Although both marine and terrigenous origins of organic
matters could contribute to the sediments in the coring site,
the good correlation between TOC and TN (Figure 3) suggests
that the majority of the organic matters in the sediments came
from the similar source. For the linear equation of TN = 0.092 *
TOC + 0.081 (R* = 0.81, p< 0.01) (Figure S2), the intercept
represents the average 0.081 wt.% of IN in the TN, which may be
from terrestrial clay-bound N (Miiller, 1977; Schubert and
Calvert, 2001; Hu et al., 2013; Hendy et al.,, 2015; Wang et al,,
2019). Compared to the average TN of 0.48 wt.% in SBB
sediments, the IN accounts for about 16.9% of TN, so its
interference is minor.

The C/N ratio has been utilized for assessing the source of
organic matter. Generally, the C/N ratio of algae ranges from 4
to 10 (Thornton and McManus, 1994; Lamb et al., 2006), while
the C/N ratio of approximately 20 indicates terrestrial vascular
plant input (Meyers, 1997; Schubert and Calvert, 2001). A two-
end-member mixing model was employed to estimate the
relative contributions of OC from marine and river in the

SBB sediments.
(C/N)sample:fterrestriulx (C/N) terrestrial+fmurinex (C/N)marine (3)

(4)

The terrestrial end-member is based on the mean values of

fterrestriul +fmarine =1

the particular matter samples collected near Santa Clara River
(C/Nierrestrial = 13.07), which is the main terrestrial source of the
SBB sediments (Masiello and Druffel, 2001; Komada et al., 2004).
The average C/N ratio of phytoplankton is 7 for the marine end-
member (Lamb et al, 2006). The OCarine is calculated by
multiplying the sediment proportion of marine by TOC; the
trends are shown in Figure 4A. According to this calculation, the
average values of OCparine content and fiarine are 1.83 wt.%
(ranging from 0.39 to 2.76 wt.%) and 41% (ranging from 12% to
55%), respectively. Compared with the average TOC content of
4.31 wt.%, the OC,p,rine proportion in the TOC is generally less
than the OCierrestrial, agreeing with the previous studies (Thunell,
1998; Hendy et al., 2015).

Brassicasterol (B) and Dinosterol (D) are major marine
sediment biomarkers in SBB derived predominantly from cell
membrane components of diatom and dinoflagellate among
phytoplankton, which further reflect the corresponding
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phytoplankton biomass in the euphotic layer (Volkman, 1986;
Volkman et al., 1998; Xing et al, 2016). Alkenones (A) are
another major lipid component that originated from
haptophytes. Hence, the sum of Brassicasterol, Dinosterol, and
Alkenones (B + D + A) can be successfully utilized for evaluating
primary productivity (Schubert et al., 1998; Xing et al., 2016).
The biomarker contents of the three lipid biomarkers are
depicted in Figure 4B. Brassicasterol and Dinosterol contents
gradually increased before the 1970s, slightly decreased after the
1980s, and increased again from the 2000s, consistent with TOC
and OC,arine Variations. Alkenone content decreased gradually
over the last 80 years, despite a slightly high value in the late
1950s and early 1970s. The sum of the three biomarkers shows
decadal variations and a strongly increasing trend from 2010
onward (Figure 4C).

4 Discussions

4.1 The influence of N signals
transported from the eastern tropical
North Pacific on Santa Barbara Basin

As mentioned above, surface water inputs to SBB have
different 8'°N with heavier 8"°N of CUC originating from
ETNP and lighter '°N of CC. In order to provide evidence of
high 8'°N waters from ETNP that could be advected to Southern
California via CUC to influence the water §"°N along the
Southern California Coast, we collected integrated §'°N of
nitrate (Sigman et al., 2003; Sigman et al., 2005) and salinity
data sets of water samples within 100-400 m from the California
Coast to the southern tip of Baja California (Van Geen, 2001).
Figure S3 shows a strong positive correlation (R* = 0.97) between
8'°N and salinity, and the highest §"°N and salinity in the
southern tip of Baja California decreased to the lowest 8'°N and
salinity near SBB. The conservative behavior of §'°N with
respect to salinity demonstrates the ETNP influence on the
water along the California Coast. Although the CUC is the
strongest in fall, Liu and Kaplan (1989) found a similar
correlation between §'°N and salinity along the California
Coast water in the summer. In addition, as already noted,
8"°N,eq from the SBB records the variation of 8'°N in the
water column; therefore, a positive correlation between 8N
from an SBB box core (SPR0901-04BC, Figure 1A) and
measured salinity at the core of CUC (68 = 26.4-26.5) from
the CalCOFI during the last 50 years was verified by Wang et al.
(2019) to support the influence of ETNP high 8'°N on SBB.
Thus, ETNP water is an important source of enriched 8" *Nyirate
transported to SBB with the CUC.

Another test to demonstrate the ETNP §'°N influence on the
8"°N signal in SBB is to use 8"°Ny.q in ETNP to compare with
the SBB §'°Ng.q. The 8"°N.q record of core SBB-190629 is
compared with the §'°N.q records at three sites along the North
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American margin (Figure 5). The Pescadero Slope and Soledad
Basin sites (Figure 1B) are within the anoxic zone in the ETNP
(Deutsch et al., 2014). Adjacent to SBB, the third site in Santa
Monica Basin (SMB, Figure 1B) is >1,000 km north of the anoxic
zone but physically connected via the coastal undercurrent
(Deutsch et al, 2014). Basically, the 8"’ N4 records at the
Pescadero Slope and Soledad Basin sites reflect the strongest
influence of the ETNP §'°N (or the distal 3'°N signal), whereas
the SBB and SMB sites are farther away from the ETNP
influence. Despite the four cores having their own
chronologies, the comparisons shown in Figure 5 reveal that
1) 8"°N,eq records (except the SBB 8'°N,.q) showed a general
decreasing trend from the late 1930s to ~1980. All four records
showed relatively low values during 1980~2000 and then
increasing trends after 2000. 2) The §'°N,.q values became
lower from the south site to the north site, indicating that the
mixture from the ETNP §'°N becomes weaker with increasing
distance from ETNP. The latitudinal and chronological
comparisons of the 8'°N,.q records at the four sites along the
Eastern Pacific margin exhibit that the 8"°N,.q have recorded
primarily large-scale oceanographic changes originating in the
water column, and the water with the ETNP 8°N signal can
reach as far as the SBB, implying that the distal §'"°N signal
should be distinguished from the local §'°N signal in the SBB
8"Nyeq. The visible dissimilarities on short timescales between
the SBB 8'°N.q record and other §'°Ng.q records further
validate the local 8'°N signal interference. Below, we discuss
the determination of the local '°N signal in the SBB §'"°N.q.

4.2 Estimation of the local 8*°N signal in
Santa Barbara Basin

To distinguish the local '°N signal in SBB, the 8'°N,.q of
Pescadero Slope and Soledad Basin belonging to the anoxic zone
of ETNP were treated to represent the ETNP §'°N variability
(Deutsch et al., 2014). These two records from 1935 to 2010 were
selected to keep the same timescale for this study. The §"°N
anomalies (A5'°N) of ETNP were calculated by the individual
8'*Ngeqa value by subtracting the mean 8'°N value over
1935~2007 of each site and then averaging them. Figure 6A
shows the ETNP A8"N record (blue curve with shaded error
area) during 1935~2007. In order to confirm the representative
of the ETNP §'°N signal, we compared the simulated changes in
8'"°N (Figure 6A, green curve) using an ocean general circulation
model (GCM) by Deutsch (2014) with our result. The modeled
8"°N record was based on numerical simulations of the cycle of
N and its isotope cycle in the ETNP anoxic zone (125°W to
coast, 5°N to 25°N) during 1959~2005. The result shows that
decadal variations in the model predicted 3"°N of particulate
organic N sinking into the anoxic zone, which closely matches
the sediment proxy data in both amplitude and timing. The
reliability of the calculated ETNP 8"°N signal is verified.
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Bulk organic 8*°N from four sediment core sites along the North American margin: Soledad (Deutsch et al., 2014), Pescadero (Deutsch et al,,
2014), Santa Monica Basin (Davis et al,, 2019), and Santa Barbara Basin (this study). Locations of core sites are showing in Figure 1B.

Similarly, the A8"’N (8'°N anomaly, deviation from the
mean 8'°N of 1935~2007) record for the SBB 8'°N,.q record
was obtained. By subtracting the ETNP A8'°N from the SBB
A8" N, the local AS'°N in SBB (A8'°Ngpp) was produced, shown
in Figure 6B (red curve). Note that the local anomaly signals are
only accessible from 1938 to 2007 owing to the lack of
availability of the ETNP A8"°N since 2007. In Figure 6B, the
A8 Ngpp record ranges from —0.5 to 0.6, and the difference
between the maximum and minimum value is 1.1, roughly equal
to the change of bulk A8N (1.2); therefore, the local effect of
8"°Nyeq is not insignificant. In addition, there are differences in
the trend of A§"*Nggp and bulk A8"°N; the A§'°Nggg appeared in
decadal variations with a general increasing trend from 1945 to
the late 1970s and a decreasing trend afterward. The outstanding
peak of the A8"’Nggy is during 1965~1978. In the following
sections, we will discuss the causes of the variations in
the AS" Nggp.

4.3 Forcing factors on local AN signal
variation in Santa Barbara Basin on
interannual timescales

4.3.1 Changes in the strength of bottom water
denitrification in Santa Barbara Basin

The main influencing factors for the A8 Ny fluctuations
are i) incomplete nitrate utilization, ii) terrestrial input, and iii)
bottom water denitrification. First of all, in Section 3.3, we have
demonstrated that the IN accounted for 16.9% of the TN
on average in the sediments. This IN mainly from terrestrial
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clay-bound N (Hendy et al, 2015; Wang et al., 2019) has
little influence on the SBB 8'°N .q. How the influence of
terrestrial input of organic N is compared with TN from the
water column in SBB remains unclear. Secondly, the additionally
isotopic variability arising from incomplete surface nutrient
utilization is insignificant in magnitude and also confined to
seasonal timescales (Emmer and Thunell, 2000; Davis et al.,
2019). Therefore, Factors i) and ii) may have minor impacts on
the A8"Ngpp fluctuations on interannual timescales. In this
present work, bottom water denitrification is thought to
majorly impact local 3'°N variability. Denitrification in the
anoxic waters and sediments in a semi-closed environment of
SBB has been well documented in historic and modern records
(Emmer and Thunell, 2000; Bograd et al., 2002; Goericke et al.,
2015; Davis et al,, 2019). SBB is influenced by Southern
California eddy, which through strong vertical advection
enhances water mixing (Chenillat et al., 2018). Chung (1973)
reported a **’Rn-based estimate of 3.9 cm?/s for vertical eddy
diffusivity in SBB, which yields a rough mixing time of 0.6-0.8
years for the basin water, implying significant and rapid water
exchange across the bottom water and the overlying water
(Sigman et al, 2003). In addition, tight correlations were
observed between our A8'*Nggy record and local redox proxies
(Re/Mo ratio and C,, stanol/stenol ratio), which document SBB
bottom water O, condition (see the detailed discussion as
follows), providing evidence that SBB local denitrification
process affects sediment §'°N signal.

Molybdenum (Mo) and rhenium (Re) are redox-sensitive
elements and can be accumulated in marine sediments beneath
O,-depleted waters. However, authigenic Mo precipitation
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only proceeds in the presence of free HS™ water, which is
considered a more reducing environment compared with
authigenic Re precipitation (Crusius et al., 1996). Thus, a
decrease in sedimentary Re/Mo indicates the pore water shift
from slightly to strongly reducing sulfidic environments
(Crusius et al., 1996; Wang et al., 2017). In anoxic marine
environments such as SBB, Re/Mo ratio in marine sediments is
used to indicate changing redox conditions at the time of
sediment deposition, with a higher Re/Mo ratio reflecting
lower redox potential, or enhanced ODZ and denitrification
degree and vice versa (Wang et al., 2017). Wang et al. (2017)
measured total Mo and Re concentrations in the sediments and
calculated enrichment factors for Re/Mo {(Re/Mo)gg; 3-year
resolution)} in SBB from 1759 to 2008. In order to compare
with this record, a linear extrapolation was used to obtain
annual resolution by using Origin software. The A3'°Ngpp
record of core SBB-190629 was compared with the (Re/Mo)
g record (Figure 7B) of core SPR0901-04BC, showing a strong
negative correlation (r = -0.49, p< 0.05) which demonstrates
that the A8'*Ngpp was controlled by redox conditions.
Another redox-sensitive proxy in SBB is the C,o stanol/
stenol ratio, as the 50/(H)-stanol/A5-stenol ratios increase
through microbial conversion under anoxic conditions by the
reduction of sterol A5 double bonds to 50/(H)-stanols (Rosenfeld
and Hellmann, 1971; Eyssen et al., 1973). Thus, the C,o stanol/
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stenol ratio is used as an indicator of redox conditions related to
oxygen availability in the sediments and bottom waters of the
SBB, with a higher Cy,y stanol/stenol ratio reflecting lower redox
potential, stronger anoxia, and denitrification and vice versa
(Alfken et al., 2020). Alfken et al. (2021) used a matrix-assisted
laser desorption/ionization coupled to Fourier transform-ion
cyclotron resonance-mass spectrometry (MALDI-FT-ICR-MS)
to measure Cyq stanol/stenol from 1900 to 2009 (Figure 7C). We
take the part of 1935-2009 for the comparison. In Figure 7, a
general positive correlation between the C,o stanol/stenol ratio
and A8"°Ngpp records further suggests that the change of
A8"Nggp represents SBB bottom water denitrification. Note
that the C,q stanol/stenol record was a few years ahead of the
A8"Ngpp record, which might be caused by chronological
uncertainties or other unknown reasons. After the C,y stanol/
stenol record was moved 5 years later, the positive correlation
between the two records reaches the highest (r = 0.61, p< 0.01).

In summary, Figure 7 illustrates that the variations of the
A8" Ngpp record reflect changes in bottom water denitrification
in SBB, with an increased A3'°Ngpp indicating reduced oxygen
content and enhanced denitrification. According to the
A8""Ngpp record, the bottom water denitrification increased
generally from 1945 to the late 1970s and then decreased at
around 2000. The mechanisms controlling denitrification in SBB
are discussed in detail as follows.
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4.3.2 The effect of upwelling and marine
productivity on the variation of Santa Barbara
Basin local "N signal

As mentioned earlier, denitrification in SBB bottom water
can be affected by 1) oxygen consumption of OC, which is
related to marine productivity, and 2) O, input by flushing water
from north of Point Conception, which are tightly connected
with the local upwelling process. Variability of the upwelling
north of Point Conception has been monitored since 1946 and
can be described by the Pacific Fisheries Upwelling Index (PFEL)
at 36°N (Davis et al,, 2019). Upwelling provides nutrients to
support phytoplankton growth in SBB (Checkley and Barth,
2009); stronger upwelling will cause higher productivity and
result in higher marine OC (Wang et al., 2019). The general
trend of marine OC (Figure 4) shows significant variability on a
decadal timescale. The averages and standard deviations during
1937~1966, 1966~1982, 1982~2007, and 2007~2010 were 1.87 +
0.16 (n = 61), 2.03 + 0.27 (n = 23), 1.53 + 0.42 (n = 47), and 2.10
+ 0.50 (n = 19) wt.%, respectively. The average and standard
deviation during 1937~1966 indicate that the OC,ayine had a
small variation and was close to the average (1.83 wt.%) of the
entire record. High contents prevailed during 1966~1982, and
low OCjparine contents occurred during 1982~2007. However,
the OCjarine record may involve a diagenetic effect. Marine
biomarkers are considered an effective proxy for their resistance
to sedimentary diagenesis and stable preservation in geological
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time, thus providing an independent measure of export
productivity in the SBB water column. Figure 8 compares the
A8"Nggp record (Figure 8A), the OCparine record (Figure 8B),
total marine biomarker (B + D + A) record (Figure 8C), and
annual average upwelling index (Figure 8D). The comparisons
showed good correlations among the four curves, indicating that
higher OCarine and total marine biomarker contents that
resulted from higher productivity under stronger upwelling
caused stronger denitrification in the SBB bottom water.
According to the positive relationship between the A8’ Ngpp
record and primary productivity records (A8'°Ngps and
OCparine: T = 0.40, p< 0.01; A3’ Ngpg and marine biomarkers:
r = 0.61, p< 0.01), enhanced productivity caused by upwelling
(upwelling index and marine biomarkers r = 0.63, p< 0.01)
should be more important than the O, brought by flushing
events from north of Point Conception to the denitrification
in the bottom water of the SBB. This probably means that 1) the
O, amount brought by flushing events may be small, 2) the
duration of the flushing events is short, and 3) the low O,
but high nutrient upwelled water is dominant so that the
annual hypoxia condition of SBB would not be affected
significantly by the flushing O, amount. Therefore, upwelling
and productivity seem to be the major factors to influence the
8'°N in SBB.

Several studies have also found that local upwelling-induced
productivity may cause the sediment 3'°N changes in SBB,
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index in 36°N at the north of Point Conception (Davis et al., 2019).

supporting our finding above (Wang et al., 2019; Sanchez et al.,
2022). Wang et al. (2019) also proposed that nutrient-rich,
higher §'°N subarctic water, which was caused by incomplete
nitrate utilization in the subarctic region when the Aleutian low
is strong, might have been transported into the SBB and was
recorded by sediment §'°N during the Little Ice Age period.
Indeed, a high-value state was found between 1965 and 1980 in
our SBB §'°N,q when PDO was in the negative phase.
Considering the phase relationship of negative PDO vs weak
Aleutian Low (Chavez et al, 2003; Hendy et al,, 2015), the
southward transport mechanism could not explain the high SBB
8" Nied signal during 1965~1980, whereas the marine
biomarkers, marine OC, and local redox proxies all support
higher productivity and strengthened local denitrification in SBB
during this time interval. Therefore, we suggest that the high
value between 1965 and 1980 is more likely to be the result of
local denitrification.

4.4 Local and remote forcing on §°N
variations in Santa Barbara Basin

There have been many studies focusing on the climate effect
on the bulk SBB 8"°N.4 (Emmer and Thunell, 2000; Tems et al.,
2015; Horak et al.,, 2016; Davis et al., 2019; Wang et al., 2019);
however, studies specifically about the separate signals are
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limited. Since the variability of upwelling strength in the
California Coast system on annual-to-decadal timescales is
linked with ENSO (e.g., Bograd and Lynn, 2001), PDO (e.g.,
Chhak and Di Lorenzo, 2007), and NPGO (e.g., Di Lorenzo
et al.,, 2008; Garcia-Reyes and Largier, 2010), here we discuss the
influences of the climatic forcing on the upwelling, production,
and denitrification in SBB. In Figure 9, the records of ENSO,
PDO, and NPGO were compared with the records of upwelling,
marine biomarkers, OC,,ine (reflecting marine productivity),
and the AS"Nggp.

4.4.1 The role of tropical trade winds on
8"°N.q signature as a remote influencing
factor

The ETNP denitrification is controlled by the variations in
wind intensity over the tropical Pacific by eventually regulating
the ocean water upwelling, the zonal structure of the underlying
thermocline, area of oxygen minimum zone (OMZ), and
biological productivity (Canfield, 2006; Deutsch et al., 2014;
Tems et al., 2015; Horak et al., 2016). Stronger tropical trade
winds will generate stronger upwelling along the equator
divergent zones and enhance primary productivity (Sydeman
et al,, 2014). Consequently, the area of OMZ and denitrification
in ETNP will be intensified, thus elevating AS"°N of ETNP
(Deutsch et al., 2014). The variations of 8'°N signals by ETNP
denitrification are further transported northward by CUC and
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panels (D—F) represent the results of 3 years smoothed. Orange areas denote warm phase of PDO, whereas blue areas represent cold phase of

PDO. Note that the scale of O, content and PDO is reversed.

finally recorded in SBB water and sediments. Therefore, tropical
trade winds act as a remote influencing factor and control the
general trend of SBB sedimentary §'°N (§'°N,4) signature. The
general decreasing trends of the §'°Ny.q records shown in
Figure 5 from 1940 to the late 1980s (except the SBB record)
reflect reduced upwelling, productivity, and denitrification in the
ETNP probably caused by the weakening of tropical trade wind
(Deutsch et al.,, 2014; Tems et al., 2015). The strength of tropical
trade wind remained low during 1980~2000 and then started to
increase. Except for high values between 1965 and 1980, the SBB
8'"Nyeq variation follows that of the ETNP, suggesting that
tropical trade wind induced ETNP water column 8"°N change,
which controlled the general trend of SBB §'°N,.q. After the
removal of the distal §"°N signature (the ETNP §'°N) from the
SBB 8'°Nj.q record, the local mechanism of the A§'*Ngpy trend
needs an explanation.
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4.4.2 The role of El Nifilo—Southern Oscillation,
Pacific Decadal Oscillation, and North Pacific
Gyre Oscillation on 8N4 signature as a local
controlling factor

The PDO is a long-term ocean fluctuation at the mid-
latitudes of the Pacific Ocean and is controlled by the ocean-
atmosphere climatic variability (Deser et al., 2004; Di Lorenzo
et al., 2008). It is determined by the first dominant mode of
variations in sea surface temperature (SST) and has triggered
major environmental alterations in terms of physical and
biological regime shifts along the western coast of North
America (Di Lorenzo et al, 2008). The PDO shifts reflect
changes in the strength and position of Aleutian low and
concomitant changes in upwelling and SST, which have major
environmental impacts in the area of SBB (Hendy et al., 2015).
As shown in Figure 9, the positive (warm) PDO phase is
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associated with depressed thermocline and weakened upwelling
with shallow water depth and therefore induces a significant
decline in marine productivity in SBB (Chavez et al., 2003;
Venrick, 2012; Hendy et al, 2015; Wang et al, 2017). The
decreased marine productivity of positive PDO reduces
bottom water denitrification, further inducing a decline of
A8"Ngpp. In contrast, the negative (cold) PDO phase is
associated with higher productivity in SBB, which is attributed
to intensified ocean water upwelling induced by the Aleutian low
(Chavez et al., 2003; Di Lorenzo et al., 2008; Hendy et al., 2015),
therefore increasing the A8'°Ngpp by enhancing bottom water
denitrification in SBB. Hence, the PDO regime shift has a
determining influence on the general trend of A§'*Nggg on the
decadal to centennial timescale.

The NPGO is a climate pattern that emerges as the second
dominant mode of sea surface temperature variability in the
Northeast Pacific and is driven by the atmosphere through the
North Pacific Oscillation (Ceballos et al., 2009). The wind-driven
upwelling and horizontal advection are the main driving factors
of NPGO fluctuations, and their variations are correlated with
salinity, nutrients, and chlorophyll of the central and eastern
branches of the subtropical gyre (Di Lorenzo et al., 2008).
However, the NPGO impact cannot be addressed before 1950
owing to the availability of NPGO indices only after 1950.
According to the observation, positive correlations between the
salinity, NO3 content, and Chl-a of CC and NPGO strength (Di
Lorenzo et al., 2008) imply that stronger NPGO causes stronger
upwelling in the south of 38°N areas. However, only a weak
positive correlation between NPGO and upwelling (r = 0.27, p<
0.05) in SBB may be due to the alternating effects of the phase
relationship between fluctuations of the PDO and NPGO modes.
As the different dominant mode of SST in the Northeast Pacific,
the NPGO index is plotted inversely for comparison with the
PDO in general. In Figure 9, negative relationships between
NPGO and PDO can be observed clearly after 1986; however, the
relationships between the two were obscure before 1986.
Therefore, the phase relationship between NPGO and PDO is
complicated. For instance, during 1986~2015, the two
parameters were strongly negatively correlated (in phase). In
this period, the impacts of PDO and NPGO on the upwelling
and productivity are in the same direction in SBB. Indeed,
significant correlations are found between NPGO, PDO, and
upwelling (NPGO and upwelling: r = 0.48, p< 0.001, PDO and
upwelling: r = —0.44, p< 0.001). In contrast, during 1950~1985,
the two parameters were out of phase. Under such
circumstances, the effects of PDO and NPGO on upwelling
and productivity would be opposite; thus, in this period, there is
no direct correlativity between climate indexes, and upwelling
can be found. In principle, the interaction of NPGO and PDO
common controls the intensity of upwelling and primary
productivity, further influencing denitrification in SBB on
interannual timescales.
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Previous studies have found increased SST and decreased
upwelling in SBB, low O, content in the bottom water of SBB
during El Nifio events, and opposite situations during La Nina
events (Goericke et al., 2015; Wang et al,, 2017). The O, content
in the bottom water of SBB from California Cooperative Oceanic
Fisheries Investigations (CalCOFI) during 1987~2010 is
compared with our records. Furthermore, the annual
upwelling record and the Nifio 3.4 record are also compared
with our records (Figure 9). In Figure 9, several strong El Nifio
events such as in 1941, 1957-1958, 1973, 1982-1983, 1997-1998,
2010, and 2016 are marked. On the annual timescale, the
relationships between ENSO phases and other parameters are
inconsistent; however, the comparison does appear to indicate
low upwelling (hence low productivity) and high O, content
(due to low organic consumption) corresponding to strong El
Nifo events, and low OC,arine in the sediment record, e.g., 1983,
1997, and 2010, and vice versa during strong La Nifia events, e.g.,
around 1989, 2000, and 2012. In contrast, not every equatorial El
Nifo affects SBB (Alfken et al., 2021). For instance, the broad
OCarine and A8 Ngpp peaks centered at approximately 1941
and 1994 were matched with mainly El Nifo conditions, and low
upwelling, OC,arine content, and A8 Ngpp at around 1950,
1964, and 1990 were matched with mainly La Nifa conditions.
In general, some strong ENSO events influence seasonal physical
and biological fluctuations in SBB on the foundation of PDO and
NPGO, but due to the chronology of core SBB-190629, it was
used a linear sedimentation rate, and its uncertainty could be > +
2 years in some sections. The comparison can only be valid on
interannual-to-decadal timescales.

5 Conclusions

The high-resolution (~0.25-year) multi-proxy analyses
including TOC, TN, biomarkers, and 8N of a 46-cm
sediment core (SBB-190629) collected from the SBB reveal the
role of local and remote influencing factors in controlling
interannual §'°N variations from 1938 to 2019 CE. The
8"°Nieq records from the ETNP anoxic zone (Pescadero Slope
and Soledad Basin) are further evaluated to distinctly identify the
transported ETNP §'°N signature and local §'°N signal
variability. With the use of the deviation from the mean §'°N
(A8"N) of SBB-190629 to subtract the A3'°N of ETNP,
A8"Ngpp fluctuations have been generated. The A3'°Ngpp
reflects the bottom water denitrification, which is mainly
influenced by changes in oxygen content and productivity
associated with oceanic water upwelling. The comparisons
between the A8'°Ngpp record and redox-sensitive multi-
proxies including the Re/Mo ratio, C,9 stanol/stenol ratio,
OCarine content, and total marine biomarker concentration
authenticate the A8'°Ngpp as an indicator of bottom water
denitrification, which is proportional to marine productivity
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and upwelling intensity in the SBB. In general, strong upwelling
brings more nutrients and elevates marine productivity to lower
O, content in the water column during La Nifa and cold PDO
conditions, resulting in high OC,,,ine and more denitrification
(higher 8"°N) and vice versa under El Nifio and warm PDO.
Such phenomena can be seen on annual timescales. However,
the relationships of the SBB OC,4sine and 8"N records with
ENSO and PDO records on longer-than-annual timescales are
complicated because upwelling and O, content in the SBB can be
influenced by PDO, NPGO, and ENSO. The combination of
these climatic forcing factors has different impacts on the marine
productivity in SBB at different timescales. Tropical trade winds
act as a remote influencing factor and control the general trend
of SBB sedimentary 8"°N (5'°N,q) signature by transporting
ETNP &'°N signal to SBB. The general decreasing trend of the
ETNP 8N from 1940 to the late 1980s probably reflected
reduced upwelling, productivity, and denitrification caused by
the weakening of tropical trade winds. The strength of tropical
trade winds remained low during 1980~2000 and then started to
increase afterward.
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