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ABSTRACT OF THE DISSERTATION

Studies of Nitrogen and Organic Carbon Cycling in the Eastern Pacific Ocean Using Natural
Abundance Isotopes

by

Margot Elizabeth White
Doctor of Philosophy in Oceanography
University of California San Diego, 2021
Professor Lihini Aluwihare, Chair

This thesis uses a variety of natural abundance isotope measurements to expand our
understanding of nitrogen and organic carbon cycling within the ocean. Chapters 2 & 3 use
stable isotopes of nitrate to investigate recent trends in nitrogen cycling in the southern
California Current System (sCCS). In Chapter 2 we show that surface ocean warming during the
2015-2016 El Nifio event led to reduced nitrate supply and increased reliance on recycled nitrate

produced via euphotic zone nitrification. We also identified spatial and temporal variability in
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euphotic zone nitrate utilization associated with iron limitation of phytoplankton. Chapter 3 uses
a time series of stable isotopes of nitrate along with other physical and chemical measurements
to examine recent biogeochemical changes in a partially isolated marine basin off the coast of
California, whose bottom waters become deoxygenated between annual flushing events. Our
data confirm an unprecedented increase in water column denitrification in basin bottom waters in
recent years that was likely caused by a long-term trend of decreasing oxygen concentrations
outside the basin. Chapter 4 uses a variety of chemical and isotopic measurements to characterize
organic matter across oxygen gradients in the eastern tropical North Pacific (ETNP). This work
describes unique organic matter dynamics along the oxycline and shows that optical properties of
dissolved organic matter effectively identify locations where intense oxic remineralization takes
place, whereas most other bulk measurements of organic matter do not provide insight into
unique processes within these environments. We also document the impact of a passing
hurricane on water column properties. Chapter 5 uses thermal oxidation in conjunction with a
chemical processing method to show that the current paradigm of marine DOC cycling needs
revision. Our results show that even the most '*C-depleted DOC fraction exhibits a vertical *C
gradient, suggesting the addition and removal of DOC from this reservoir on shorter timescales
than current models predict. We propose a new hypothesis for marine DOC cycling that would
revise the water column lifetime of marine DOC to only 2,300 years, approximately doubling the

estimated flux of carbon through the deep ocean.

Xvil



Chapter 1: Introduction



Natural abundance isotopes

The measurement of natural abundance isotopes has broad applicability across the earth
sciences. In this thesis, isotopic measurements are applied across a variety of marine
environments to address outstanding questions about nitrogen and organic carbon cycling in the
eastern North Pacific Ocean. In the case of stable isotopes (e.g., ’N/!“N) in open ocean systems,
insights are primarily provided by isotopic fractionation, whereby different physical and
biological processes preferentially use either the heavy or light isotope, thus leaving behind a
fingerprint of past influences on a sample or reservoir. Furthermore, measurement of multiple
concurrent isotopes in the same sample or compound can help to deconvolute the impacts of
different processes (e.g. Casciotti 2016). This dissertation makes use of nitrogen and oxygen
isotope measurements of dissolved nitrate to examine the physical and biological controls on
nitrogen cycling in the southern California Current System (sCCS).

In addition to stable isotopes, we can measure the presence of naturally occurring
radioactive isotopes in a sample. Measurements of radiocarbon, for example, allow us to estimate
the residence time of carbon within a particular reservoir, while also providing insight into the
exchange of carbon between different reservoirs. Radiocarbon has proven to be an extremely
useful tool for studying organic carbon cycling in the ocean (McNichol and Aluwihare 2007),
and becomes even more powerful when paired with other chemical methods designed to uncover
the distribution of radiocarbon signatures present within a sample. This dissertation uses a novel
approach that combines *C measurements with a thermal oxidation method to examine the

cycling of long-lived organic matter in the ocean.
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Figure 1.1 Nitrogen cycling in the southern California Current System. Nitrate is supplied to
the euphotic zone via upwelling or recycling of organic nitrogen. Denitrification (the removal of
fixed nitrogen) occurs mostly in anoxic sediments of borderland basins but can also occur in the
low oxygen water column.
The marine nitrogen cycle

The first two chapters of this dissertation are focused on the marine nitrogen cycle and
use stable isotopes of dissolved inorganic nitrogen species to study nitrogen cycling in the
eastern Pacific Ocean. In much of the world’s oceans, nitrogen is the most important nutrient
limiting phytoplankton primary production, and thus constraining nitrogen sources and cycling is
of particular interest (Moore et al. 2013). The vast majority of nitrogen in the atmosphere and in
seawater is in the form of molecular nitrogen (N2), and not biologically available to most
organisms (Zehr and Ward 2002). The most common biologically available form of N in the

ocean is nitrate (NO3"), which is proximally derived from the oxidation of ammonium and nitrite

by archaea and bacteria. However, the main source of bioavailable N to the ocean is microbially



mediated nitrogen fixation, which converts molecular nitrogen to ammonium. The input through
nitrogen fixation is balanced by removal of nitrate in low oxygen environments via microbial
denitrification and anammox (Figure 1.1). The eastern north Pacific Ocean hosts environments
where nitrate is permanently removed from the ocean via denitrification (the conversion of
nitrate through several intermediates including nitrite and nitrous oxide, to nitrogen gas). In the
sCCS, nitrate removal takes place primarily in sediments of the borderland basins, though the
possibility for water column denitrification and anaerobic ammonia oxidation exists in the Santa
Barbara Basin (Sigman et al. 2003; Goericke et al. 2015). CCS nitrate concentrations,
particularly upwelling concentrations, are also influenced by water column nitrate removal in the
eastern tropical North Pacific (ETNP) because these two regions (the CCS and ETNP) are linked
through the poleward travelling California Undercurrent (Castro et al. 2001; Bograd et al. 2015).
These processes are of interest beyond their importance in the nitrogen budget due to their
potential to produce N>O, a powerful greenhouse gas (Babbin et al. 2015).

Nitrogen is supplied to phytoplankton in the surface ocean largely via the upwelling of
nitrate from below the euphotic zone (Figure 1.1), and carbon export out of the euphotic zone is
linked to this externally supplied or “new” nitrate (Dugdale and Goering 1967). The vertically
transported nitrate has been produced from the regeneration of organic matter to ammonium and
subsequent oxidation via nitrification. Both ammonium production and nitrification does occur in
the surface ocean, but the importance of nitrification in sunlit waters is still in question (Wankel
et al. 2007; Stephens et al. 2019; Laperriere et al. 2020). Overall, it is well established that nitrate
availability and flux is an important control on primary productivity and carbon sequestration in
marine environments. Factors controlling the inventory of nitrate, and therefore the nitrate supply

to the euphotic zone, are particularly important in eastern boundary current systems such as the



California Current, where high productivity is supported by upwelled nutrients (Chan et al.
2008). The California Cooperative Oceanic Fisheries Investigation (CalCOFI) survey was
established in the late 1940s to examine natural population fluctuations in commercially
important planktivorous fish populations (McClatchie 2014). The spatial extent of the survey and
the measurements made on its quarterly cruises have evolved over the decades, but since the
early 1980s a core group of physical, chemical, and biological measurements have been
maintained and provides a rich timeseries of the climatology and biogeochemistry of the region
(www.calcofi.org). Both Chapters 2 & 3 make extensive use of the CalCOFTI timeseries to place

nitrate isotope measurements into a larger context.

Organic matter cycling in the ocean

Organic carbon is mostly produced in the surface ocean via photosynthesis and is
transferred through the food web as particulate or dissolved organic matter. Organic matter, often
after being processed through the food web, can be exported out of the euphotic as sinking
organic matter and this is referred to as the biological carbon pump (Falkowski et al. 1998).
However, both dissolved organic matter and suspended organic matter can be transported by
subduction and lateral advection to be used at sites remote from where the organic matter was
produced. These pathways constitute additional mechanisms of organic carbon export and have
been shown to be important in the CCS (Stukel et al. 2017; Stephens et al. 2018).

Although much of the annually produced organic matter is respired over relatively short
timescales, marine dissolved organic matter (DOM) has been shown to accumulate on a variety
of timescales and A'"*C measurements suggest that much of the 630+30 Pg dissolved organic

carbon (DOC) reservoir in the ocean accumulates on timescales >5000 years (Williams and



Druffel 1987). This apparent long lifetime of organic carbon sourced from primary production in
the surface ocean is an enigma in the marine carbon cycle. The average age of the marine DOC
reservoir indicates that it should be well-mixed over several cycles of overturning circulation at a
constant concentration. Building from this assumption and extending it to incorporate the
additional assumption that the well-mixed (i.e., background) component has a fixed “age” of
~6000 years in the ocean, has led to a two-component mass and isotope mixing model. This
model states that any variability in the A'*C of DOC can be explained by mixing the ‘old’
background component with different amounts of recently produced DOC. This model
adequately recreates the well documented vertical decrease in the A'*C signature of marine DOC
in the ocean (Beaupré et al. 2020) and fraction and compound-specific measurements in DOC do
support the contribution of DOC from photosynthesis and the prevalence of aged DOC
throughout the ocean (McNichol and Aluwihare 2007; Follett et al. 2014; Zigah et al. 2017,
Broek et al. 2017). However, a key requirement of the two-component model, the background
pool of *C-depleted DOC with a vertically uniform concentration and A'*C signature, has not

been satisfied.

Linking the carbon and nitrogen cycles

Nitrate is linked to both carbon fixation in the surface ocean and subsequent carbon
export into the deep ocean as discussed above. However, the loss of nitrate is also linked to
carbon because denitrification is a heterotrophic process. Furthermore, in order for denitrification
to take place, oxygen must be completely consumed, a process that is also mediated by the
availability of organic matter. In certain areas of the subsurface ocean, highly productive

overlying waters result in high rates of remineralization at depth which conspire with slow



ventilation to deplete oxygen concentrations to nanomolar levels (Wyrtki 1962). These areas are
known as anoxic marine zones, or AMZs. Mounting evidence suggests that the AMZs of the
eastern Pacific Ocean will expand under future ocean warming, thus their role in nitrogen
removal and the role of organic matter in modulating this removal in AMZs is of particular
interest (Stramma et al. 2008; Oschlies et al. 2018). Organic matter processing in anoxic
sediments has been the subject of much research, but the cycling of organic matter in the low
oxygen water column is not as well-studied. Some studies have shown that organic matter flux is
less attenuated within AMZs, but potentially subject to more intense remineralization in the
upper oxycline (Keil et al., 2016, Pavia et al 2019). The potential expansion of AMZs highlights
the importance of constraining the controls on and extent to which aerobic respiration is
occurring near the boundaries (above and below) of the AMZ as this may further deplete oxygen
concentrations in these areas as well (Deutsch et al. 2011; Beman and Carolan 2013).
Furthermore, AMZ specific processes such as sulfurization reactions that can make organic
matter more resistant to remineralization have been shown to occur in the ETNP AMZ (Raven et

al. 2021) but their extent is still poorly understood.

Organization of dissertation

This dissertation focuses on the use of natural abundance isotopes to study nitrogen and
organic carbon cycling in diverse marine environments. The first two chapters explore nitrogen
cycling in the southern California Current System (sCCS) through the use of nitrogen and
oxygen stable isotopes of nitrate. In Chapter 2 we investigate sources and cycling of nitrate in
the surface waters of the sCCS with a focus on the impact of the 2015-2016 El Nifio on nitrogen

sources for primary production. Chapter 3 uses nitrate isotopes to constrain the extent and



location of denitrification in the bottom waters of the seasonally suboxic Santa Barbara Basin
over interannual and seasonal timescales. Chapter 4 investigates the composition and cycling of
organic matter in and around the eastern tropical North Pacific anoxic marine zone using
isotopes in combination with other methods of characterization. Chapter 5 moves away from
stable isotopes and uses a thermal oxidation method to better constrain the distribution of
radiocarbon signatures in marine dissolved organic carbon across depths. Together the chapters
in this dissertation provide new information on the cycling of two of the elements most essential

to life in the oceans - carbon and nitrogen.
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Chapter 2: Stable isotopes of nitrate reveal effects of ENSO on nitrogen cycling in the surface
waters of the southern California Current System
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Abstract

The southern California Current System (sCCS) is a productive eastern boundary current
system where strong coastal upwelling brings deep, nutrient-rich waters to the surface ocean. In
this often nitrogen-limited environment, the supply of nitrate (NO3") supports a productive food
web. The NOs™ load in water masses that supply the region can be impacted by a variety of
climate-related processes that subsequently modulate primary productivity. In this study, stable
isotopes of NOs™ (8!°N and 8'30) were used to examine NOs™ biogeochemistry in the region,
particularly in response to changes in NO3™ supply to the euphotic zone. Two locations,
encompassing two different coastal upwelling regimes in the sCCS, one to the north (Line 80)
and one to the south (Line 93), were sampled seasonally over several years (2010-2016) on 14
California Cooperative Oceanic Fisheries Investigations (CalCOFT) cruises. The largest changes
were associated with the El Nifio conditions in late 2015 and early 2016, where upwelling NO3-
supply was reduced, leading to increased isotopic enrichment, NOj3™ utilization, and reliance on
nitrified (recycled) NOs". The timeseries also revealed that the extent of NO3™ utilization varied
seasonally, interannually, and spatially and was sometimes linked to iron limitation of
phytoplankton. Together, these data identify a dynamic euphotic zone NO3™ cycle in the sCCS

that is strongly impacted by climatic events that alter the thermal structure of the upper ocean.

Introduction

In the southern California Current System (sCCS), spring and summertime wind-driven
upwelling of nutrient-rich waters sustains high levels of phytoplankton growth, which supports a
productive ecosystem typical of Eastern Boundary Current systems worldwide (Chan et al.

2008). As such, understanding the bottom-up controls on phytoplankton productivity are of vital
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importance to the fisheries economy in the region. The California Cooperative Oceanic Fisheries
Investigation (CalCOFI) survey was established in the late 1940s to examine natural population
fluctuations in commercially important planktivorous fish populations (McClatchie 2014). The
spatial extent of the survey and the measurements made on its quarterly cruises have evolved
over the decades, but since the early 1980s a core group of physical, chemical, and biological
measurements have been maintained and provides a rich timeseries of the climatology and
biogeochemistry of the region (www.calcofi.org).

Data from the CalCOFI timeseries have demonstrated the central role of nitrate (NO3") in
maintaining the sCCS food web, though periodic iron limitation has been observed and results in
excess surface nitrate in some regions of the California Current (Mantyla et al. 2007; Stukel et al.
2011; Brzezinski et al. 2015). Long-term NOj" variability, expressed in various ways including
the nitracline depth (Aksnes and Ohman 2009) and NOj3™ concentration in upwelling source
waters (Eppley and Peterson 1979; Stephens et al. 2018) has shown that Chlorophyll a
concentrations in the sSCCS are tightly controlled by NOs™ delivery, which in turn is modulated by
the region’s varied climatology including pronounced influence by the El Nifio Southern
Oscillation (ENSO) (Kahru et al. 2009; Bograd et al. 2015, 2019; Jacox et al. 2016).

ENSO influences the sCCS via multiple mechanisms including atmospheric
teleconnection that impacts vertical transport in the coastal sSCCS, the deepening of the
pycnocline due to the poleward propagation of coastally trapped waves originating in the tropical
Pacific, and the anomalous northward advection of warm, saline subtropical water into the sCCS
(Jacox et al. 2015). All of these mechanisms can profoundly impact the magnitude of NO3
delivered to the euphotic zone and thus primary production (Lilly et al. 2019). Nitrogen isotopes

of archived zooplankton and sedimentary organic N have been used to provide insight into long
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term variations in the source and concentration of NO3z™ upwelling into the euphotic zone and
indicate that indeed N supply is sensitive to climate variability such as ENSO (Ohman et al.
2012; Décima et al. 2013; Tems et al. 2015). For instance, nitrogen isotopes (8'°N) in
zooplankton from the sCCS were significantly elevated during El Nifio events (Rau et al. 2003;
Ohman et al. 2012; Décima et al. 2013), which could result from a decrease in the supply of
NOs, an increase in the proportion of NO;™ utilized (regardless of supply), and/or a shift in
trophic position. Sediment trap studies also identified an increase in organic 8'°N of sinking
particles during the recent El Nifio (Davis et al. 2019), although this signal is typically attributed
to a change in 6'°N of source NOj" rather than the proportion of N utilized.

In this study, we measured stable nitrogen and oxygen isotopes of NOs3™ along two
CalCOFI lines (Figure 2.1), one in the northern region of the grid (Line 80.0, hereafter referred
to as the northern line) where coastal upwelling is consistently observed in the spring and
summer and which supports some of the highest primary production observed within the modern
CalCOFI grid, and one in the southern end of the grid (Line 93.3, hereafter referred to as the
southern line), off of San Diego where upwelling is more intermittent and iron supply is believed
to be lower (King and Barbeau 2007). Along the southern line, inshore station 93.30 exhibits
subsurface physical and chemical properties that are emblematic of the California Undercurrent,
which connects the sCCS to the low oxygen waters of the eastern tropical North Pacific Ocean
and brings nitrate isotopes enriched by denitrification to the CCS (Bograd et al. 2019). Several
seasonal profiles of NO3™ isotopes were examined from 2010-2016 at stations that were situated
in the California Current or inshore. By considering these two lines, we were able to examine
two very different regimes within the sCCS and their response to the El Nifio event of 2015-

2016. In particular, NOs™ isotopes, in conjunction with other parameters measured during
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CalCOFI cruises, make it possible to better quantify the degree of NO3™ consumption in the sSCCS

as well as address other questions about nitrogen cycle dynamics for which NO;™ concentration

measurements alone are insufficient including the importance of euphotic zone nitrification.

Importantly, this study also provides the first comprehensive spatial and temporal coverage of

water column sCCS NOs isotope values necessary for interpretation of measurements in marine

organisms as well as isotope signals recorded in the sediments.

[NO;] @50 m
a January — March 1984-2017 average

[NO,] @50 m

b January 2016 during El Nifio (uM)
—_——— 12

Line 80

Line 80

1200w oW

Figure 2.1. Locations of CalCOFI stations sampled for NO3 isotopes in this study. Two
CalCOFTI lines were sampled for NO;3™ isotopes- Line 80.0 off of Point Conception (northern line)
and Line 93.3 off of San Diego (southern line). (a) The 1984-2017 average NOs3™ concentrations
at 50 m in winter (January-March) highlighting the North-South and inshore-offshore gradients
in NOs™ concentration. (b) The NOs™ concentrations at 50 m for winter 2016 during the El Nifio
event. Winter and early spring are when ENSO events are most strongly expressed in the sCCS.
NOs concentrations long both lines were much lower during the El Nifio compared to the
seasonal average. See Table S1 for a complete list of locations and time periods covered by this
data set as well as seasonal designations.

Materials and methods
Sample collection

NOs™ isotope samples were collected from Lines 80 and 93 of the CalCOFI grid (Figure
2.1, http://calcofi.org). Line 93 is the southernmost location sampled by CalCOFI while Line 80

is to the north, off of Point Conception. Most measurements were performed on stations 93.30 to
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93.60 and 80.55 to 80.80 to better understand the more dynamic nature of the inshore stations,
where wind-drive upwelling and the influence of the California Undercurrent are most likely to
be observed (see Table S1 for a complete list of locations and time periods sampled). Samples
were collected during fourteen CalCOFI cruises from 2010-2016 and include all measurements
made above 150 m (Figure 2.2). Samples for NO;™ isotopes were filtered through GF/F filters
(0.7 um pore size) directly from Niskin bottles mounted on a standard conductivity-temperature-
depth rosette system (CTD) and frozen until analysis.
Nutrient concentrations and isotope analyses

Ancillary data were collected, analyzed and made publicly available through the
CalCOFI program (http://calcofi.org/data.html). Accuracy and precision for NO3™ concentrations
are reported as 0.05 umol/L. The detection limit is reported as 0.02 umol/L for NO3™+ NO»".
8"*Nnos and 8'®0no; were analyzed using the denitrifier method (Casciotti et al. 2002; Sigman et
al. 2001), in which denitrifying bacteria quantitatively convert NO3z to N»O for isotopic analysis.
Sample N>O was purified using a customized purge and trap system and analyzed on a
continuous flow IsoPrime 100 isotope ratio mass spectrometer (IRMS). Nitrite concentrations
greater than 2% of NO3 + NO>™ were removed by addition of sulfamic acid prior to injection
(Granger and Sigman 2009). Corrections for drift, size and fractionation of O isotopes during
bacterial conversion were carried out using NO3™ reference materials USGS 32, USGS 34 and
USGS 35 (Mcllvin and Casciotti 2011).
Isotopic expressions and calculations

Delta notation is used to describe the isotopic composition of a sample expressed in units
of permil (%o), where 8 = [(Rsample /Rstandard) — 1] x 1000 and R is the ratio of >N to "N or 80 to

160 in NO3". The relative strength of isotopic discrimination is represented by the isotope effect
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or fractionation factor and is also expressed in per mil as ¢ (where € = [(k"®/klight) - 1] x 1000,
and k represents the rate constant of the heavy or light isotope, respectively. N isotope
fractionation factors for NOs uptake by phytoplankton were calculated by fitting both open and
closed system Rayleigh fractionation models. The closed system model is described by Equation

1 where:

615N03 — 615N03initial _ 158 x In ([ [NO3] ) (1)

NO3Jinitial
The open system model, where new water is supplied continuously, is described by a second

equation where:

15 . 15 15 _ﬂ
6 °NO3 = §°NO3 i + ¢ X (1 [NO3]Jinitial

) (@)
where 8" Ninitial and [NO3Jinitial refer to immediate source waters to the EZ, the determination of
which is described further below. Each profile was individually evaluated using both models.
The model with the best least squares regression fit was selected based on 72 values and the
corresponding '’¢ value are reported (Table S2). In this way, ¢ values for NO3™ uptake were
calculated for all stations with at least 3 measurements in the euphotic zone.

The nitrogen isotope data together with the appropriate Rayleigh fractionation model can
be used to estimate the fraction of upwelled NO;3™ that is utilized at inshore stations (stations 51-
70 for Line 80 and stations 30-60 for Line 93). A closed system Rayleigh fractionation model
where 8" Nno3 = 8'"Nno3, initial T 1°€*In(1-%N03 uilized), Was ultimately used to calculate the extent
of NOs™utilization at each depth because more than 75 % of the profiles where a fractionation
factor could be determined fit the closed system model better (Table S2). A consistent ¢ value

of 3 %o was used for all stations based on our average calculated fractionation factor and

fractionation factors calculated from previous work conducted in the sCCS (Stephens et al.,
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2019). Uncertainty for fraction NOs™ utilization was estimated from the standard deviation of ¢
values. Upwelling source depth, needed to determine 8'>Nno3, initial and the concentration of
upwelling NO3", was estimated from the NOs -temperature relationship for each station by fitting
a line to NO3" concentration and temperature data below 150 m. The upwelling depth was
assigned as the deepest depth where the measured NO3 value deviated below the concentration
predicted from measured temperature (i.e., deviated from a simple water mass mixing
relationship) by at least 2 uM, similar to the method used in Stephens et al. (2018). This method
did not work for some stations, particularly during the El Nifio period in 2015/2016 when surface
waters were unusually warm. For stations where we were unable to use the NOs-temperature
relationship to determine source water characteristics, NO3™and chlorophyll profiles were
examined individually to estimate these parameters. In this case, the NO3™ concentration at the
deepest depth where chlorophyll concentrations began to exceed background values was used.
Once the depth where NOs3™ concentrations representing pre-utilization characteristics was
identified, the corresponding source NO3" isotope signature was determined. Since we did not
make isotope measurements for every depth where nutrients were measured, the closest deepest
depth with an isotope value was used (Table S3). Choosing the closest deepest depth ensured that
isotope characteristics were uninfluenced by biological uptake.

NOsassimilation by phytoplankton results in equivalent fractionation for both nitrogen
and oxygen isotopes in the remaining NO3 pool (Granger et al., 2004). However, this is not
always observed, and in fact, when §'*Nyos and 5'*Onos do not change in such a predicted 1:1
relationship, other processes apart from assimilation must be important, the relative magnitude

which can be expressed using A(15,18), defined by Sigman et al., 2005 as:

A(15,18) = [(SISNNO3 - 615NNO3,source) - 158p/188p(6180N03 - 5180N03,source)] (3)
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Bgp/18, was assumed to be 1:1 since it has been demonstrated in culture that phytoplankton
fractionate oxygen and nitrogen isotopes uniformly during NO3 uptake (Granger et al. 2004). In
particular, deviation from the 1:1 relationship in surface waters has been attributed to active
euphotic zone nitrification, supplying NOs™to the phytoplankton community. The contribution of
locally nitrified NO;™ to uptake by phytoplankton was calculated after Wankel et al., 2007 and
Stephens et al., 2019 using a steady state box model, where:

A(15,18) = fo* (& — fa* fu * (Ener — £a)) —

<618osource -518 Osource*fwt (Ep *fn) + (618 ontr*fn*fw)
1-fw+(fn*fw)

Here f, is the fraction of NO3™ remaining relative to the source NOs", &, is the fractionation factor

4

) + 6180501”'087

for phytoplankton uptake of NO3™ (here a constant value of 3 %o was used), /. is the fraction of
NH4* assimilated by phytoplankton (with a value of 0.8 used here), f, is the fraction of
assimilated NO3™ contributed by nitrification within the euphotic zone, en is the net isotope effect
of NHs*and NO;" oxidation (with a value of 6 %o used here), €, is the isotope effect of NH4*
assimilation (with a value of 22 %o used here), and §!304 is the §'3%0 of NOs™ resulting from
nitrification (with a value of 0 %o used here) (Wankel et al. 2007; Buchwald and Casciotti 2010;
Stephens et al. 2019). Upwelling water mass characteristics were determined as described above
and values for the other parameters were assigned following Stephens et al., 2019. The effect of
varying several of the poorly constrained parameters in equation (4) was previously examined in
depth (Stephens et al., 2019) and is therefore not repeated here. Instead, we examine trends in f,,
spatially and temporally, with less of a focus on interpreting each specific value. We note that
many of the samples from 2010-2012 with lower NOj3™ concentrations were not analyzed for

oxygen isotopes, and thus are not included in the f,, analysis.
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To examine the relationship between nitrogen cycle parameters and upper ocean
stratification, we computed a stratification strength index for each station and timepoint using the
density at 200 m as a reference point and calculating the difference in density between each
depth in the euphotic zone and the reference density at 200 m (Behrenfeld et al. 2006) (see Table

S4 for complete list of density values used).

a b
18 18
PY [ ] wm.ter
> W spring 16
16 p  summer
) ¢ Al 14 >
[ ] ® 2010-2012

2013
El Nino

—
N

)
» ¢ °

8"*Nyos (%o)
¥

8"$Ono3 (%0)
S

=]

Line 80

0 5 10 15 20 25 30 6 8 10 12 14 16 18
[NO;] (uM) d 8'5Nyo3 (%)

winter ¢
spring 16
summer
fall 14
2010-2012
2013

El Nifio

=
P | |
oevVvHS

15Nyos (%)
o]
( ]
]
1%0y03 (%)
s ©

¢

—_
(=}
[=e]

[} ¢ °

¢ 4{; Ry o =

Line 93 Line 93

0 10 20 30 6 8 10 ” 14 16 18
[NO;] (uM) 8'5Nno3 (%o)

Figure 2.2. 3"*Nnos and 8'*Ono; measurements from two CalCOFI lines. 3'*Nyos and §'*Onos
increase as NOj3™ is drawn down by phytoplankton in the surface ocean along the northern line
(Line 80) (a) and the southern line (Line 93) (¢). The range of §'°Nyos values observed at a given
NOjs concentration demonstrate how isotopic measurements provide additional information. §'°Nyos and
8"®0nos along Line 80 (b) and Line 93 (d) generally increase in a ratio of 1:1 (indicated by the
black line), but other processes such as euphotic zone nitrification can lead to deviations from
this 1:1 trajectory. Season and year are indicated by the shape and color, respectively, of each
point.
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Results
Variability in 5" Nyos and 5"*Onos

Assimilation of NO3™ by phytoplankton in the euphotic zone results in one of the
strongest signals in oceanic §'*Nxos and §'®0nos (Figure 2.2). From 2010-2016, §'*Nxos and §'®0no3
above 150 m demonstrated considerable spatial and temporal variability in the sCCS (see Table
S4.1 for a full list of time periods and locations sampled). §!'°Nnos ranged from 7.1 up to 17.0 %o
and 6'"®0Onos ranged from 2.7 to 16.7 %o (Figure 2.2). Values for both §!°Nnos and §'80no3 were
generally greatest where NO;™ concentrations were drawn low as the result of uptake by
phytoplankton (Figure 2.2). NO3™ isotope ratios were generally higher deeper in the water column
along the southern line compared to the northern line (Figure 2.3). Although in general both 6"°N
and 8"0 increased with a ratio of 1:1, as would be expected for NO3~ uptake, there was
substantial deviation from 1:1, mostly where §'*0 values increased more relative to 5'°N values
(Figure 2.2b and 2.2d).

In the sCCS, El Nino conditions, defined here as including fall 2015 — summer 2016
(Jacox et al. 2016; though effects of the event had most dissipated by spring 2016), resulted in
greater density anomalies in the surface ocean (Figure S2.1), increased stratification (Figure
S2.2) and decreased net primary production (NPP; Figure S2.3). At the more inshore stations, the
highest 5"°N and §'*0 values were generally found in surface water during this time period, also
coinciding with higher values deeper in the water column compared to non-El Nifio years (Figure
2.3). In the shallow surface ocean, particularly in the offshore region along the northern line and
for most of southern line, low NOs3™ concentrations prevailed and precluded isotopic
measurements (Figures 2.4a and 2.5a). During 2013, values of §'°N~o3 along the southern line

were almost as high has during the El Nifio, but fewer measurements before 2013 make it
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difficult to evaluate how anomalous these observations are for this section of the CalCOFI grid

(Figure 2.5b).
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Figure 2.3. 3"*Nnos values increased during the recent El Nifio. 5'"Nnos3 from 2010-2013
along the northern line is shown in (a), in contrast to the higher values observed during the El
Nifio (fall 2015-winter 2016) (¢). A similar pattern was seen along the southern line (b), where
8!"Nnos is higher deeper in the water column during the El Nifio (d).
NOs utilization

An accurate estimate of the fractionation factor associated with NOs uptake by
phytoplankton is necessary in order connect the isotopic signature of the remaining NO3™ pool to
the extent of utilization. Previous laboratory studies have shown that species composition and
growth rate, among other factors can influence the '>¢ of phytoplankton uptake (Needoba et al.,
2003; Granger et al., 2004). Here, '°¢ of phytoplankton uptake was calculated for 21 profiles.
Five profiles fit the open system model better than the closed system, all at coastal stations

during different cruises (spring 2010, fall 2010, spring 2011, summer 2013, and winter 2016).

The remaining 16 profiles were better fit using a closed system model (Eq 1). Estimated
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fractionation factors from the closed system profiles ranged from 2.1 to 5.0 %o with an average of

3.2 £ 0.8 %o (Table S2). This is in good agreement with a previous study which estimated the

average "’¢ for the inshore sCCS region at 3.0 & 0.5 %o (Stephens et al., 2019), as well as a

previous study examining !¢ for various marine phytoplankton cultures (Needoba et al. 2003),

but it is lower than what has been determined in several culture studies and other marine

environments (e.g. Granger et al. 2004).
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Figure 2.4. Profiles of NO3™ concentrations and 5'Nyos along the northern line. NO3
concentrations are shown in (a), with lower concentrations apparent during 2015-2016 (El Nifo;
red symbols). 5'°Nnos values are plotted for all samples above 150 m (b) showing larger increases
during 2015-2016 compared to earlier years. Season and year are indicated by the shape and
color, respectively, of each point.
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concentrations are shown in (a), with lower concentrations apparent during 2015-2016 (E1 Nifo;
red symbols). 5'°Nnos values are plotted for all samples above 150 m (b) showing larger increases
during 2015-2016 compared to earlier years. Season and year are indicated by the shape and
color, respectively, of each point.

Calculated !°¢ values together with §"*Nyos profiles allowed us to estimate the fraction of
NO;"utilized in the euphotic zone and provided insights into the balance between NO3™ supply
and demand. In general, higher 6"’Nnos values reflect greater extent of NOs™ drawdown (Altabet
and Francois 1994) and lower values suggest that NO3 uptake may be limited by factors other
than NOj3™ concentration. Depth profiles of the fraction of NO3 utilized varied greatly both

spatially and temporally, across seasonal and interannual time scales (Figure 2.6), with values

ranging from zero up to 0.94 at specific depths. A comparison of vertical NOs utilization profiles
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also indicated that higher NOs utilization began deeper in the water column at the southern line

compared to the northern line (Figure 2.6).
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Figure 2.6. Fraction NO; utilization increased during the recent El Nifio. The fraction of

NOs" that was utilized at individual depths in shown for the northern line (Line 80) (a) and

southern line (Line 93) (b). Error bars were calculated based on standard deviation of estimated
15¢. Season and year are indicated by the shape and color, respectively, of each point.

In general, §"°Nyos data indicated utilization was lowest during spring cruises (Figure

2.6). With the exception of the El Nifio year (spring 2016), the fraction of NOs" utilized did not

rise above 0.50 for spring cruises, and surface NOs concentrations remained elevated at inshore

stations (Figure 2.4a). A similar observation was made in the equatorial upwelling region of the

Pacific Ocean (Altabet 2001) .

For most other seasons, NO3” was below the detection limit in surface waters suggesting

near complete utilization, however, where NO3 was present, the shape of the NO;™ utilization

profile often differed significantly. For winter cruises, January 2016 (the winter of El Nifio) saw
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the greatest fraction of NOj3™ utilization; whereas for all summer cruises, the fraction of NO3"

utilized remained below 0.50 where NO3” was detectable (deeper than 20 m), and the El Nifio

year was indistinguishable from the others, consistent with the event having mostly dissipated by

this time (Jacox et al. 2016). In the fall, at the start of the El Nifio year (1511), we saw a greater

fraction of NO3™utilized at every depth compared to previous years.
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Figure 2.7. Silica excess (Siex) as a proxy for iron limitation along northern and southern
Lines. Profiles of Sicx are shown here for the northern line (Line 80) (a) and southern line (Line
93) (b) for each station. Season and year are indicated by the shape and color, respectively, of
each point. Along the northern line, values become more negative as we move offshore. Along
the southern line, the more inshore stations exhibit strong mid-depth minima in Siex.

27



Iron limitation estimates via silica excess

Differences in the proportion of NO3™utilized at each depth indicated that other factors
besides NOs™availability could prevent phytoplankton from fully utilizing euphotic zone NOs".
Iron limitation of phytoplankton productivity has been shown to occur intermittently in the sSCCS
(King and Barbeau 2007; Hogle et al. 2018; Stukel and Barbeau 2020) and could be responsible
for limiting NO 3-utilization. The proxy Siex, where Siex = [Si(OH)4] — (Rsino3z x [NO37]), has
been previously used in the sCCS as an indicator of possible iron limitation (King and Barbeau
2011; Hogle et al. 2018; Stukel and Barbeau 2020). Negative values of Sicx are thought to result
from Fe-limited diatoms taking up excess silicic acid (Si(OH)4) relative to NO3™ (Hutchins and
Bruland 1998). For this calculation, the ratio of these two macronutrients in the upwelling source
water (Rsino3) was determined in the same way as upwelling NO3" isotope signatures (as
described above). Profiles of Sicx for the northern line and the southern line are shown for each
station in Figure 2.7. As is apparent if we compare the Siex profiles to the NO3™ concentration
profiles, Siex invariably becomes positive in the surface ocean when all of the NO3 has been
consumed (Figures 2.4a, 2.5a, and 2.7). Positive values show that excess silica accumulates at
these depths (relative to upwelling values) and are indicative of NO3™ uptake by phytoplankton
with low or no silica requirements. Along the northern line Siex often becomes negative in the
upper ocean as we move offshore, developing primarily in the spring and summer, but also
occasionally in the fall for stations offshore. For the southern line, it is the inshore stations that
display the strongest Siex minimum, which develops primarily during the spring and summer
(Figure 2.6: e.g., station 93.30). Overall, positive Sicx values seem to occur when smaller
phytoplankton, likely with no silica requirement, are more abundant, as reflected in size-

fractionated chlorophyll data (Figures S2.4-5).
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Figure 2.8. Contribution of recycled NO; varies greatly in the sCCS. The proportion of NO3
taken up by phytoplankton that originated from nitrification in the euphotic zone (f,,) by depth
(northern line: (a), southern line: (b)) and as compared to the stratification strength index (c) and
satellite estimates of net primary production (NPP) (d). £, was greater during warm periods when
the water column was more stratified, and upwelling was reduced. Higher f,, values were also

associated with lower NPP. Season and year are indicated by the shape and color, respectively,
of each point.

Euphotic zone nitrification

While NOs uptake by phytoplankton results in a closely coupled fractionation of the two
isotope systems in a ratio of 1:1, the N and O isotope systems are decoupled in other processes,
such as nitrification (Wankel et al. 2007; Granger and Wankel 2016). NO3  most commonly
enters the surface ocean via the upwelling of deeper waters, where NH4" has been converted to

NOs" via nitrification. However, nitrification can also occur in the surface ocean, where locally
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nitrified NO3™ can contribute to primary production (Smith et al. 2014; Laperriere et al. 2020).
Here we estimate the f,, parameter, which is an integrated indicator of the proportion of NO3"
uptake by phytoplankton that has been supplied via upper ocean nitrification as opposed to being
delivered via upwelling.

In order to examine the influence of surface ocean nitrification, we calculated A(15,18)
for all samples, and used this to estimate f,. For all samples above 100 m, A(15,18) ranged from -
5.9 to 1.6 %o (Figure S2.6). Negative values signify that either the nitrogen isotopic signature is
anomalously low, or that the oxygen signature is anomalously elevated (Casciotti, 2016; Wankel
et al., 2007). Here we assume that negative deviations are due to the presence of NO3 produced
via local (euphotic zone) nitrification, which has the effect of elevating 5'*Onos but not 3'>Nnos,
relative to assimilation alone. The fractional contribution of nitrification to NO3 uptake by
phytoplankton (f) varied spatially and temporally, ranging from 0 to more than 0.9 at individual
depths (Figures 2.8a and b).

Increased contribution from euphotic zone nitrification occurred when ocean waters were
warmer and more stratified (per the stratification strength index) and NOj3™ concentrations in the
euphotic zone were lower (Figures 2.4-5, 2.8c). We noted that f,, was also elevated when NPP
was low (Figure 2.8d). It is difficult to estimate an average f,, value due to variations in spatial
sampling, but in general, contribution from nitrification was low for most time periods, with
values above 0.2 appearing mainly along the southern line (Figure 2.8b) and during winter 2016
for the northern line (Figure 2.8a). Because the majority of data points on the southern line are
from 2013 and 2015-2016, when euphotic zone waters were anomalously warm and stratified,
we cannot determine whether we would always observe high £, in this location. In fact, a time

series of satellite-based NPP estimates for inshore stations shows an extended period of low NPP
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along the southern line from 2013 to mid 2016 (Figure S2.3) indicating that this time period was
anomalous and may have indeed seen decreased NOs™ input from vertical transport. Such
episodes could favor NPP supported primarily by recycled nutrients, including NO3™ derived
from euphotic zone nitrification. All elevated f,, values occurred at a relatively narrow depth

range of 30-70 m (Figures 2.8a and b).

Discussion
Influence of ENSO on N cycling in the sCCS

This timeseries of NO3™isotopes enabled us to examine the response of the sSCCS nitrogen
cycle to the 2015-2016 El Nifo. El Nifo conditions resulted in increased stratification (Figure
S2.2), decreased surface NO3™ concentrations (Figures 2.1, 2.4a and 2.5a) and decreased NPP
(Figure S2.3). We observed large differences between 8!°Nno3s measured during El Nifio and
non-El Nifio periods both in the magnitude of the values (Figures 2.2-2.5) as well as in the NO3"
dynamics inferred from the isotope compositions (Figured 2.6 and 2.8-9). The fraction of NO3"
that was utilized by upper ocean ecosystems increased and extended to deeper depths during El
Nifio cruises (Figure 2.6), indicating an overall decrease in NO3™ supply to the euphotic zone
consistent with a deeper nitracline and reduced upwelling (Jacox et al. 2016; Bograd et al. 2019).
Greater utilization at inshore stations probably also had important implications for productivity
elsewhere in the sCCS because inshore partial NO3™ utilization is a relatively common feature in
this region and makes excess NO;™ available for both alongshore and offshore export (Figure
2.6). Estimates of greater utilization confirm that the observed enrichment in NO3" isotopes
during the 2015-2016 El Nifio was linked to decreased supply and not simply elevated source

nitrate 5'°N.
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The large fraction of NO3™ assimilated by phytoplankton (>75%; f,) that was derived from
recycled nitrogen (i.e., euphotic zone nitrification; Figure 2.8a and b), particularly along the
southern line, also reflects the importance of euphotic zone nitrification during the 2015-2016 El
Nifio. The apparent increased reliance on NOs™ from surface nitrification during these time
periods was likely linked to decreased supply of NOs", decreased competition from
phytoplankton for NH4" (the substrate for nitrification), and the potentially longer residence time
of NH4" and suspended particulate organic nitrogen (PON) in the euphotic zone, all associated
with decreased vertical mixing and a deeper pycnocline (Figure S2.2). One thing we cannot
assess is whether relatively greater NPP or changes in the distribution of phytoplankton size
classes occurred as a result of this nitrified NO3™ supply, or whether or not or to what extent
absolute nitrification rates were elevated during this time period. Overall, the increased
contribution from recycled nitrogen reported here is consistent with previous studies in the sCCS
that have reported decreased new production during El Nifio years (Hernandez-de-la-Torre et al.
2003; Kelly et al. 2018). There is a tendency for NPP to decrease alongside the f-ratio, and so,
lower NO;3™ supply has important ramifications for higher trophic level productivity and carbon
export in the sSCCS (Eppley et al., 1977; Eppley & Peterson, 1979).

Warming increases the importance of local nitrification

Elevated reliance on nitrified NO3™ by phytoplankton has been previously reported for the
sCCS, and generally occurred at times of low net primary production (Figures 2.8d and S2.3),
indicating the importance of recycled NO3™ in maintaining sCCS food webs during these periods
(Wankel et al. 2007; Stephens et al. 2019; Laperriere et al. 2020). As noted in previous studies
(Wankel et al., 2007; Stephens et al. 2019), new production estimates that rely on NO3  uptake

measurements would be impacted if a significant fraction of NOj3™ in the euphotic zone were
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derived from nitrified NOs", as seen here during warm, stratified periods in the sCCS. In addition
to the El Nifio, we also observed elevated f,, along the southern line in 2013 (Figure 2.8b).
Although our data only showed increased f,, and NO3™utilization in 2013 and 2015-2016, it is
likely that the warm anomaly years between 2013-2015 exhibited similar conditions (e.g.,
Stephens et al. 2019) particularly in the southern sCCS. Such episodes could favor production
supported primarily by recycled nutrients, including NO3™ derived from euphotic zone
nitrification. Across our entire dataset, we observed that f,, is higher when the water column is
more stratified (Fig. 8c), and when the stratification index was >1.4 in our dataset more than half
of the NOs used by phytoplankton came from euphotic zone nitrification.

Considering the longer CalCOFI time series of maximum chlorophyll concentrations, it
appears that the 2000-2012 period may have seen anomalously high primary production along
the southern line compared to the period immediately before. Whereas, we noted earlier that the
time period between 2013-2016 exhibited anomalously low NPP (Figure S2.3). The timing of
these transitions suggests a possible relation to both interannual climate variability (ENSO) and
indices of decadal climate variability (Newman et al. 2016).

All £, values above 0.25 (or 25 % of utilized NO3™ coming from nitrification) occurred
when Siex, our proxy for iron limitation, was positive (i.e., no iron limitation). This could be
explained by an oligotrophic community dominated by non-diatom phytoplankton, consistent
with the observed trends in size-fractionated chlorophyll (Figures S2.4 and S2.5). The CalCOFI
timeseries of flow cytometry-based phytoplankton community composition (Nagarkar et al.
2021) also indicated that warm periods, when we expect greater f,, values, are correlated with a
phytoplankton community of smaller cells including autotrophic cyanobacteria. Another recent

study observed lower biogenic silica to Chlorophyll a ratios during the period of the warm
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anomaly, suggesting a decrease in the abundance of siliceous phytoplankton at that time (Closset
et al. 2021). It has also been shown that nitrifiers can experience iron limitation in the surface
ocean, and thus may not be as active when they are having to compete with phytoplankton for
scarce iron (Shafiee et al. 2019). This could help to explain why £, values appear elevated only
when we do not see indicators of iron limitation.

Since we do not have measurements of NO3 or NH4" uptake from CalCOFI cruises, we
are unable to say how nitrification rates or NH4" uptake rates varied here. Thus, we are unable to
determine whether nitrification rates are actually elevated during the time periods when we
observed high f,, or whether the increase in f,, is more a result of lower NO3™ supply from
upwelling. It is also unclear how f,, is related to the f-ratio, as it has been suggested that
phytoplankton and nitrifiers may compete for access to NH4" (Zakem et al. 2018). It is possible
that higher temperatures in the sCCS resulted in higher organic matter recycling rates and
therefore, higher nitrification rates, parameters that should be more closely investigated further in
future studies.

Incomplete NOjs utilization in the sCCS

Recent studies in the sCCS have indicated that both Ekman transport associated with
coastal upwelling as well as iron limitation in the California Current can limit NO3" utilization in
nearshore waters, allowing excess NO3™ and nitrogen biomass to be transported offshore or
subducted at fronts (Plattner 2005; Frischknecht et al. 2018; Hogle et al. 2018; Stukel and
Barbeau 2020). Capturing these events of incomplete NOs" utilization is also important for
interpreting isotope studies of non-nitrate N reservoirs. The value of N isotope fractionation
factor is essential to the determination of NOj3™ utilization. Here, there appears to be a

correspondence between !¢ and NPP as estimated from satellite measurements (Kahru et al.
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2009) where greater NPP is associated with a larger fractionation effect (Figure S2.7). This could
be explained by higher euphotic zone NOj3™ concentrations leading to higher NPP and greater
expression of the fractionation factor for NO3™ uptake. It is also possible that factors such as iron
limitation, or luxury uptake and storage of NO3™ by diatoms may lead to variability in the
expressed °¢ (Karsh et al. 2003).

Except for the periods of high utilization associated with the 2015-2016 El Nifio,
incomplete NO;3™ utilization was commonly observed, especially at our inshore stations (Figures
2.4-2.6). Rapid upwelling coupled with a lag in phytoplankton response could result in low local
NOs" utilization and subsequent export through offshore Ekman transport. In this way, unutilized
NOs that is transferred offshore may fuel productivity elsewhere in the region (Eppley and
Peterson 1979; Plattner 2005; Frischknecht et al. 2018). In our dataset, inshore stations along the
northern line off Point Conception, which are characterized by some of the strongest upwelling
in the sCCS (Sherrell et al. 1998), likely experienced low fraction NO; utilization for this reason
(Fig. 6). This is evident in a few depth profiles along the northern line where NO3™ concentrations
decrease toward the surface ocean but marked isotope fractionation is not discernable. This could
be because of open system isotope dynamics, where the constant addition of new NOj3™ from
upwelling dilutes any isotope effect imparted on the NOs™ reservoir during uptake (Figure 2.4
e.g. at 80.55).

When NO3™ remains unutilized in otherwise favorable conditions, it can point to the
importance of other factors, for example iron limitation (King and Barbeau 2007; Hogle et al.
2018). In this study, we used the diatom iron limitation proxy, Siex, to examine the interplay
between iron limitation and NO;" utilization. Inshore, upwelling conditions lead to nutrient

replete surface waters necessary to support diatom blooms, and with their higher iron quotas and
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requirements for silica, diatoms will influence the Si:NOs ratio, and thus Sicx, when iron is scarce
(King and Barbeau 2007; Brzezinski et al. 2015). Negative values of Siex indicate that
phytoplankton are using more Si relative to NOs", as is the case with iron-limited diatoms. Our
dataset indicates that NO3™ utilization and Siex interact in the SCCS in a few different ways. For
example, some regions exhibit high NO;™ utilization, low chlorophyll and positive Siex (Figure
2.9a), whereas other regions are iron limited (negative Siex) but can have either high NO3
utilization and high chlorophyll (Figure 2.9b) or low NOs" utilization and low chlorophyll (Fig.
9¢). Water masses with positive Siex values but low chlorophyll (Figure 2.9a) are likely nitrate-
limited and oligotrophic. In these environments, NO3™ has been drawn down, but the overall
limited supply of NOs™ keeps chlorophyll concentrations low. We can see from the size-
fractionated chlorophyll data that these communities tend to host smaller phytoplankton,
potentially with either no or limited silica requirements (Figures S2.4-5). Although it is possible
that these communities are also experiencing iron limitation, it will not be reflected in the Siex
proxy used here. However, iron limitation of both phytoplankton and heterotrophic bacteria has
been shown to be less common in oligotrophic regimes (Kirchman et al. 2000). These conditions
generally describe what was commonly observed during the 2015-2016 El Nino (Figure 2.3;2.4a

and 2.5a).
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Figure 2.9. Iron limitation may influence NQOs" utilization in the sCCS. A comparison of
Chlorophyll a concentration, the fraction of NOs" utilized, and the proxy for diatom iron
limitation Siex (color bar). Negative values of Siex indicate potential iron limitation (blue). Three
different groups of data points, identifying different ecosystem conditions (iron replete: (a), and
iron limited: (b) and (c¢)), were identified and discussed further in the text.

Any unutilized iron supplied from sediments or from external sources is oxidized or
scavenged quickly unless chelated by iron-binding ligands (Gledhill and Buck 2012), and so,
upwelled waters moving offshore can rapidly tend toward iron limitation. Indeed this has been
previously demonstrated specifically for Point Conception (Firme et al. 2003; King et al. 2012).
In regions with high NOs" utilization, high chlorophyll concentrations, and negative Siex values
indicative of potential iron limitation (Figure 2.9b), we propose that developing iron limitation in
offshore moving water masses may be responsible for the negative Siex values at stations 80.60,

80.70 and 80.80 (Figure 2.6a). Iron limitation offshore along the northern line has previously

been identified in other studies (e.g. Brzezinski et al., 2015).
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Finally, negative Sicx values indicative of iron limitation were found to coincide with
lower chlorophyll and lower NOs™ utilization (as indicated by the 5'°Nno3) most often inshore,
along the southern line (Figure 2.9¢). At these locations, negative Siex values appeared deeper in
the water column and under more stratified conditions (Figures 2.7 and S2.2). Subsurface,
negative Siex values are consistent with previous studies that have identified subsurface
chlorophyll maxima as important sites of iron limitation in the sCCS (Hopkinson and Barbeau
2008; Hogle et al. 2018). At these depths, diatoms experiencing light limitation may produce a
greater number of photosystems (Strzepek et al. 2019), resulting in even greater iron
requirements. Long-term records of CalCOFI Sicx suggest that diatoms are becoming
increasingly iron limited in the sCCS, consistent with a secular surface ocean warming trend and
increased stratification leading to development of iron limitation at the base of the euphotic zone
(Hogle et al. 2018). It is possible that this will result in a reapportionment of nutrients, and thus
productivity, in the region, as unutilized NO3  may become available for export elsewhere.
Conclusions

The NOs isotope data presented here reveal the sCCS to be a dynamic eastern boundary
current system with a strong response to the 2015-2016 El Nifio. Whether this response is typical
of other El Nifio events remains to be seen, especially because this particular event occurred
during a pronounced marine heatwave: the North Pacific warm anomaly of 2014-2015 (Jacox et
al. 2016; Di Lorenzo and Mantua 2016). The El Nifio conditions of late 2015 and early 2016
resulted in reduced NO3 supply, leading to elevated NOs™ isotopic compositions, greater percent
utilization, and decreased primary production. This period of warm surface waters also resulted
in greater stratification, which increased the relative reliance of the phytoplankton community on

recycled NOs'. These trends may be expected to become increasingly relevant as surface oceans
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continue to warm. Our larger dataset also revealed significant variability in upper ocean NOj3"
isotopic composition tied to differences in the extent of euphotic zone NOj3™ utilization. The
degree of utilization in the sCCS is likely influenced by iron limitation at southern, inshore
stations (Line 93) and within the California Current along our northern line (Line 80), where
progressive nutrient drawdown along upwelling filaments can result in both iron and NOj3"
limitation, but high biomass. Some inshore Line 80 stations also showed low NOs" utilization that
was not tied to iron limitation but was likely driven by rapid Ekman transport of unused NO3

offshore and replacement with newly upwelled NOs".
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Supporting Information

Table S2.1. Dates and locations of nitrate isotope measurements from this study. Included in
this study are all measurements from these locations above 150 m depth. Locations for each
station can be seen on the map in Fig. 1 or found online at calcofi.org. Samples from 2010-2012
were measured by Patrick Rafter in Daniel Sigman’s laboratory at Princeton University. Samples
from 2013-2016 were measured in Scott Wankel’s laboratory at Woods Hole Oceanographic
Institution.

Cruise | Year Season Dates Line 80.0 Line 93.3
Stations Stations

1004 2010 Spring 11 Apr — 17 May 51-60 -

1011 2010 Fall 28 Oct - 15 Nov 51-100 -

1101 2011 Winter 12 Jan - 06 Feb 55-100 40-90
1104 2011 Spring 08 - 26 Apr 55-100 -

1108 2011 Summer 27 Jul - 13 Aug 55-100 -

1110 2011 Fall 16 Oct - 02 Nov 55-100 -

1202 2012 Winter 27 Jan - 13 Feb 55-70 -

1301 2013 Winter 10 Jan - 02 Feb 55-80 30-60
1304 2013 Spring 06 - 30 Apr 55-80 30-60
1307 2013 Summer 6 - 22 July 55-80 30-60
1511 2015 Fall 25 Oct - 13 Nov 55-80 30-60
1601 2016 Winter 06 - 30 Jan 55-80 30-60
1604 2016 Spring 01 -23 Apr 55-60 30-60
1607 2016 Summer 10 - 27 July 55-80 30-60
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Table S2.2. Estimated fractionation factors for nitrate uptake by phytoplankton.
Fractionation factors could not be calculated for all profiles; thus, this table does not include all
profiles for which we have isotope data. The average &€ was 3.3 £+ 0.8 %o for all profiles and
slightly lower, 3.2 + 0.8 %0 when looking only at closed system results.

EZ Depth Open | Open | Closed | Closed | Rayleigh | Best fit

Station Cruise | (m) n | & r’ £ r’ Model £
080.0

051.0 1004 30 5 |37 0.86 2.4 0.9278 | closed 2.4
080.0

055.0 1004 75 5 129 0.97 2.7 0.9648 | open 2.9
080.0

055.0 1011 75 7 139 0.92 1.7 0.9158 | open 39
080.0

055.0 1101 50 5 139 0.97 23 0.994 closed 23
080.0

055.0 1104 40 5 |43 0.99 3.6 0.9933 | closed 3.6
080.0

055.0 1108 60 7 |71 0.73 2.5 0.8823 | closed 2.5
080.0

055.0 1301 60 4 1175 0.96 5.0 0.9852 | closed 5.0
080.0

055.0 1511 52 3 149 0.88 2.9 0.9676 | closed 2.9
080.0

055.0 1601 70 5 179 0.91 4.2 0.959 closed 4.2
080.0

060.0 1104 30 6 |47 0.99 3.7 0.99 open 4.7
093.3

030.0 1511 87 3 137 0.80 2.1 0.9316 | closed 2.1
093.3

030.0 1604 50 3 |89 0.90 3.6 0.9898 | closed 3.6
093.3

030.0 1607 50 3 147 0.93 3.5 0.9599 | closed 3.5
093.3

040.0 1304 50 3 | 104 ]0.85 4.1 0.9562 | closed 4.1
093.3

040.0 1307 61 4 139 0.85 1.9 0.6965 | open 39
093.3

040.0 1604 86 3 143 0.73 2.7 0.8702 | closed 2.7
093.3

050.0 1304 70 3 163 0.88 3.0 0.969 closed 3.0
093.3

050.0 1307 70 3 150 0.98 2.8 0.9936 | closed 2.8
093.3

050.0 1511 87 3 138 0.97 2.8 0.9936 | closed 2.8
093.3

050.0 1601 86 3 128 0.99 1.6 0.96 open 2.8
093.3

050.0 1604 70 3 174 0.98 39 0.99 closed 39
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Table S2.3. Characteristics of upwelling water. This table shows the depth, density, nitrate
concentration, and nitrate isotope signature of upwelling water used for the analyses presented
here.

Station Cruise | Depth (m) | STheta [NOs;] (uM) | 8"°N (%o) 5"%0 (%o)

080.0 055.0 1004 100 26.102 25.4 8.00 3.71
080.0 060.0 1004 75 25.799 20.3 8.45 3.99
080.0 055.0 1011 100 26.087 26.1 7.98 3.06
080.0 060.0 1011 71 25.783 21.5 7.94 3.66
080.0 070.0 1011 85 26.226 27.8 8.41 4.07
080.0 080.0 1011 120 26.224 25.6 7.33 2.77
080.0 055.0 1101 85 26.129 25.8 8.30 3.80
080.0 060.0 1101 60 25.707 18.1 8.51 3.87
080.0 070.0 1101 85 25.814 22 7.68 2.88
080.0 080.0 1101 85 25.885 22.3 7.72 2.95
093.3 040.0 1101 100 25.82 20.7 8.11 3.37
093.3 050.0 1101 86 26.002 23.8 8.11 3.63
093.3 060.0 1101 100 25.897 22.4 7.97 3.18
093.3 070.0 1101 120 25.699 18.2 8.05 3.28
080.0 055.0 1104 60 26.129 25.4 8.33 4.17
080.0 060.0 1104 60 25.802 17.8 8.73 4.47
080.0 070.0 1104 85 25.967 22.1 8.02 3.82
080.0 080.0 1104 140 25.986 22.5 7.72 3.20
080.0 055.0 1108 120 26.236 27 8.21 3.86
080.0 060.0 1108 70 25.895 24 7.87 3.29
080.0 070.0 1108 120 26.182 27 7.64 3.03
080.0 080.0 1108 100 25.631 16.4 7.80 3.10
080.0 055.0 1110 120 26.093 24.9 8.02 3.59
080.0 060.0 1110 110 26.057 25.5 7.96 3.26
080.0 070.0 1110 140 25.992 21.5 7.53 2.94
080.0 080.0 1110 140 26.114 24.7 7.84 3.18
080.0 055.0 1202 120 26.126 25.7 7.94 3.20
080.0 060.0 1202 87 26.083 25.1 7.93 3.41
080.0 070.0 1202 140 25.986 21.6 7.43 2.87
080.0 080.0 1202 141 26.11 25.5 7.81 3.39
080.0 055.0 1301 84 | 26.0088 23.3 7.92 4.52
080.0 060.0 1301 120 26.029 23.3 7.99 4.23
080.0 070.0 1301 100 25.857 20.4 8.20 3.81
080.0 080.0 1301 139 26.095 22.4 7.84 4.02
093.3 030.0 1301 84 | 25.7337 18.1 8.81 3.94
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093.3 050.0 1301 120 | 25.8141 18.3 8.16 3.88
093.3 060.0 1301 120 | 25.7081 15.6 8.53 3.93
080.0 055.0 1304 100 | 26.2646 26.3 8.22 4.66
080.0 060.0 1304 119 | 26.22525 253 8.09 3.80
080.0 070.0 1304 140 | 26.22098 25.2 7.93 3.88
093.3 030.0 1304 75 | 25.99776 23.1 8.81 4.64
093.3 040.0 1304 118 | 26.18654 25.2 9.42 5.30
093.3 050.0 1304 85 | 25.71972 16.8 8.47 3.35
093.3 060.0 1304 141 | 26.09072 23.5 8.62 3.80
080.0 055.0 1307 30 | 25.72118 18.6 8.67 4.90
080.0 060.0 1307 60 | 26.02079 23.1 7.65 3.18
080.0 070.0 1307 140 | 26.33463 28.9 8.25 4.67
080.0 080.0 1307 140 | 26.20945 27.5 7.98 4.05
093.3 030.0 1307 100 | 26.0464 24.1 9.51 4.85
093.3 040.0 1307 120 | 26.0332 21.8 8.23 3.66
093.3 050.0 1307 86 | 25.87227 20.7 8.51 3.78
093.3 060.0 1307 85 | 25.96297 22.4 7.68 3.30
080.0 055.0 1511 120 | 25.91232 20.58 8.78 4.62
080.0 060.0 1511 86 | 25.43757 13.26 9.55 5.28
080.0 070.0 1511 100 | 25.94812 21.69 8.67 4.52
080.0 080.0 1511 125 | 26.06965 23.5 8.69 3.78
093.3 030.0 1511 100 | 25.35411 12 10.52 4.89
093.3 040.0 1511 86 | 25.24222 9.8 8.62 3.70
093.3 050.0 1511 125 | 25.85791 19.42 8.32 3.77
093.3 060.0 1511 140 | 25.95753 20.61 8.49 3.60
080.0 055.0 1601 86 | 25.51694 15.01 8.60 4.30
080.0 060.0 1601 86 | 25.24526 10.05 9.18 4.44
080.0 080.0 1601 125 | 25.63499 17.09 7.98 3.93
093.3 030.0 1601 86 | 25.27975 11.78 9.46 4.66
093.3 040.0 1601 122 | 25.48657 15.5 9.74 5.24
093.3 050.0 1601 124 | 25.94343 19.82 9.97 5.47
093.3 060.0 1601 143 | 25.84862 19.99 8.36 3.86
080.0 055.0 1604 60 | 25.84335 18.94 8.81 4.88
080.0 060.0 1604 101 | 25.87056 2091 8.35 4.19
093.3 030.0 1604 86 | 25.68145 18.19 9.09 3.92
093.3 040.0 1604 120 | 25.90811 20.13 8.39 4.42
093.3 050.0 1604 86 | 25.46248 14.26 8.93 4.59
093.3 060.0 1604 141 | 26.04172 23.88 8.57 5.57
080.0 055.0 1607 60 | 25.94931 22.52 8.59 4.46
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080.0 060.0 1607 101 | 26.13377 25.41 8.10 4.71
080.0 080.0 1607 121 | 25.4062 11.89 7.51 4.07
093.3 030.0 1607 84 | 25.89854 20.74 8.43 4.11
093.3 040.0 1607 50 | 25.6537 18.51 8.65 4.20
093.3 050.0 1607 60 | 25.90622 22.06 8.43 4.83
093.3 060.0 1607 141 | 26.2401 26.29 8.62 4.80

Table S2.4. Stratification and densities for all depths with isotope measurements.
Stratification was calculated by subtracting the density at each relevant depth from the density
at 200 m at that station (Behrenfeld et al. 2006).

Depth Temperature | Salinity STheta at | Stratification

Station Cruise | (m) O (psw) STheta | 200 m Index

080.0 055.0 1004 0 10.82 33.698 | 25.794 26.516 0.722
080.0 055.0 1004 15 10.44 33.667 | 25.837 26.516 0.679
080.0 055.0 1004 30 10.39 33.685 | 25.860 26.516 0.656
080.0 055.0 1004 45 10.42 33.704 | 25.870 26.516 0.646
080.0 055.0 1004 60 10.34 33.727 | 25.902 26.516 0.614
080.0 055.0 1004 75 10.23 33.815 | 25.990 26.516 0.526
080.0 060.0 1004 57 10.27 33.36 | 25.627 26.521 0.894
080.0 060.0 1004 75 10.48 33.626 | 25.799 26.521 0.722
080.0 055.0 1011 50 11.11 33.262 | 25.404 26.425 1.021
080.0 055.0 1011 60 10.09 33.471 25.745 26.425 0.680
080.0 055.0 1011 70 9.73 33.567 | 25.880 26.425 0.545
080.0 055.0 1011 85 9.61 33.6 | 25.926 26.425 0.499
080.0 060.0 1011 50 11.41 334 | 25.457 26.524 1.067
080.0 060.0 1011 60 10.57 33.474 | 25.665 26.524 0.859
080.0 060.0 1011 71 10.2 33.544 | 25.783 26.524 0.741
080.0 060.0 1011 85 9.75 33.715 | 25.992 26.524 0.532
080.0 070.0 1011 30 11.22 33.442 | 25.524 26.502 0.978
080.0 070.0 1011 37 10.31 33475 | 25.710 26.502 0.792
080.0 070.0 1011 45 10.04 33.586 | 25.842 26.502 0.660
080.0 070.0 1011 52 10 33.689 | 25.930 26.502 0.572
080.0 070.0 1011 60 9.85 33.772 | 26.020 26.502 0.482
080.0 070.0 1011 70 9.67 33.879 | 26.134 26.502 0.368
080.0 070.0 1011 85 9.53 33.968 | 26.226 26.502 0.276
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080.0 080.0 1011 40 12.03 33.256 | 25.231 26.521 1.290
080.0 080.0 1011 50 11.34 33.269 | 25.368 26.521 1.153
080.0 080.0 1011 60 10.05 33.216 | 25.552 26.521 0.969
080.0 080.0 1011 70 9.65 33.345 | 25.719 26.521 0.802
080.0 080.0 1011 84 9.26 33.523 | 25.922 26.521 0.599
080.0 090.0 1011 72 10.68 33.07 | 25.331 26.473 1.142
080.0 090.0 1011 86 10.36 33.153 | 25451 26.473 1.022
080.0 055.0 1101 50 10.82 33.61 25.727 26.442 0.715
080.0 055.0 1101 59 10.18 33.724 | 25.927 26.442 0.515
080.0 055.0 1101 71 9.84 33.787 | 26.033 26.442 0.409
080.0 055.0 1101 85 9.64 33.866 | 26.129 26.442 0.313
080.0 060.0 1101 50 11.58 33.513 | 25.514 26.558 1.044
080.0 060.0 1101 60 10.89 33.6 | 25.707 26.558 0.851
080.0 060.0 1101 70 10.01 33.772 | 25.993 26.558 0.565
080.0 060.0 1101 85 9.69 33.836 | 26.097 26.558 0.461
080.0 070.0 1101 70 10.85 33.333 | 25.506 26.526 1.020
080.0 070.0 1101 85 9.77 33.491 25.814 26.526 0.712
080.0 080.0 1101 61 11.02 33.133 | 25.320 26.512 1.192
080.0 080.0 1101 70 9.87 33.181 25.555 26.512 0.957
080.0 080.0 1101 85 9.63 33.552 | 25.885 26.512 0.627
080.0 090.0 1101 69 10.16 33.189 | 25.513 26.472 0.959
080.0 090.0 1101 85 9.73 33.392 | 25.743 26.472 0.729
093.3 040.0 1101 50 12.99 33.301 25.081 26.468 1.387
093.3 040.0 1101 60 12.15 33.287 | 25.233 26.468 1.235
093.3 040.0 1101 70 10.83 33313 | 25.494 26.468 0.974
093.3 040.0 1101 85 10.33 33.388 | 25.640 26.468 0.828
093.3 050.0 1101 30 12.55 33.392 | 25.237 26.550 1.313
093.3 050.0 1101 40 11.79 33434 | 25414 26.550 1.136
093.3 050.0 1101 50 11.4 33.459 | 25.505 26.550 1.045
093.3 050.0 1101 61 10.7 33.531 25.686 26.550 0.864
093.3 050.0 1101 70 10.32 33.585 | 25.795 26.550 0.755
093.3 050.0 1101 86 9.77 33.732 | 26.002 26.550 0.548
093.3 060.0 1101 50 12.2 33.34 | 25.264 26.506 1.242
093.3 060.0 1101 69 11.11 33.431 25.536 26.506 0.970
093.3 060.0 1101 85 10.13 33.569 | 25.815 26.506 0.691
080.0 055.0 1104 2 11.06 33.721 25.769 26.538 0.769
080.0 055.0 1104 10 11.06 33.721 25.770 26.538 0.768
080.0 055.0 1104 20 11.01 33.722 | 25.780 26.538 0.758
080.0 055.0 1104 30 10.73 33.725 | 25.832 26.538 0.706
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080.0 055.0 1104 40 10.29 33.717 | 25.902 26.538 0.636
080.0 055.0 1104 50 9.9 33.79 | 26.025 26.538 0.513
080.0 055.0 1104 60 9.61 33.861 26.129 26.538 0.409
080.0 055.0 1104 70 9.31 33.985 | 26.275 26.538 0.263
080.0 055.0 1104 85 9.23 34.014 | 26.311 26.538 0.227
080.0 060.0 1104 2 11.8 33.498 | 25461 26.527 1.066
080.0 060.0 1104 11.7 33.502 | 25.482 26.527 1.045
080.0 060.0 1104 8 11.56 33.513 | 25.517 26.527 1.010
080.0 060.0 1104 14 11.44 33.542 | 25.562 26.527 0.965
080.0 060.0 1104 25 11.45 33.581 25.590 26.527 0.937
080.0 060.0 1104 30 11.32 33.595 | 25.625 26.527 0.902
080.0 060.0 1104 40 11.04 33.619 | 25.694 26.527 0.833
080.0 060.0 1104 50 10.85 33.649 | 25.752 26.527 0.775
080.0 060.0 1104 60 10.71 33.682 | 25.802 26.527 0.725
080.0 060.0 1104 70 10.27 33.718 | 25.907 26.527 0.620
080.0 060.0 1104 85 9.49 33.752 | 26.064 26.527 0.463
080.0 070.0 1104 20 12.43 33.443 | 25.299 26.505 1.206
080.0 070.0 1104 31 11.15 33.488 | 25.573 26.505 0.932
080.0 070.0 1104 41 10.82 33.531 25.665 26.505 0.840
080.0 070.0 1104 51 10.63 33.604 | 25.755 26.505 0.750
080.0 070.0 1104 61 10.58 33.634 | 25.788 26.505 0.717
080.0 070.0 1104 70 10.57 33.637 | 25.792 26.505 0.713
080.0 070.0 1104 85 9.9 33.714 | 25.967 26.505 0.538
080.0 090.0 1104 85 10.35 33.097 | 25.409 26.430 1.021
080.0 055.0 1108 40 12.93 33.519 | 25.261 26.456 1.195
080.0 055.0 1108 51 11.3 33432 | 25.502 26.456 0.954
080.0 055.0 1108 60 10.53 33.463 | 25.663 26.456 0.793
080.0 055.0 1108 70 10.04 33.692 | 25.926 26.456 0.530
080.0 055.0 1108 84 9.9 33.75 | 25.995 26.456 0.461
080.0 055.0 1108 99 9.72 33.786 | 26.053 26.456 0.403
080.0 060.0 1108 40 12.86 33.566 | 25311 26.554 1.243
080.0 060.0 1108 50 11.75 33.608 | 25.557 26.554 0.997
080.0 060.0 1108 60 10.77 33.686 | 25.795 26.554 0.759
080.0 060.0 1108 70 10.35 33.72 | 25.895 26.554 0.659
080.0 060.0 1108 86 9.49 33.786 | 26.091 26.554 0.463
080.0 070.0 1108 70 11.02 33.137 | 25.323 26.493 1.170
080.0 070.0 1108 85 9.88 33414 | 25.736 26.493 0.757
080.0 055.0 1110 40 14.79 33.406 | 24.791 26.452 1.661
080.0 055.0 1110 51 13.33 33.383 | 25.077 26.452 1.375
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080.0 055.0 1110 60 12.37 33.335 | 25.228 26.452 1.224
080.0 055.0 1110 70 11.07 33473 | 25.576 26.452 0.876
080.0 055.0 1110 85 10.25 33.534 | 25.767 26.452 0.685
080.0 055.0 1110 99 9.97 33.65 | 25.905 26.452 0.547
080.0 060.0 1110 69 11.44 33.338 | 25.404 26.437 1.033
080.0 060.0 1110 71 10.68 33411 25.597 26.437 0.840
080.0 060.0 1110 84 10.2 33.52 | 25.765 26.437 0.672
080.0 060.0 1110 94 9.5 33.572 | 25.922 26.437 0.515
080.0 080.0 1110 69 12.17 33.277 | 25.221 26.429 1.208
080.0 080.0 1110 85 11.59 33.311 25.356 26.429 1.073
080.0 090.0 1110 50 12.99 33412 | 25.167 26.510 1.343
080.0 090.0 1110 60 12.02 33.37 | 25322 26.510 1.188
080.0 090.0 1110 70 10.91 33.478 | 25.608 26.510 0.902
080.0 090.0 1110 85 9.64 33.596 | 25.918 26.510 0.592
080.0 100.0 1110 86 10.45 33458 | 25.673 26.465 0.792
080.0 055.0 1202 50 11.01 33.54 | 25.638 26.449 0.811
080.0 055.0 1202 60 10.64 33.575 | 25.731 26.449 0.718
080.0 055.0 1202 70 10.4 33.605 | 25.796 26.449 0.653
080.0 055.0 1202 85 9.95 33.677 | 25.929 26.449 0.520
080.0 060.0 1202 50 11.89 33.448 | 25.406 26.519 1.113
080.0 060.0 1202 62 10.59 33.58 | 25.744 26.519 0.775
080.0 060.0 1202 74 9.79 33.692 | 25.968 26.519 0.551
080.0 060.0 1202 87 9.54 33.787 | 26.083 26.519 0.436
080.0 080.0 1202 86 11.2 33.203 | 25.343 26.412 1.069
080.0 090.0 1202 85 11.16 33.345 | 25461 26.413 0.952
080.0 100.0 1202 85 11.17 33.168 | 25.321 26.381 1.060
080.0 055.0 1301 30 11.693 33.379 | 25.389 26.400 1.011
080.0 055.0 1301 41 10.362 | 33.4188 | 25.658 26.400 0.742
080.0 055.0 1301 50 10.287 | 33.4742 | 25.713 26.400 0.687
080.0 055.0 1301 60 10.073 | 33.5329 | 25.797 26.400 0.603
080.0 055.0 1301 70 9.794 | 33.6058 | 25.901 26.400 0.499
080.0 055.0 1301 84 9.585 | 33.6993 | 26.009 26.400 0.391
080.0 060.0 1301 60 12.014 | 33.3371 25.299 26.394 1.095
080.0 060.0 1301 70 11.301 | 33.3791 25.463 26.394 0.931
080.0 060.0 1301 85 10.591 | 33.5282 | 25.706 26.394 0.688
080.0 080.0 1301 85 10.706 | 33.4432 | 25.619 26.424 0.804
093.3 030.0 1301 40 13.751 | 33.5078 | 25.089 26.418 1.330
093.3 030.0 1301 50 11.853 | 33.3982 | 25.376 26.418 1.042
093.3 030.0 1301 60 11.529 | 33.4082 | 25.444 26.418 0.974
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093.3 030.0 1301 70 11.3 | 33.5242 | 25.576 26.418 0.842
093.3 030.0 1301 84 10.85 | 33.6226 | 25.734 26.418 0.684
093.3 040.0 1301 30 14.596 | 33.5143 | 24.916 26.458 1.541
093.3 040.0 1301 40 14.585 | 33.5077 | 24.914 26.458 1.544
093.3 040.0 1301 50 14.46 | 33.4956 | 24.932 26.458 1.526
093.3 040.0 1301 60 12.191 | 33.4002 | 25.314 26.458 1.144
093.3 040.0 1301 70 11.65 | 33.4861 25.483 26.458 0.975
093.3 040.0 1301 86 10.861 | 33.4896 | 25.628 26.458 0.830
093.3 050.0 1301 62 13911 | 33.4922 | 25.045 26.485 1.440
093.3 050.0 1301 70 13471 | 33.4654 | 25.114 26.485 1.371
093.3 050.0 1301 86 12.379 | 33.4368 | 25.308 26.485 1.177
093.3 060.0 1301 85 11.626 | 33.1586 | 25.233 26.388 1.155
080.0 055.0 1304 30 11.66 | 33.5599 | 25.536 26.561 1.025
080.0 055.0 1304 31 11.561 | 33.5653 | 25.559 26.561 1.003
080.0 055.0 1304 50 10.786 | 33.7103 | 25.812 26.561 0.749
080.0 055.0 1304 60 10424 | 33.7322 | 25.892 26.561 0.669
080.0 055.0 1304 70 9.964 33.774 | 26.004 26.561 0.558
080.0 055.0 1304 86 9.218 | 33.8537 | 26.189 26.561 0.372
080.0 060.0 1304 62 11.407 | 33.5698 | 25.592 26.535 0.943
080.0 060.0 1304 75 10.163 | 33.5772 | 25.817 26.535 0.718
080.0 060.0 1304 85 10.251 | 33.6846 | 25.886 26.535 0.649
080.0 060.0 1304 99 9.485 | 33.6783 | 26.009 26.535 0.526
080.0 080.0 1304 60 13.12 33.216 | 24991 26.387 1.396
093.3 030.0 1304 30 12.548 33.544 | 25.356 26.513 1.157
093.3 030.0 1304 41 11.586 | 33.5627 | 25.552 26.513 0.960
093.3 030.0 1304 50 11.157 | 33.6057 | 25.664 26.513 0.848
093.3 030.0 1304 60 10.638 | 33.6953 | 25.827 26.513 0.686
093.3 030.0 1304 70 10.278 | 33.7765 | 25.953 26.513 0.560
093.3 030.0 1304 75 10.245 33.827 | 25.998 26.513 0.515
093.3 030.0 1304 85 10.086 33.874 | 26.062 26.513 0.451
093.3 040.0 1304 30 13.088 | 33.4736 | 25.195 26.518 1.323
093.3 040.0 1304 39 12.465 | 33.4936 | 25.333 26.518 1.185
093.3 040.0 1304 50 11.857 | 33.4957 | 25.451 26.518 1.068
093.3 040.0 1304 58 10.954 | 33.5399 | 25.650 26.518 0.869
093.3 040.0 1304 68 10.777 | 33.5555 | 25.694 26.518 0.825
093.3 040.0 1304 84 10.39 | 33.6482 | 25.834 26.518 0.685
093.3 050.0 1304 50 13.079 | 33.4326 | 25.166 26.477 1.311
093.3 050.0 1304 59 11.932 | 33.4334 | 25.389 26.477 1.088
093.3 050.0 1304 70 10.757 33.516 | 25.666 26.477 0.811
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093.3 050.0 1304 85 10.547 | 33.5366 | 25.720 26.477 0.757
093.3 060.0 1304 85 12.435 | 33.3396 | 25.222 26.404 1.182
080.0 055.0 1307 30 11.1 | 33.6667 | 25.721 26.432 0.711
080.0 055.0 1307 41 10.363 | 33.7189 | 25.892 26.432 0.540
080.0 055.0 1307 50 10.287 | 33.7235 | 25.909 26.432 0.523
080.0 055.0 1307 60 9.838 | 33.7953 | 26.041 26.432 0.391
080.0 055.0 1307 70 9.756 | 33.8469 | 26.095 26.432 0.337
080.0 055.0 1307 86 9.544 | 339184 | 26.187 26.432 0.245
080.0 060.0 1307 60 9.56 | 33.7105 | 26.021 26.583 0.562
080.0 060.0 1307 70 9.427 | 33.7583 | 26.080 26.583 0.503
080.0 060.0 1307 85 9.28 | 33.8557 | 26.181 26.583 0.402
080.0 080.0 1307 85 11.48 | 33.3354 | 25.397 26.476 1.079
093.3 030.0 1307 30 12.792 | 33.5025 | 25.276 26.443 1.167
093.3 030.0 1307 40 12.516 | 33.5539 | 25.370 26.443 1.073
093.3 030.0 1307 50 1145 | 33.5176 | 25.543 26.443 0.901
093.3 030.0 1307 60 10.743 | 33.5221 25.673 26.443 0.770
093.3 030.0 1307 70 10.347 | 33.5531 25.766 26.443 0.677
093.3 030.0 1307 86 10.162 | 33.7545 | 25.956 26.443 0.488
093.3 040.0 1307 30 14.639 | 33.5515 | 24.936 26.466 1.531
093.3 040.0 1307 42 13.521 | 33.5258 | 25.149 26.466 1.317
093.3 040.0 1307 50 13.034 33.518 | 25.241 26.466 1.225
093.3 040.0 1307 61 12.224 | 33.4879 | 25.376 26.466 1.091
093.3 040.0 1307 71 11453 | 33.4842 | 25.517 26.466 0.949
093.3 040.0 1307 86 10.945 | 33.5054 | 25.626 26.466 0.841
093.3 050.0 1307 50 12.485 | 33.4868 | 25.325 26.535 1.210
093.3 050.0 1307 60 11.886 33.533 | 25475 26.535 1.060
093.3 050.0 1307 70 11.21 | 33.5327 | 25.599 26.535 0.936
093.3 050.0 1307 86 10.078 | 33.6293 | 25.872 26.535 0.663
093.3 060.0 1307 85 9.836 | 33.6936 | 25.963 26.534 0.571
080.0 055.0 1511 32 14.552 | 33.2964 | 24.758 26.343 1.586
080.0 055.0 1511 42 12.797 | 33.3377 | 25.148 26.343 1.195
080.0 055.0 1511 52 11.688 | 33.4291 25.430 26.343 0.913
080.0 055.0 1511 62 11.37 | 33.4821 25.530 26.343 0.813
080.0 055.0 1511 70 11.279 | 33.4941 25.556 26.343 0.787
080.0 055.0 1511 85 10.845 | 33.5365 | 25.668 26.343 0.676
080.0 060.0 1511 60 12.807 | 33.3278 | 25.139 26.356 1.216
080.0 060.0 1511 70 12.111 | 33.3507 | 25.291 26.356 1.064
080.0 060.0 1511 86 11.591 | 33.4134 | 25.438 26.356 0.918
080.0 080.0 1511 62 11.948 | 33.2187 | 25.219 26.391 1.172
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080.0 080.0 1511 87 10.237 | 33.2757 | 25.570 26.391 0.821
093.3 030.0 1511 62 15.387 33.374 | 24.639 26.122 1.483
093.3 030.0 1511 75 14.6 | 33.4857 | 24.896 26.122 1.226
093.3 030.0 1511 87 13.387 33.521 25.175 26.122 0.947
093.3 040.0 1511 60 14.55 33.289 | 24.754 26.297 1.543
093.3 040.0 1511 70 13.795 | 33.3126 | 24.930 26.297 1.367
093.3 040.0 1511 86 12.049 | 33.2714 | 25.242 26.297 1.055
093.3 050.0 1511 50 14.705 | 33.1254 | 24.594 26.340 1.745
093.3 050.0 1511 62 12.924 | 33.1574 | 24.985 26.340 1.355
093.3 050.0 1511 75 12.058 | 33.1436 | 25.141 26.340 1.199
093.3 050.0 1511 87 11.39 | 33.2076 | 25.314 26.340 1.025
093.3 060.0 1511 53 14.222 | 33.1304 | 24.700 26.402 1.702
093.3 060.0 1511 &9 11.308 | 33.3456 | 25.437 26.402 0.966
080.0 055.0 1601 30 14.194 | 33.5047 | 24.994 26.358 1.364
080.0 055.0 1601 40 14.009 33493 | 25.024 26.358 1.334
080.0 055.0 1601 50 13.851 | 33.4981 25.061 26.358 1.297
080.0 055.0 1601 60 13.305 | 33.4847 | 25.162 26.358 1.196
080.0 055.0 1601 70 12.658 | 33.4689 | 25.278 26.358 1.079
080.0 055.0 1601 86 10.457 | 33.2565 | 25.517 26.358 0.841
080.0 060.0 1601 60 14.224 | 33.4134 | 24919 26.361 1.443
080.0 060.0 1601 71 14.099 | 33.4414 | 24.967 26.361 1.394
080.0 060.0 1601 86 12.617 33415 | 25.245 26.361 1.116
080.0 080.0 1601 87 13.666 | 33.1167 | 24.806 26.289 1.482
093.3 030.0 1601 60 15.341 | 33.4489 | 24.707 26.311 1.604
093.3 030.0 1601 71 13.11 33.225 | 25.001 26.311 1.310
093.3 030.0 1601 86 12.745 | 33.4916 | 25.280 26.311 1.031
093.3 040.0 1601 69 16.664 | 33.6888 | 24.593 26.105 1.512
093.3 040.0 1601 85 15434 | 33.6712 | 24.859 26.105 1.246
093.3 050.0 1601 61 14.846 | 33.4995 | 24.853 26.322 1.469
093.3 050.0 1601 69 13.824 | 33.4411 25.024 26.322 1.298
093.3 050.0 1601 86 11.931 | 33.4405 | 25.396 26.322 0.926
080.0 055.0 1604 41 11.486 334 | 25.444 26.436 0.992
080.0 055.0 1604 51 11.142 | 33.6403 | 25.694 26.436 0.742
080.0 055.0 1604 60 10.72 | 33.7353 | 25.843 26.436 0.593
080.0 055.0 1604 70 10.472 | 33.8207 | 25.954 26.436 0.483
080.0 055.0 1604 86 10.297 | 33.8692 | 26.022 26.436 0.414
080.0 060.0 1604 62 12.733 | 33.3472 | 25.169 26.421 1.252
080.0 060.0 1604 72 11.272 | 33.3607 | 25.454 26.421 0.967
080.0 060.0 1604 86 10.386 33.441 25.673 26.421 0.748

57




093.3 030.0 1604 30 14.24 | 33.3875 | 24.894 26.432 1.538
093.3 030.0 1604 40 14.054 | 33.4758 | 25.001 26.432 1.430
093.3 030.0 1604 50 13.301 | 33.4928 | 25.169 26.432 1.263
093.3 030.0 1604 61 12.641 | 33.5076 | 25.311 26.432 1.121
093.3 030.0 1604 70 11.98 | 33.5428 | 25.465 26.432 0.967
093.3 030.0 1604 86 10.941 | 33.5761 25.681 26.432 0.750
093.3 040.0 1604 61 13.919 | 33.3553 | 24.937 26.347 1.410
093.3 040.0 1604 70 12.973 | 33.3161 25.098 26.347 1.249
093.3 040.0 1604 86 11.23 | 33.3104 | 25.423 26.347 0.924
093.3 050.0 1604 50 13.686 | 33.4554 | 25.062 26.459 1.397
093.3 050.0 1604 60 13.345 | 33.4556 | 25.132 26.459 1.327
093.3 050.0 1604 70 12.699 | 33.4728 | 25.273 26.459 1.186
093.3 050.0 1604 86 11.424 | 33.4062 | 25.462 26.459 0.996
093.3 060.0 1604 88 11.654 | 33.4086 | 25.422 26.400 0.978
080.0 055.0 1607 29 11.096 | 33.6102 | 25.678 26.451 0.773
080.0 055.0 1607 35 10.746 | 33.6253 | 25.752 26.451 0.699
080.0 055.0 1607 42 10495 | 33.6417 | 25.809 26.451 0.642
080.0 055.0 1607 60 10.047 | 33.7226 | 25.949 26.451 0.502
080.0 055.0 1607 70 9.991 | 33.7921 26.013 26.451 0.438
080.0 055.0 1607 84 9.822 | 33.8289 | 26.071 26.451 0.380
080.0 060.0 1607 60 10.858 | 33.5978 | 25.712 26.535 0.823
080.0 060.0 1607 71 10.003 | 33.6471 25.898 26.535 0.637
080.0 060.0 1607 86 9.752 | 33.7301 26.005 26.535 0.529
080.0 080.0 1607 88 13.158 32.962 | 24.789 26.296 1.507
093.3 030.0 1607 29 12.482 | 33.4439 | 25.291 26.370 1.079
093.3 030.0 1607 40 11.741 | 33.4349 | 25.424 26.370 0.945
093.3 030.0 1607 50 11.159 33.495 | 25.578 26.370 0.792
093.3 030.0 1607 59 10.702 | 33.5277 | 25.685 26.370 0.685
093.3 030.0 1607 70 10.499 | 33.5497 | 25.738 26.370 0.632
093.3 030.0 1607 84 10.011 | 33.6486 | 25.899 26.370 0471
093.3 040.0 1607 30 12.47 | 334176 | 25.273 26.568 1.295
093.3 040.0 1607 40 11.805 | 33.4821 25.449 26.568 1.119
093.3 040.0 1607 50 10.855 | 33.5229 | 25.654 26.568 0.914
093.3 040.0 1607 60 10.465 | 33.6384 | 25.812 26.568 0.756
093.3 040.0 1607 70 10.06 | 33.6861 25.919 26.568 0.649
093.3 040.0 1607 84 9.68 | 33.7955 | 26.068 26.568 0.499
093.3 050.0 1607 31 12.608 | 33.5524 | 25.351 26.552 1.201
093.3 050.0 1607 41 11.348 | 33.5985 | 25.624 26.552 0.928
093.3 050.0 1607 50 10.89 | 33.6562 | 25.751 26.552 0.801
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093.3 050.0 1607 60 10.205 33.7017 25.906 26.552 0.646
093.3 050.0 1607 68 9.94 33.7393 25.981 26.552 0.571
093.3 050.0 1607 86 9.551 33.8627 26.142 26.552 0.410
093.3 060.0 1607 51 11.789 33.2678 25.286 26.484 1.198
093.3 060.0 1607 85 10.235 33.5834 25.810 26.484 0.674
a  Lineso ) b Line 90 )
- — -}
2018 | ———— 2018 — '—;;
= — — ’. E :
— cm—
2076 |——— 05 s 2016 0.5 S
(1] -~ — — (1]
2014 g 2014 g
— — , O = ~ = || &
IS - B S
_— - < R <
-‘zc — — e .‘z'
2012 | = 2 2012 — 2
— | [ — — | c— 3
B Q . Q
—_ i—— | H0.5 — - — [
2010 | — e —— 2010 —
i ——— — !
2008 : ‘ ‘ S@1 2008 |—— &l Ji
300 200 100 0 500 400 300 200 100 0
Offshore distance (km) Offshore distance (km)

Figure S2.1. Density anomaly at 10 m along line 80 and line 90 of the CalCOFI grid.
Density data from (https://spraydata.ucsd.edu/climCUGNY/) (Rudnick et al. 2017). In (a) we see
the effects of the warm anomaly and El Nino in along Line 80. Since there is no glider data from
Line 93, we used data from Line 90 in (b) to illustrate conditions in the southern CalCOFI region
during this time period.
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Figure S2.2. Surface stratification along line 80 and line 90 of the CalCOFI grid.
Stratification was calculated from glider data (https://spraydata.ucsd.edu/climCUGNY/) by
subtracting the surface density from the density at 200 m (Behrenfeld et al. 2006; Rudnick et al.
2017). In (a) we see the effects of the warm anomaly and El Nino in increased stratification
along Line 80. Since there is no glider data from Line 93, we used data from Line 90 in (b) to
illustrate conditions in the southern CalCOFI region during this time period.
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Figure S2.3. Satellite-based net primary production (NPP) for Lines 80 and 93. Net primary
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(b) (Kahru et al. 2009).
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Figure S2.4. Size fractionated chlorophyll along Line 80 for cruises with nitrate isotope
data. Percent of total chlorophyll a in each size fraction at 10 m depth is shown for three station
along Line 80. Each sampling is labeled by cruise number (year and month, e.g. 1004 for April
2010). Darker green indicates larger size.
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Chapter 3: Recent increases in water column denitrification in the seasonally suboxic bottom
waters of the Santa Barbara Basin
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Abstract Denitrification in the anoxic sediments of the Santa Barbara Basin has been well documented
in the historic and modern record, but the regulation of and frequency with which denitrification occurs in
the overlying water column are less understood. Since 2004, the magnitude and speciation of redox active
nitrogen species in bottom waters have changed markedly. Most notable are periods of decreased nitrate and
increased nitrite concentrations. Here we examine these changes in nitrogen cycling as recorded by the
stable isotopes of dissolved nitrate from 2010-2016. When compared to previous studies, our data identify an
increase in water column denitrification in the bottom waters of the basin. Observations from inside the
basin as well as data from the wider California Current Ecosystem implicate a long-term trend of decreasing
oxygen concentrations as the driver for these observed changes, with ramifications for local benthic
communities and regional nitrogen loss.

Plain Language Summary The current chemical environment of the deep Santa Barbara Basin is
unprecedented in the 30 years since measurements began, suggesting that a regional change in ocean
chemistry has occurred over this time period. Here we use stable isotope measurements of nitrate to examine
how the nitrogen cycle in the deep part of the basin has changed, documenting a recent increase in the
amount of nitrate being removed from the water column at this location. Nitrogen removal in the dark
ocean, known as denitrification, occurs when microbes utilize nitrate for respiration in the absence of
oxygen. Such a process is consistent with the extremely low or absent oxygen concentrations that accompany
the altered nitrate isotope signatures we measured in this study. Denitrification in sediments is common in
the Santa Barbara Basin, but extensive water column denitrification has not been previously documented.
Loss of nitrate from the water column can have important consequences for the balance of nutrients that
support primary production in the ocean. These changes appear to be an effect of decreasing oxygen
concentrations observed on a regional scale in the North Pacific Ocean, a trend which is likely to continue as
the oceans warm.

1. Introduction

The Santa Barbara Basin (SBB) is located southeast of Point Conception, where strong upwelling of nutrients
fuels primary productivity in local surface waters. Bound by the Channel Islands to the south and shallow
sills to the east and west, the bottom waters of the basin are isolated from intensive circulation. This reduced
ventilation combined with the remineralization of organic matter results in the rapid removal of oxygen
from water depths below the 475 m sill (Goericke et al., 2015). During the winter or spring, when upwelling
is strongest, denser oxygen-rich waters are brought up over the sill, temporarily reoxygenating bottom
waters (Reimers et al., 1990; Roach et al., 2013; Figure 1). However, reoxygenation is often short-lived—
within a few months oxygen has again been completely utilized, returning the basin to a suboxic state
(Goericke et al., 2015; Reimers et al., 1990). Drawdown of oxygen within the basin plays an important role
in regulating the redox regime and, by extension, the geochemical cycling of elements in both sediments
and the water column. The 30-year, quarterly time series of the SBB provided by the California
Cooperative Fisheries Investigation (CalCOFI) program has delivered important insights into the dynamics
of the basin environment (Goericke et al., 2015; Reimers et al., 1990). One prominent feature in the CalCOFI
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Figure 1. Time series of CalCOFI data at 570 m in the Santa Barbara Basin. The inset map shows the location of the
Santa Barbara Basin in red and CalCOFI station 80.55 in blue. Starting in 2004 there are time periods where nitrate

(a) is close to zero, corresponding with periodic large increases in nitrite (b). Phosphate concentrations (c) are broadly
representative of time since last flushing, where phosphate accumulates between flushing events. Density (d) also provides
a history of flushing events, where increases in density identify periods of flushing.

time series is the removal of nitrate (NO3 ™) from bottom waters due to denitrification (Goericke et al., 2015)
—where NO;™ is used as the terminal electron acceptor of the microbial electron transport chain, typically
in support of heterotrophic remineralization of organic carbon (Kdrner & Zumft, 1989). By converting
bioavailable NO;™ to nitrogen gas, denitrification represents an important sink in the global nitrogen
cycle (Brandes & Devol, 2002; Gruber & Sarmiento, 1997).

Previous studies of the SBB document significant changes in biogeochemistry since the time series began
in the 1980s (Bograd et al., 2008; Goericke et al., 2015; Wang et al., 2017). The most pronounced of these
changes has been in bottom water nitrite (NO, ™) concentrations, which in recent years have increased by
over an order of magnitude (Goericke et al., 2015; Figure 1b). In general, accumulation of nitrite to this
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degree in the ocean is rare—occurring most commonly in water column oxygen-deficient zones
(Buchwald & Casciotti, 2013; Casciotti, 2016a; Casciotti et al., 2013; Gaye et al., 2013; Peters et al.,
2016). Nitrite is an intermediate in both the nitrification and denitrification pathways, and under low-
oxygen conditions, one or both processes may contribute to its accumulation (Goericke et al., 2015;
Peng et al., 2016).

Denitrification can occur in both sediments and the water column and observed changes in water column
NO;~ and NO,™ concentration do not necessarily reflect the location of denitrification. However,
well-established differences in the extent of nitrate isotope fractionation during water column denitrification
relative to sediment-hosted denitrification have proven useful for apportioning their relative roles in the
NO;™ budget of the SBB and elsewhere (e.g., Sigman et al., 2003). Biological transformations often impart
strong isotopic fractionation, where the more rapid reaction of lighter isotopes enriches heavier isotopes
(**N or '®0) in the reactant pool relative to their starting distribution. The relative strength of this isotopic
discrimination is represented by the isotope effect or fractionation factor and is expressed (in units of per
mil, %o) as € (where € = [1 — (k"***/k'€")] x 1,000, and k represents the reaction rate constant of the light
or heavy isotope as denoted). The isotope effect associated with water column denitrification (gy.), is usually
estimated to be between 20%. and 30%. (Barford et al., 1999; Brandes et al., 1998; Lehmann et al., 2003;
Marconi et al., 2017), though recent work suggests that values may be lower (~15%0) under conditions typical
of the open ocean (Kritee et al., 2012; Marconi et al., 2017; Sigman et al., 2009). In contrast, sedimentary
denitrification (eseq) has been found to exhibit very small net fractionation, where complete utilization
results in little to no NO3™ returning to the water column after entering the sediments (Brandes & Devol,
1997). This anticipated difference between &, and 4 Was used as a framework to interpret 8" Nyos and
5'80no3 measurements from the SBB between 1995 and 1999 and indicated a dominant contribution from
sedimentary denitrification (Sigman et al., 2003). That study found that water column denitrification in the
SBB accounted for less than 15% of total N loss. During the same time period, CalCOFI observed no NO,™
accumulation and bottom water NO3™ concentrations remained above 12 uM.

In order to more definitively determine whether an increase in water column denitrification was underlying
recent changes in SBB nitrogen cycling, we measured 8" Nyo3 and 8'* 0y in seawater samples taken dur-
ing CalCOFI cruises from 2010-2016. In the SBB, where restricted circulation exacerbates biogeochemical
changes occurring elsewhere in the region, an altered N Cycle may be the “canary in the coal mine” for
long-term trends of warming and deoxygenation in the source waters of the productive California
Current Ecosystem.

2. Materials and Methods

Samples were collected during CalCOFT cruises from 2010-2016 at station 081.8 046.9 in the center of the
SBB (approximately 34.28°N and 120.02°W). Typically, three depths below the 475m sill were included—
nominally 515, 540, and 570 m. Samples for nitrate and nitrite isotopes were filtered through GF/F filters
(0.7 pm pore size) directly from Niskin bottles mounted on a standard conductivity-temperature-depth
rosette system, and frozen until analysis. Ancillary physical and chemical data (Figure 1) were collected
and analyzed by the CalCOFI program as described at http://calcofi.org. Nutrient concentrations were mea-
sured immediately or else refrigerated and measured within 16 hr. Accuracy and precision for NO;~ and
NO, "~ concentration are 0.05 and 0.01 M, respectively. The detection limit is 0.02 uM for nitrate plus nitrite.
Estimated precision for oxygen concentration measurements is 0.9 uM, though in the presence of nitrite
greater than 1 puM, oxygen measurements can be erroneously high (Bograd et al., 2008). For this reason,
oxygen measurements from below the sill are not discussed here as they lack the necessary precision.

Nitrogen and oxygen isotopes of NO3;~ were analyzed using the denitrifier method (Casciotti et al., 2002;
Sigman et al., 2001). Samples from 2010-2012 were measured according to Rafter & Sigman, 2016. Those
from 2013-2015 were measured according to Buchwald et al., 2018. Briefly, sample N,O was purified using
a customized purge and trap system and analyzed on a continuous flow IsoPrime 100 isotope ratio mass
spectrometer. NO, ™ concentrations greater than 2% of NO3;~ 4+ NO,~ were removed by addition of sulfamic
acid prior to injection (Granger & Sigman, 2009). Corrections for drift, size, and fractionation of O isotopes
during bacterial conversion were carried out using NO; ™~ reference materials USGS 32, USGS 34, and USGS
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35 (Mcllvin & Casciotti, 2011). Typical reproducibility for 8'°Nyos and 8'*0yo3 measurements was +0.2%o
and 0.4%o, respectively. Samples with less than 1-uM N were not analyzed.

Nitrogen isotopes of NO,~ were analyzed using the sodium azide method, in which NO,™ is quantitatively
converted to N,O by addition of an acetic acid buffered sodium azide solution (Mcllvin & Altabet, 2005).
Reported 8'°Nyo, values were normalized against internal nitrite isotope reference standards WILIS 10
(—1.7%0) and WILIS 11 (+57.1%0) (Wankel et al., 2017). Typical reproducibility for 8Ny, is +0.1%.

3. Results

Measured NO;™ isotope values increased as NO3 ™~ concentrations were drawn down, from values as low as
+9.9%0 up to +44.3%o for 8" Nno3 and +6.6%o up to +29.3%, for 50y (Figures 2c and 3a). We also cal-
culated A(15,18), where A(15,18) = (8"°N — 8" Nggurce) — (6"%0 — 8"¥Ogource). The source isotopic signature
of NO5™ was assigned as +8.5%o for 8'°N and +4.6% for %0 based on the average signature between 300
and 500 m outside the basin (Figure 1). Values of A(15,18) varied between —1.6%0 and +11.9%. (Figure 2).

Example water column NO; ™ profiles from 2011-2012 identify the progression of denitrification as the basin
becomes isolated between flushing events (Figure 3a). At depths below 500 m, NO; ™ isotope values increase
as NO;™ concentration decreases from Spring 2011 to Fall 2012. Flushing in Spring 2012 with waters rich in
NO;™ then resets concentrations and isotope signatures by diluting the denitrification signal. As evidenced
from time series (Figure 2) and depth profiles (Figure 3a) NO3 ™ isotope values changed in parallel across sev-
eral depths, and the most enriched values at each depth accompanied maximum NO, ™ and minimum NO3~
concentrations. For the five samples where both were measured, 515NN02 was between 24.4%o0 and 33.3%o
lighter than the companion 8'°Nyos and largely changed in parallel with 8'°Nyos (Table S1 in the
supporting information).

To identify mechanisms responsible for N removal in the basin, we calculated apparent isotope fractionation
factors (e.g. 15a‘app) from NO;~ isotope data using a closed system, Rayleigh fractionation model, where

8N = Blstource_lsgappxln([NO;]/[NOf]initial})

Assuming a unidirectional transformation occurring in a closed system, a single, linear relationship would
be expected in a plot of In[NO3~] versus 8" °Nyo3 or 8'®0ynos. Across our data set several different slopes
were observed (Figures 3b and 3c), which indicated that &,, varied. To examine the range, we focused on
1553pp and calculated a value for each NO;~ isotope data point according to the rearranged equation:

lsEapp = _(515N_515N50“1’CC)/ln([N03_]/[NO3_]initial:|)

The [NO;3 ™ [initia1 Was calculated from N* (Gruber & Sarmiento, 1997) according to [NO3™ Jiniial = [PO* ] x
%; where N:P was 12.6:1 based on the NO;~:PO,>~ ratio outside the basin (CalCOFI station 80.55) at depths
between 300 and 500 m. Initial "*Nyo3 corresponded to the source values discussed previously, +8.5%o for
8'°N and +4.6%, for 8'®0. Fractionation factors ranged from 2.7%o to 13.3% for 155app4

The variability in these &,,, values, which integrate all N loss processes over the time since the last flushing,
likely resulted from differing contributions of sedimentary and water column denitrification to N removal
from SBB bottom waters. If we assume that sedimentary denitrification consumes NO;~ with an **¢ of
1.5%o, while water column denitrification exhibits an '°¢ of 25%, then the relative contribution of water col-
umn and sedimentary denitrification to each calculated ¢,p, value can be estimated from a two end-member
isotope mixing model, assuming no other processes altered NO3 ™~ (Peters et al., 2018; Sigman et al., 2003; SI).
This calculation suggested that the percent of nitrate loss occurring in the water column ranged from 0% up
to 50% from 2010-2016.

We additionally estimated &, by isolating consecutive cruises where the concentration and isotopic signa-
ture of NO; ™~ appeared to be unaffected by flushing (e.g., Figure 3a). During such time periods, NO;~ con-
tinuously decreased from one cruise to the next, presumably due to denitrification, while its isotopic
signature increased (Table S2). We isolated 12 such periods in the time series and calculated 12 gy,
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Figure 2. Nitrate and nitrite concentrations and nitrate isotope measurements from three depths. Time periods of low
nitrate (a) and high nitrite (b) correspond to increased enrichment in isotope values (c) as well as greater deviation
between nitrogen and oxygen isotopes of nitrate (d).

values. These values ranged from 8.1%o to 24.3%. (Table S2). Applying the same isotopic mass balance for ¢ as
above, we found that in situ nitrogen loss in the water column ranged from 28% to 97% of the total, for these
time periods.

Values of A(15,18) are expected to be close to 0%. if denitrification is the primary process altering NO;~ con-
centrations and isotopes. However, this value increased together with 8'*Nyo3 and 5%0n0s3 (Figure 2d) sug-
gesting that NO,~ reoxidation could influence NO5~ isotopes. To test this hypothesis, we adopted a
previously described dual nitrate isotope model framework (Granger & Wankel, 2016), which explicitly
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Figure 3. Profiles from five cruises are shown in (3a) beginning with a flushing event in the spring of 2011. Following the flushing, the basin becomes deoxygenated
and nitrogen is removed as isotopes become progressively more enriched until another flushing event in the following spring. Figure 3b shows 5"%0N03 for all

samples below the sill depth versus the negative natural log of nitrate concentration. Unidirectional consumption of nitrate in a closed system yields a straight line
with the slope reflecting the apparent 18, Figure 3c shows the same, but for 515NN03. Figure 3d plots 5180N03 versus 515NN03 with the black line showing a 1:1
relationship between the two.

includes nitrate reduction (NAR), nitrite reduction (NIR) and nitrite reoxidation to nitrate (NXR), to
identify processes influencing the isotopic signature of the standing NO;~ pool. Pooling data from all
sampling time points, the model iterates to minimize differences from observed NO;~ concentrations and
isotopic signatures by optimizing 5¢ values for NO;~ reduction (Penag; assuming the Benar = Penar;
Granger et al., 2008), NO,™ reduction (**gyz) and NO,~ reoxidation (*enxg), as well as the relative flux
of NO, reoxidation to NO;~ reduction (NXR/NAR), in a series of governing isotope mass balance
equations (Granger & Wankel, 2016). Values for the inverse kinetic oxygen isotope effect of NO,~
oxidation (**eyxr) and the normal kinetic isotope effect for incorporation of O from water during NO,~
oxidation (we“kvmo) were assumed to be —4%o and +14%., respectively (Buchwald & Casciotti, 2010) and
the "0y, Was assumed to reflect a 13.5%o higher equilibrium isotope composition (Casciotti et al.,
2007) with respect to seawater (8'*Ogw = 0%o). Results of optimized model fits yielded values of 8.8 +
0.7%0 for Pexar, 9.7 + 4.9%0 for e, —32.9 + 16.8%, for eyxg and 0.10 + 0.05 for NXR/NAR. If
ISENAR, the fractionation factor for the integrated (i.e., water column and sedimentary) process of NO3™
reduction reflected in the pooled NO;~ samples, is treated like 1553pp, then revisiting the mass balance
calculation from above suggests an average of 37 + 3% of nitrate loss attributable to water column
denitrification during our study period.

4. Discussion

Patterns of increased nitrogen loss and elevated NO,™ in SBB bottom waters are consistent with regional
(and global) progression toward expanding oxygen depletion in nearshore environments. Below we discuss
our isotope data and argue that water column denitrification has greatly increased in the years since 2004,
resulting in periodic accumulation of NO,™ to levels unprecedented in the context of the CalCOFI record
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and a pronounced enrichment in 8"Nnos and 8'®0yos. Furthermore, we posit that these trends are the
result of decreased oxygen delivery to the basin.

4.1. Evidence of Water Column Denitrification

The accumulation of NO,™ in the SBB (up to 8.19 uM, Figures 1 and 2) contrasts markedly with previous
basin records (since 1986; Goericke et al., 2015) and is consistent with, or at times greater than, observations
from open ocean oxygen deficient zones (Casciotti, 2016a; Gaye et al., 2013; Martin & Casciotti, 2017).
Similarly, periods of low NO3~ have increased in frequency in recent years (Figure 1; Goericke et al.,
2015). The combined time series clearly shows that periods of low NO;~ correspond temporally with
elevated NO,~ (Figure 1) and greater enrichment in 8'°Nyo3 and 8**Oyos (Figure 2). These records are
all consistent with greater incidence of water column denitrification since ~2004.

We calculated the relative importance of water column denitrification using three different approaches.
First, we used ¢, values calculated using a closed system, Rayleigh model to estimate percent water column
denitrification since last flushing. We found that up to 50% of N removal was mediated by water column
denitrification. However, one limitation of this calculation is the use of PO43’ concentrations in the basin
to estimate initial NO;~. In low-oxygen environments, respiration is not the only source of PO~ as
PO,>~ bound to iron particles can be released from reducing sediments into the water column
(Bourbonnais et al., 2013; King & Barbeau, 2011; Peters et al., 2018; Reimers et al., 1990). Thus, it is possible
that the N:P approach taken here overestimated [NO3™ Jiniia) at times, as has been concluded elsewhere (Hu
et al., 2016; Peters et al., 2018). For this reason, we also estimated &,p,;, using the change in isotopic composi-
tion internal to the basin between two time points where NO;~ continued to decrease. With this approach,
the initial NO;~ concentration is that measured at the first time point. Using this method, we found that on
occasion, up to 97% of NO;™ loss in the basin resulted from water column denitrification (Table S2). Time
periods with such high N loss from water column denitrification are typically accompanied by very low
NO;™. For example, for this time period, the NO3;™ at 570 m was 3.7 uM and sedimentary denitrification
would have been limited due to low diffusion from the water column. The two estimates are distinct because
the former examines the time period since the basin was flushed, whereas the latter captures the shorter time
period between two cruises. Furthermore, a model that examined the influence of processes other than
denitrification on NO3™ isotopes estimated that an average of 37 + 3% of nitrate loss could be attributed
to water column denitrification during our study period. Despite the different assumptions, processes, and
time periods captured in each method, they all identify the importance of water column denitrification
and exceed the previous estimate of around 15% reported in Sigman et al., 2003.

Many processes can act to dilute the observed ¢,pp, including partial flushing and nitrite reoxidation (see
below). However, increasing &,,, with decreasing NO3 ™ can only be explained by greater influence of water
column denitrification. Thus, our data require extensive water column denitrification, in addition to sedi-
mentary denitrification, to be taking place in the basin when NO;~ is drawn down to its lowest levels.
Nitrogen isotopes of NO,~ were significantly depleted compared to 8'*Nyo3 (by 24.4% to 33.3%o), and they
increased in tandem, indicating that NO;™ reduction is the most likely source of NO,™ in the system
(Table S1).

4.2. Evidence of Nitrite Reoxidation

If denitrification is the only process affecting NO5™ then equal increases in both 8N and §'%0 are expected
(Granger et al., 2008). While earlier observations noted a consistent 1:1 relationship between §'°Nyo3 and
58003 in the SBB, these were restricted to conditions of limited NO3~ consumption (Sigman et al.,
2003). Here, we observe higher relative increases in 8'°N values compared to corresponding 5'%0 values
when NO;™ loss was greater, as is visible in A(15,18) values exceeding 0%o. (Figures 2d) and a slope <1 in
a plot of 8'°Nyoj3 versus 8003 (Figure 3d). The departure from the expected relationship between
8" Nno3 and 8'®0yo; is most prominent during periods of NO,™ accumulation in the water column. Such
deviations are commonly observed in oxygen-deficient zones and have generally been interpreted as
evidence for the influence of NO,™ reoxidation to NO3~ (Casciotti, 2016a; Granger & Wankel, 2016;
Sigman et al., 2005).
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The observed deviation from 1:1 can be linked to several interrelated mechanisms (Casciotti, 2016b; Granger
& Wankel, 2016). Foremost, if NO, ™~ becomes reoxidized to NO; ™, one of the required oxygen atoms derives
from the surrounding water, contributing to a difference between §"°Nyos and 8¥0yos (Buchwald &
Casciotti, 2010). Indeed, our data reflect lower than expected §'®Oyo; relative to observed 8'°Nyos, as might
be predicted as a progressive consequence of the incorporation of low 880 from seawater (~0%o;Buchwald &
Casciotti, 2010 ; Casciotti, 2016a). Previous work has described a phenomenon similar to that observed here,
under conditions where NO;~ consumption is extensive and 8'°Nyos is significantly elevated (Casciotti
et al., 2013; Granger & Wankel, 2016). As presented in Granger and Wankel (2016), the disparity from 1:1
is also partially explained by the inverse isotope effect imparted on NO,~ during oxidation to NO; ™, in which
heavier isotopes preferentially accumulate in the product NO3™ pool and the effect on N isotopes is greater
than on O isotopes (Buchwald & Casciotti, 2010; Casciotti, 2016a). Overall, existing studies confirm that
8" Nyos3 should become more enriched than 8003 during nitrite reoxidation. Thus, it seems likely that
NO, ™ re-oxidation is contributing to the measured isotopic composition of NO3 ™. This effect becomes more
prominent at higher degrees of NO;~ consumption, NO,~ accumulation and associated extremes in isotopic
composition. Indeed, model fits to the dual isotope trajectories presented here suggest that as much as 10% of
the standing NO;~ pool may derive from a reoxidative NO,~ flux.

Notably, the model results fail to adequately reproduce the observed low 8Ny, values (Table S1). One pos-
sible explanation for this may be the presence of a source of NO,™ not linked to nitrate reduction, such as
ammonia oxidation, although accumulation of ammonium is rarely observed in the basin. Overall, the
important consequence of any nitrite reoxidation is that accurate estimates of the exact extent of water col-
umn denitrification cannot be made with these isotope data alone. Furthermore, the added perspective of
5"80y03 drew attention to the fact that 8'°Nyos in the bottom waters of the SBB likely does not reflect
the singular process of NO;~ reduction, but rather the confluence of an active redox cycling between
NO3™ and NO,™.

4.3. External Influences on Bottom Water Biogeochemistry

Our data unequivocally support the importance of water column denitrification as the cause of the observed
NO, ™ accumulation and NO; ™~ deficit. We conclude that water column denitrification rates remained fairly
low during the time period from 1986 to 2004 when NO, ™~ accumulation was not observed. This is supported
by the relatively higher NO;~ concentrations during that time (Figure 1a). Goericke et al. (2015) also noted
that NO;~ removal rates appeared to increase when NO;~ was below 15 puM, an observation that is consis-
tent with water column denitrification rates being generally faster than sedimentary rates (Groffman et al.,
2006). Those authors hypothesized that a decrease in either the frequency of flushing events or in the
strength of that flushing was altering N cycling in the basin. Based on observed time series of bottom water
properties, flushing events in the SBB appear to have occurred at a similar frequency over the course of the
time series (Figure 1d). Furthermore, lowest NO;~ concentrations are not consistently accompanied by the
highest PO,>~ concentrations, where PO,>~ accumulation in bottom waters is considered to be a proxy for
time since flushing (Figure 1; Goericke et al., 2015). Thus, the observed anomalous NO,™ accumulation does
not appear to be definitively related to the frequency of flushing events.

As proposed in Goericke et al. (2015), it seems that observed changes in N cycling stem from a reduction in
the extent of reoxygenation during more recent flushing events, as demonstrated by decreasing oxygen con-
centrations at shallower basin depths (Wang et al., 2017; Figure S1). There is strong evidence that the overall
internal oxygen content of the basin has decreased over the last two decades (Wang et al., 2017), which is
likely related to decreasing oxygen concentrations in the CCE as a whole (Bograd et al., 2008) and the meso-
pelagic North Pacific more generally (Ito et al., 2017). A shoaling of the hypoxic boundary has been observed
outside the basin, suggesting that each flushing event would introduce less oxygen. It has also been noted
that decreases in oxygen outside the basin appeared to be more pronounced during January to March
(Bograd et al., 2008), which is the time period immediately preceding the detection of spring flushing events
in the CalCOFI time series. Thus, the seasonality of deep water deoxygenation may have an outsized effect
on the basin. A recent analysis of oxygen trends in the global ocean concluded that oxygen has decreased in
the ocean's interior due to greater apparent oxygen utilization, which points to changes in biology or ocean
physics as the primary cause of this decrease rather than decreased solubility in the surface ocean (Ito et al.,

WHITE ET AL.

75



~u
AGU

Geophysical Research Letters 10.1029/2019GL082075

Acknowledgments

‘We thank CalCOFT and Shonna Dovel
for sample collection and two
anonymous reviewers for improving
the manuscript. Thanks also to Daniel
Sigman for useful discussions, and Zoe
Sandwith and Jen Karolewski for help
with sample analysis. Data sets
presented here were supported in part
by CCE-LTER augmented funding
(NSF grant OCE-1026607). Additional
funding came from the Edna Bailey
Sussman Foundation and the San Diego
Foundation Blasker Environment
grant. All data can be accessed at
http://calcofi.org and https://
oceaninformatics.ucsd.edu/datazoo/
catalogs/ccelter/datasets. SDW
acknowledges the support of a
fellowship through the Hanse-
Wissenschaftskolleg (Institute for
Advanced Studies).

2017). Finally, paleoceanographic evidence using Fe/Ti ratios from sediment cores collected in the basin
suggest oxygen concentrations in the bottom waters over the past 15 years are the lowest observed over
the last 200 years (Wang et al., 2017).

5. Conclusions

Time periods of high NO;™ loss in the SBB appear to have increased in frequency and intensity beginning in
the early 2000s, accompanied by a large periodic increase in NO, ™. The evidence from 8'°Nyo3 and §'*0Ono3
presented here shows that this increase is almost entirely due to episodic increases in water column
denitrification. However, we find that the isotope values cannot be definitively used to quantify the NO;™~
loss because NO, ™ reoxidation plays a role in modifying the isotopic composition of NO;™. These large
changes in the extent of water column denitrification appear to be linked to decreased oxygen concentra-
tions in waters entering the basin. Thus, extreme changes in the biogeochemistry of the SBB may serve as
an indicator of the state of the CCE at large, and the changes that a warming climate may bring to the region.
With the shallowest sills of any of the California Borderland Basins, the current state of the SBB may
foreshadow how conditions in other basins are likely to change in the future as deoxygenation and warming
continue. Further work should focus on continued monitoring of this basin, perhaps including denitrifica-
tion rate measurements and/or measurements of N,/Ar. A more complete understanding of the dynamics
and timing of basin flushing would also be beneficial, as well as additional modeling efforts aimed at a better
constraining the effects of mixing on the complex isotope dynamics of nitrogen cycling in the anoxic
bottom waters.
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Introduction

Presented here is the isotope fractionation factor ('°c) mass balance used to interpret observed
temporal variations in the apparent fractionation (eapp) factor for denitrification in our dataset. We
also include the nitrite isotope data (Table S1) and the calculated eapp for closed system nitrate
reduction between consecutive flushing events (Table S2; see body of paper for method
description). Finally, we provide a timeseries demonstrating the secular decrease in oxygen
concentrations at 450 m depth in the Santa Barbara Basin (Figure S1), which we use as an
index for decreasing oxygen concentrations in intermediate waters of the North Pacific Ocean.
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Text S1: Isotope Mass Balance

After estimating "®app as described in the paper, we used the following isotope mass balance
equation to apportion N loss via denitrification between the sediments and the water column. If
we assume that the apparent fractionation factor is a combination of sedimentary and water
column denitrification processes, then:

1588pp = 158wc X O/OW(: + 15853(1 X %Sed

Using a value of 25 %o for the water column fractionation factor and 1.5 %o for the sedimentary
fractionation factor we calculated the percent of N loss that had occurred in each environment
(Sigman et al. 2003). Based on this approach, more water column denitrification is accompanied
by a larger "gapp.

Date Depth (m)  [NO3] (M) [NO2] (uM) 8"5No3 (%) 5"80n03 (%) 8"5Nno2 (%) AS™N (%o)
7/2013 570 19.10 2.08 16.97 13.58 -16.34 33.31
11/2013 515 9.10 8.19 31.02 23.97 4.44 26.58
11/2015 570 10.70 3.24 24.32 18.45 -1.87 26.19
1/2016 540 11.40 1.68 20.79 14.63 -7.91 28.70
1/2016 570 7.60 2.80 26.11 16.44 1.68 24 .43

Table S1. Nitrogen isotopes of nitrite from the Santa Barbara Basin

Initial Final Depth [NOslinitat ~ [NOsJina  [NOgJinitai  [NOgzJinai ~ 8'°NNos, initial ~ 8'°Nwno3 final 15 (%0)  denitrwe

date date (m) (HM) (uM) (uM) (uM) (%o) (%o) %
1/2011 4/2011 540 29.70 25.00 0 0 9.89 11.29 8.13 28
1/2011 4/2011 570 27.30 24.40 0 0 10.18 11.68 8.06 28
4/2011 7/12011 515 28.60 26.20 0 0.14 10.15 10.98 9.32 33
4/2011 7/12011 570 24.40 13.90 0 2.82 11.08 17.91 12.14 45
7/2011 10/2011 515 26.20 10.00 0.40 6.19 10.98 29.81 19.55 77
10/2011 2/2012 570 8.50 3.70 7.27 6.82 24.68 44.32 24.31 97
3/2012 712012 515 26.20 23.90 0.04 0.32 10.77 12.26 16.18 63
4/2013 712013 570 32.50 19.10 0.09 2.08 10.18 16.97 12.78 48
712013 11/2013 515 27.80 9.10 0.02 8.19 10.61 31.02 18.28 71
11/2015 1/2016 515 23.43 18.08 0.01 0.07 10.99 14.33 15.50 60
11/2015 1/2016 540 18.19 11.37 0.78 1.68 14.82 20.79 12.70 48

Table S2. Estimated nitrogen isotope fractionation factors for nitrate reduction between
subsequent periods when no flushing has occurred. Fractionation factors were calculated by
finding the slope of a linear fit to a closed system Rayleigh model.
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Figure S1. Time series of oxygen concentration at 450m in the Santa Barbara Basin
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Chapter 4: Organic matter composition across oxygen gradients in the eastern tropical North

Pacific Ocean
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Abstract

As a result of high surface productivity and slow ventilation, the eastern tropical North
Pacific (ETNP) “shadow zone” is home to one of the largest anoxic marine zones (AMZs) in the
global ocean. AMZs play an essential role in the biogeochemical cycling of a variety of elements
due to the diverse metabolisms that can occur when oxygen is depleted. One prominent example
is the removal of fixed nitrogen via denitrification and anammox. All of these biogeochemical
processes are directly or indirectly related to the supply and subsequent degradation of organic
matter, yet the composition of organic matter within and around these regions remains
understudied. The aim of this project was to use a variety of measurements to examine the
quantity and quality of organic matter across horizontal and vertical oxygen gradients in the
ETNP, and to compare these findings with rates of oxygen consumption. We found that the
majority of the observed trends in our data can be best explained by the gradient of production
and remineralization processes both vertically in the water column and along the oxygen
gradient, rather than by differences in oxygen concentration alone. Fluorescent dissolved organic
matter (FDOM) appeared to vary along the oxycline above AMZs and oxygen consumption rates
could be linked to differences in DOM composition as reflected by its optical properties. In our
dataset, other bulk organic matter properties such as C, N, and P concentrations, and elemental
ratios did not differ significantly inside the AMZ compared to more oxygenated waters. We also
provide evidence via the use of a novel technique to measure stable isotopes of sulfur that
sulfurization reactions appear to be unimportant in the dissolved organic sulfur pool within the
ETNP AMZ. In 2018, a category 4 hurricane passed through our study region which resulted in
increased vertical mixing and shoaling of low oxygen waters, which altered the local

biogeochemistry.
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Introduction

In certain areas of the subsurface ocean, highly productive overlying waters result in high
rates of remineralization at depth which conspire with slow ventilation to deplete oxygen
concentrations to nanomolar levels (Wyrtki 1962). These anoxic marine zones (AMZs) usually
occur between 200 and 1000 m, and can be seasonal or permanent (Oschlies et al. 2018). When
oxygen is depleted, the absence of this key ingredient in aerobic respiration results in a radically
altered microbial community capable of using a variety of substrates to fuel their metabolisms
(Canfield et al. 2010; Lam and Kuypers 2011; Wakeham 2020). Heterotrophic organisms first
turn to nitrate, and via a process known as denitrification are responsible for the removal of a
major fraction of bioavailable nitrogen from the oceans (Christensen et al. 1987; Devol 2015).
Incomplete denitrification can result in nitrite accumulation in the AMZ as well as a significant
flux of nitrous oxide, a potent greenhouse gas, into the atmosphere (Babbin et al. 2015).

Anammox, another specialized metabolism restricted to AMZs, is also implicated in
fixed nitrogen removal, but as an autotrophic mechanism it is only dependent on organic matter
because the reductant ammonium is produced from organic nitrogen degradation and the oxidant
nitrite is produced during incomplete denitrification, which as described above is a heterotrophic
metabolism (Thamdrup and Dalsgaard 2002; Kuypers et al. 2003).

The three largest, permanent AMZs are located in the eastern tropical North Pacific,
eastern tropical South Pacific, and Arabian Sea and nitrogen loss from these regions is estimated
to comprise up to half of all fixed nitrogen loss from the oceans (Codispoti et al. 2001). The
ETNP in particular is also subject to periodic disruption by tropical storms and hurricanes, which
have been shown to impact the water column down to 200 m and are predicted to increase in

intensity under climate change (Bhatia et al. 2019).
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An additional and perhaps unexpected, distinguishing feature of AMZs is the presence of
a secondary chlorophyll maximum (SCM) where cyanobacteria produce oxygen and organic
matter within the low oxygen water column via photosynthesis (Goericke et al. 2000; Lavin et al.
2010; Garcia-Robledo et al. 2017). This can result in cryptic oxygen cycling as well as the co-
occurrence of aerobic and anaerobic processes, and varying oxygen concentrations will
determine which nitrogen loss processes occur when and where (Kalvelage et al. 2011). The
potential for AMZs to expand with future global warming highlights the importance of
constraining the controls on and extent to which aerobic respiration is occurring near the
boundaries (above and below) of the AMZ as this may further deplete oxygen concentrations in
these areas as well (Deutsch et al. 2011; Beman and Carolan 2013). In addition to respiration of
organic matter, other oxygen consuming processes such as nitrite and ammonia oxidation have
been shown to occur even at very low oxygen concentrations, potentially contributing to the
maintenance of the AMZ (Bristow et al. 2016; White et al. 2019).

While it is well known that organic matter (OM) availability plays an important role in
structuring microbial communities and elemental cycles within the AMZ, less is known about
how OM is altered as it transits via vertical export or horizontal advection through AMZs.
Studies have shown that OM flux is poorly attenuated within AMZs (Keil et al., 2016, Pavia et
al 2019) but potentially processed to a greater extent at shallower depths; i.e., greater
remineralization in the upper oxycline but lower remineralization in the AMZ (e.g., Pavia et al.
2019). The decreased attenuation of particle flux within AMZs reported in some studies (e.g.,
Keil et al. 2016) mimics the enhanced OM preservation observed in anoxic sediments (Hartnett
et al. 1998; Burdige 2007; Schimmelmann et al. 2016) . Indeed it has been shown that certain

compounds that are readily degraded under oxic conditions remain intact when subjected to
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anoxic remineralization processes (Bonaglia et al. 2016; Harvey et al.1995). In contrast, other
studies have observed preferential degradation of nitrogen-containing compounds in these
regions (Mafmig et al. 2020) that could be linked to the nitrogen-loss processes described above.
These dynamics contribute to the potential complexity of low oxygen OM cycling.

Low oxygen waters are also relevant to the marine sulfur cycle, as sulfate in addition to
nitrate can be used as an electron acceptor during the respiration of organic matter. Previous
studies have demonstrated that sulfate reduction to sulfide occurs in the low oxygen water
column (Canfield et al. 2010; Carolan et al. 2015), sometimes in the presence of measurable
nitrate (Carolan et al. 2015), but organic sulfur remains hard to access analytically due its low
concentration relative to sulfate. Recently, Raven et al. 2021 showed that once sulfide is
produced it can participate in sulfurization reactions - abiotic reactions between dissolved
sulfides and OM that can decrease OM lability- on sinking particles, perhaps within nitrate free
microenvironments, within the ETNP AMZ. This sulfurized organic matter was found to be
resistant to acid hydrolysis, suggesting that it could contribute to long term storage of OM matter
in sediments underlying AMZs. It is unclear to what extent sulfurization reactions in the low
oxygen water column may impact the dissolved organic matter (DOM) pool, given the presence
of other potential sulfur oxidants in the water column.

Under most climate change scenarios, it is predicted that AMZs and OMZs will expand
(Stramma et al. 2008). As such, it will become even more important to understand their role in
carbon flux modulation either though decreased degradation or through structural modifications
such as sulfurization or preferential organic nitrogen removal, that may enhance preservation. In
order to better understand organic matter cycling in the low oxygen water column, we used a

wide variety of characterization methods and isotope measurements to study OM composition
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along vertical and horizontal oxygen gradients in the eastern tropical North Pacific’s permanent
AMZ, with a particular emphasis on the traditionally understudied DOM pool. We use these
results in combination with measurements of oxygen consumption to build a more

comprehensive picture of the biogeochemistry of these unique oceanic environments.
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Figure 4.1. Station locations in the eastern tropical North Pacific (ETNP) plotted over
dissolved oxygen concentrations (in M) at 100 m depth from the World Ocean Atlas. Stations
1-7 were sampled in 2017 and Stations 1-5 plus Station 3.5 were sampled in 2018 (Table S4.1).
All of these stations have an oxygen minimum zone (OMZ), but not all of them see oxygen
concentrations drop low enough to be classified as anoxic marine zones (AMZs). The colored
dots show the path of Hurricane Bud, which passed through the region in June 2018, traveling
northwest, after the sampling at Station 1 and before the remainder of the cruise. Colors indicate
the intensity of the storm based on the Saffir-Simpson scale (data from the National Hurricane
Center).

Methods
Sample Collection
Samples were collected aboard the R/V Oceanus on two cruises to the ETNP region off

the coast of Mexico in April 2017 and June 2018. Our first cruise began at Station 7 and ended at
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Station 1. The second cruise began at Station 1 and ended at Station 5 with an additional Station
(3.5) added between Stations 3 and 4 (Figure 4.1). The goal was to capture variations across the
ETNP by sampling locations chosen to capture both horizontal and vertical oxygen gradients
(Figures 4.1, S4.1). Sampling for the 2018 cruise was briefly interrupted by Hurricane Bud (June
9-15, 2018; Figure 4.1), a category 4 storm which passed through the region (Stewart 2019). At
each station, conductivity/salinity, temperature, depth, pressure, chlorophyll fluorescence, and
photosynthetically active radiation (PAR) were measured by a SeaBird SBE 9 CTD, SBE 43 DO
sensor, WetLabs Fluorometer, and Biospheric PAR sensor. Initial casts at each Station were used
to determine DO concentrations and measure nutrient profiles to guide subsequent sampling
(Figures 4.2 and S4.2). At each Station, water samples were collected at depths along a gradient
targeting a range of oxygen concentrations (200, 100, 50, 20, 10, 5, 1, 0.5, 0.1, and 0.05 uM) in
order to examine biogeochemical variations along the sharp oxygen gradients found in this
region. Samples in addition to those along this oxygen gradient were collected on the 2018 cruise
in order to improve the resolution of profiles. Seawater for [TOC] analysis was collected directly
from Niskin bottles mounted on a standard conductivity-temperature-depth rosette system (CTD)
into combusted 40-mL borosilicate vials and sealed using acid-washed vial caps with septa. DOC
samples were collected the same way except water was first filtered through pre-combusted
GF/F filters (0.7 um pore size). Samples were immediately acidified to pH 2 using trace metal
grade 12N HCI (Fisher Scientific). Fluorescent and colored dissolved organic matter
(FDOM/CDOM) samples were filtered through pre-combusted GF/F filters and collected directly
into combusted amber 40-mL borosilicate vials before being sealed using acid-washed vial caps
with septa and refrigerated until analysis. Samples for DON/DOP were filtered through GF/F

filters (0.7 um pore size) and frozen until analysis. Samples for bioavailable dissolved organic
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nitrogen (BDON) analysis were collected in the same way as DON/DOP. Particulate organic
matter (POM) was collected onto pre-combusted GF/F filters via filtration under low vacuum of
5 L of seawater collected from Niskin bottles. Filters were kept in frozen storage until analysis.
DOM was concentrated via solid-phase extraction (PPL resin) from 5 L of seawater acidified to
pH 2 using 12N HCI at Stations 2-3 and 4-5 during the 2018 cruise. Extraction was done via
gravity, but largely after Dittmar et al. 2008.

TOC and DOC analyses

Acidified samples were stored at room temperature in the dark until analyzed via high-
temperature combustion on a Shimadzu 500 V-CSN/TNM-1 (Shimadzu Corp, Kyoto, Japan) that
was modified from the manufacturer’s design. The Shimadzu combustion oven contained a
quartz column filled with platinum (Pt) catalyst beads. Combustion columns were pre-
conditioned on 40 - 100 injections of filtered (0.2 pm) seawater until the baseline of measured
carbon was stable. A magnesium perchlorate water-trap was placed prior to the halogen trap and
changed daily. CO»-free carrier gas was used to pre-condition the column, and ultra-high purity
grade O gas was delivered to the instrument as the carrier gas during sample analysis.

Each acidified TOC sample was sparged for two minutes and measured following high-
temperature combustion at 680° C. During analysis, five 100 puL injections were made from a
single sample reservoir, and samples were reanalyzed when the %CV of the best 3 injections was
>5%. TOC measurements were calibrated using an 8-point calibration curve between 10 and
100 uM C of potassium phthalate in Milli-Q water. Milli-Q water and a reference water sample
were analyzed every 10 samples. Reference standards were obtained from NSF-supported deep
Florida Strait (Batch 6FS — 2006; Dennis Hansell, RSMAS, University of Miami). The expected

concentration range for Batch reference materials is provided at
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http://www.rsmas.miami.edu/groups/biogeochem/. Further details of sample analysis details and
data verification protocols can be found at cce.lternet.edu/research.
Nutrient Concentration Measurements

Nutrient samples were analyzed for NHs" and NO,™ aboard the ship, with additional
shore-based analyses of combined NO3™ + NO» and PO4* at the University of California Santa
Barbara Marine Science Institute (UCSB MSI) Analytical Lab. Samples were analyzed at sea for
NH4" using the fluorescent method of Holmes et al. (1999) and for NO,™ using the sulfanilamide
method, both on a Trilogy Laboratory Fluorometer (Turner Designs; San Jose, CA, USA)
equipped with the NH4" or NO> module. For more details, see Beman et al. 2020a. Organic
nutrient concentrations were measured at the SOEST Laboratory for Analytical Biogeochemistry
at the University of Hawaii at Manoa using a Seal Analytical AA3 HR Nutrient Autoanalyzer
(http://www.soest.hawaii.edu/S-LAB/equipment/slab_autoanalyzer.htm). The reported relative
standard deviation was 1.4 % for total nitrogen (TN), and 1.5 % for total phosphorus (TP).
Relative standard deviation for NO3 + NO» was 0.5 % and 0.4 % for PO4>". For NH4" the
reported relative standard deviation was 1.3 %. Dissolved organic nitrogen (DON)
concentrations were calculated by subtracting NO3 + NO>and NH4" from TN, and uncertainty
was propagated accordingly. Dissolved organic phosphorus (DOP) concentrations were
calculated by subtracting PO4* from TP. DOP as defined here may contain inorganic P species
such as pyrophosphate and other condensed P-containing polymers. Dissolved C:N ratios were
calculated by dividing the DOC concentration by the DON concentration. C:N ratios where the
propagated error was greater than 20 % of the value were excluded from subsequent analysis.

BDON (bioavailable dissolved organic nitrogen) was measured by proxy using a

procedure known as the primary amine method, recently developed by R. Letscher and L.
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Aluwihare. Briefly, samples were thawed and then hydrolyzed using HCI at concentration of 1
M. Acid was removed using a centrivap and the sample re-suspended in a bicarbonate buffer.
Following the addition of OPA (o-Phtalaldehyde), samples were excited at 350 nm and
fluorescence measured at 450 nm. Results were compared to a standard curve of known glycine
concentrations to estimate concentration of primary amines. Each sample was run in triplicate
and reported uncertainties are the standard deviation of these replicates. Percent bioavailable
DON was calculated by dividing the BDON concentration by the DON concentration, and error
was propagated accordingly.

FDOM and CDOM Analyses

FDOM samples were measured on a Horiba FluoroMax for FDOM on emission (Em)
wavelengths 280-550 nm and excitation (Ex) wavelengths 250-450nm. For each day of analysis,
the instrument was warmed up at least one hour before making the first measurement. At least
two milliQ (~18 ohms) blanks were collected for each day for blank correction purposes. Raw
data were exported from the instrument and corrected for a signal to response ratio by dividing
the sample (S1) by the filter (R1) signal.

Methods for PARAFAC followed after Stedmon et al. 2008 and was used in order to
identify the primary fluorescent components of DOM. FDOM data were first imported into
Matlab for the entire Ex/Em range measured; however, preliminary use of PARAFAC
demonstrated that instrument artifacts were overwhelming the spectra at excitation wavelengths
<275 nm, and so these wavelengths were then excluded from further analyses. Tuckers
congruence analysis identified four principal components to effectively model observations at a

statistically significant level (more components than this failed the split-half analysis test). The
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Ex/Em for the four components are as follows: Component 1 (Ex, Em: 320, 390), Component 2

(275, 485), Component 3 (255, 460), and Component 4 (280, 290).

CDOM samples were measured in a 10 cm cuvette by scanning in a dual-beam
spectrophotometer (Cary 300 Agilent). Prior to each sample analysis, cuvette was rinsed with
purified water (MilliQ) and then conditioned with sample water; MilliQ was used as the
reference material. acpowm is derived from ODs based on Helms et al. 2008. Open ocean waters
show only very low absorbance at wavelengths of 400—600 nm, so absorption at 325 nm (acpom
(325)) was used as a proxy for open ocean CDOM concentrations (Nelson and Siegel
2013). Spectral slopes for the intervals 275-295 nm (S275-295) and 350—400 nm (S350-400) Were
calculated based on Helms et al. 2008 . The CDOM alteration indicator, slope ratio (Sz), was also

calculated after Helms et al. 2008 as the ratio of S275-295 and S350_400.

POM Analyses

For POM analysis, inorganic carbon was removed by acidifying the filters with HCl
vapor, followed by oven drying, overnight. One half of the filter was transferred to a pre-
weighed tin cup for analysis. Blank filters were prepared in the same way to constrain any
process contamination. Filter material was analyzed for C and N mass and stable isotopes on an
elemental analyzer (Costech, model ECS 2010) coupled to an isotope ratio mass spectrometer
(Thermo, model Delta Plus XP) at Scripps Institution of Oceanography’s unified laboratory
facility. The measured isotope value varies as a function of the area response of the sample, and
at low N concentrations the response deviates dramatically from a linear relationship. To correct
for this bias, nine different quantities of finely powdered acetanilide standards (Baker A068-03)
of constrained isotopic value were dispersed throughout each run. Standards were cross-

calibrated to NBS-19 limestone in terms of Vienna Pee Dee Belemnite and IAEA-N1 ammonium
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sulfate in terms of pure nitrogen gas from air. The isotopic error for each measurement was then
determined as a function of area response and was approximately 0.3 %o for !*C and 0.5 %o for
8'N.
SPE Analyses

One fourth to a third of each SPE DOM extract was transferred to pre-weighed tin cups
and dried in an oven over multiple days to remove any residual methanol or water. The material
was analyzed for C and N mass and stable isotopes on an elemental analyzer (Costech, model
ECS 2010) coupled to an isotope ratio mass spectrometer (Thermo, model Delta Plus XP) as
detailed above for POM. The remainder of each SPE DOM extract was used for measurements
of C:S and stable sulfur isotope values (5°*S). This work was done by collaborators at the
California Institute of Technology using a recently developed method after Phillips et al. 2021.
Briefly, SPE-DOM was concentrated to 100 pL and aliquots corresponding to ~350 pg DOC
were transferred to ultra clean smooth walled tin capsules (6 x 2.9 mm, OEA Labs). Tin capsules
were combusted in an Elemental Analyzer Isolink (Thermo) coupled to an IRMS (Thermo, Delta
V). Evolved gases were separated on a ramped GC column that allows SO> gas to be trapped at
lower temperatures and later eluted at higher temperature, improving signal to noise ratios ~50x
compared to previous EA-IRMS methods.
Rate measurements

Rate measurements were performed by collaborators at UC Merced, and a detailed
description of the methods used to calculate oxygen consumption rates is available in Beman et
al. 2020b. Briefly, oxygen consumption rates were measured at Stations 1-7 using 5 replicates at
each depth, including one each with tracer level (5-10% in situ concentration) addition of "NH4"

or >NO," to measure ammonia or nitrite oxidation respectively (nitrite and ammonia oxidation
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rates were not measured at Station 7). Loligo sensor spots (Fibox, Loligo Systems, Viborg,
Denmark) were attached to the inside of 300 mL Wheaton BOD glass bottles using silicone glue.
Bottles were filled to at least three times overflowing, rapidly capped and transferred to the cold

van, for initial DO measurements. After incubation, endpoint DO measurements were taken.
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Figure 4.2. General station characteristics from the ETNP. In (a) dissolved oxygen is plotted
with increasing depth. In (b) nitrite concentrations are shown. Circles indicate stations
designated as ‘AMZ’ while squares show ‘non-AMZ’ stations. In panel (¢), chlorophyll
concentration is plotted with depth for all stations sampled. The top row shows data from the
April 2017 cruise, and the bottom row from the June 2018 cruise.
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Results
Oceanographic context

Stations sampled for this study span oxygen gradients both with depth and across space
(Figures 4.1, 4.2a, S4.1). The June 2018 cruise was impacted by Hurricane Bud, a category 4
storm that passed through the region from June 9-15, and interrupted sampling between Stations
1 and 2 (Stewart 2019). This large storm seems to have had an impact on water column
properties, and thus conditions for some stations sampled during the 2018 cruise may have been
anomalous. In order to facilitate comparison, samples were divided into one of four categories
based on the oxygen concentration where they were collected. Designations are based on
Wakeham (2020) where anoxic corresponds to oxygen concentrations less than 2 uM, suboxic is
between 2 and 20 uM, dysoxic is 20 to 90 pM, and concentrations above 90 uM are considered
oxygenated.

Figure 4.2 shows oxygen, nitrite, and chlorophyll profiles for all stations. For 2017,
Stations 1-3 are considered to be ‘AMZ’ stations, with oxygen concentrations decreasing to
below 2 uM around 60 m at Station 1, and closer to 150 m at Stations 2 & 3. Oxygen
concentrations at Station 4 decreased to 2 uM, but Station 4 did not exhibit the other
characteristics associated with a true AMZ (see below). Stations 5-7 were more typical of open
ocean conditions where O concentrations in the OMZ remained greater than 5 uM and captured
a horizontal gradient where OMZ oxygen concentrations increase from Station 4 through Station
7 at densities between ~1026 and 1031 kg/m? (Figure S4.1). In June 2018, the AMZ region had
expanded, such that oxygen concentrations reached levels below 2 uM at Station 4 (Figure 4.2a).
Oxygen concentrations at Station 1 decreased rapidly in the upper 60 m, similar to what was

observed in 2017. In 2018, Stations 3.5 and 4 also had shallow, steep, oxyclines.
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The secondary nitrite maximum (SNM) is the product of nitrate reduction within the low
oxygen water column, and a greater accumulation of nitrite is associated with higher rates of
denitrification (Casciotti 2016). Stations were designated as AMZ or non-AMZ based on the
presence of a SNM (Figure 4.2b). We see that for Stations 1-3, the maximum nitrite
concentration was greater in 2017 (up to 3.3 uM) compared to 2018 (up to ~2 uM). In 2018, the
nitrite maxima are broader suggesting higher integrated water column nitrification rates in 2018,
however, this cannot be confirmed because of the much sparser depth coverage in 2017, which
may have missed the true extent of the nitrite maximum. While Station 4 does not have a SNM
in 2017, we do see one in 2018 with nitrite accumulating to concentrations above 1 pM. When
comparing both years, the shallowest expression of the AMZ and SNM (starting at ~ 50 m) was
detected at Station 3.5, sampled only in 2018. The SNM remained high down to 200 m, the
deepest depth that was sampled at this Station. The vertical extent of the AMZ and SNM marks
a potentially important difference in conditions between Station 1, sampled prior to Hurricane
Bud and more closely resembling conditions observed at this location in 2017, and Station 3.5
sampled in 2018 following the hurricane.

We see that the majority of AMZ stations exhibited a secondary chlorophyll maximum
(SCM) in both years (Figure 4.2¢), although we do not see one at Station 4 in 2018 despite low
water column oxygen concentrations and the presence of an SNM (Figure 4.2a). Chlorophyll
concentrations exceeded 2.0 mg m at Station 1 in both 2017 and 2018 and at Station 3.5 in
2018; but Station 1 in 2018 had higher integrated chlorophyll concentrations due to the much
broader primary and secondary maxima. In 2018, Station 4 the maximum chlorophyll
concentration was higher and present shallower in the water column than in 2017, but again,

integrated chlorophyll concentrations were more comparable. In both years, Station 2 and 3 had

96



deeper primary and secondary chlorophyll maxima, consistent with their more offshore

locations. There is no clear productivity gradient but based on chlorophyll and POM

concentrations Stations 1 and 3.5 were generally the most productive.
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Figure 4.3. Concentrations of particulate organic carbon (a) and nitrogen (b) from the 2018
cruise plotted against chlorophyll. Both POC and PON were significantly related to chlorophyll
(p-value < 0.001) with Pearson r values of 0.624 and 0.702 respectively. The color of each point
indicates the oxygen concentration.
Organic matter concentrations

In 2018, particulate organic carbon and nitrogen (POC and PON) concentrations
generally decreased with increasing depth (p-values for Pearson correlation both < 0.001)
consistent with production in the euphotic zone (Figure S4.3). For both POC and PON, there was
a significant correlation with chlorophyll (Figure 4.3) and the depth profiles of both POC and
PON are very similar (Figure S4.3). However, the relationship between PON and chlorophyll
was stronger than between POC and chlorophyll (p-value < 0.0001 vs. p-value < 0.001),

primarily because there are near surface accumulations of POC at Station 4 and 5 that are not

correlated with high chlorophyll concentrations. No clear difference was apparent between POC
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or PON concentrations for AMZ versus non-AMZ samples (Figure 4.3), but our limited dataset
did not allow us to test this conclusively (Table S4.2; n = 7).

Dissolved organic carbon (DOC) concentration profiles demonstrate the expected trend
of decreasing concentrations deeper in the water column and have a tight relationship with
density suggestive of the importance of water mass mixing. Higher DOC concentrations that fall
off the mixing line can be attributed to surface ocean production (Figure 4.4a). Typically, we
observed that depths with higher chlorophyll concentrations supported higher DOC
concentrations (e.g., Stations 1, 2 and 3). However, Stations 3.5 and 4 (Figure S4.4) showed the
lowest near-surface DOC concentrations in 2018 despite high chlorophyll. Note that DOC
concentrations are as low as 46-56 uM C near 50 m as these sites, indicating that upwelling or
intense vertical mixing delivered low DOC water to the surface at this site, resulting in overall
low concentrations. However, the addition of new DOC at these sites are indicated by the steep
gradient in DOC profiles in the upper 50 m at Stations 3.5 and 4. Recent upwelling at this site is
further supported by relatively lower surface water temperatures (21-24°C) at Stations 3.5 and 4
versus Stations 1-3 (26-29°C) (Figure S4.2a). Station 5 exhibited the lowest surface water
temperature in 2018 and had low DOC concentrations (intermediate between Station 3.5 and 4)
as well, suggestive of local upwelling.

Compared with DOC, depth profiles of DON (4.4b) and DOP (4.4c) from 2017 and 2018
were much more dynamic. Concentrations of DON ranged from approximately 0.4 uM up to
11.5 uM with an average of 3.4 + 2.6 uM. Concentrations were generally higher in the surface
ocean, decreasing with increasing density (Pearson » = -0.609, p-value < 0.0001). The
relationship between DON and chlorophyll was also significant (p-value < 0.01) but was less

direct than was expected likely because the complex interactions between production, removal,
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and mixing obscure the net DON production signal. Depth profiles of DOP were also highly
variable, ranging from effectively zero up to 1.3 uM with an average of 0.26 = 0.27 pM.
Variation was higher in 2018 (Figure S4.6), and particularly high concentrations of DOP were
observed throughout the water column at Stations 3.5-5 in 2018 that were not reflected in
increased DOC or DON concentrations (Figure S4.4 and S4.5). Average DOP concentrations
between 100 and 400 m were 0.14 £0.12 uM in April 2017 compared to 0.33 + 0.37 uM in June
2018. When comparing samples from the AMZ to those of more oxygenated waters at a similar
depth, no significant difference was observed for DOC, DON, or DOP concentration, and means

and standard deviations were remarkably similar (Table S4.2).
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Figure 4.4. Concentrations of dissolved organic nutrients. In (a) dissolved organic carbon
concentration is plotted with increasing density. In (b) dissolved organic nitrogen, and in (c)
dissolved organic phosphorus. The color indicates oxygen concentration. Anoxic is less than 2

uM, suboxic is 2-20 pM, dysoxic is 20-90 uM, and oxygenated is greater than 90 uM. Error bars

are based on the standard deviation.

To date, only four stations (1-2 and 4-5 in 2018) have been analyzed for bioavailable

dissolved organic nitrogen (BDON), with concentrations ranging from close to zero up to almost

1.5 uM (Figure 4.5a). We anticipated that this assay may be able to identify any preferential

removal of labile N compounds within the AMZ. Overall, concentrations of BDON decreased
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with increasing density (Pearson » = -0.564, p-value < 0.0001), but the relationship with
chlorophyll concentration was less pronounced (Pearson » = 0.254, p-value = 0.062) as was the
relationship with DON concentration itself (Pearson » = 0.315, p-value = 0.019). Considering the
percent of DON which is bioavailable (Figure 4.5b) we found that BDON was generally below
50 % of total DON. There were some higher values deeper in the water column at Stations 1 and
2, but these seem to be driven largely by a decrease in DON concentration, and the error bars are
correspondingly large (Figure 4.5b). This is also reflected in the strong correlation

between %BDON and TOC:DON ratios (Pearson » = 0.923, p-value < 0.0001), which suggests

that both parameters are largely controlled by the concentration of DON, which appears to be

more dynamic.
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Figure 4.5 Bioavailable dissolved organic nitrogen (BDON). In (a) BDON concentration for
four Stations from June 2018 is plotted with increasing density. In (b) the percent of all dissolved
organic nitrogen that is considered ‘bioavailable’ is shown with density. Circles indicate Stations
designated as ‘AMZ’ and squares show ‘non-AMZ’ Stations.
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FDOM and CDOM

Bulk DOM can also be interrogated using its fluorescence and absorbance characteristics.
Although light absorbing and fluorescent components of DOM represent only a small fraction of
total DOM these measurements have provided insights into DOM cycling in various
environments (Nelson and Gauglitz 2016). The PARAFAC analysis of FDOM spectra yielded
four primary components: C1 (Ex, Em: 320, 390), which is referred to in the literature as
“marine humic”, and is generally described as being the products of bacterial reworking of
marine DOM (Loginova et al. 2016); C2 (275, 485) and C3 (255, 460) are considered “humic-
like”’; and C4 (280, 290), which is characterized as “protein-" or “amino acid-like” (Stedmon and
Bro 2008).

The distribution and abundance of C1 (marine humic) differed between stations with an
AMZ and those with more oxygenated intermediate waters. This component was also identified
in the only previous study looking at FDOM within an AMZ (Loginova et al. 2016). Although
profiles for all stations show the characteristic increase at depth that led to the designation of this
signal as ‘marine humic-like’, there are more pronounced maxima above 150 m at Stations 1-4 in
2017 and 2018 (Fig. 4.6). The depth of this maximum for each AMZ Station was positively
correlated with the depth of the greatest change in oxygen concentrations with depth (R? = 0.92),

indicating that it is likely a product of the remineralization gradient (Figure 4.6¢)
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Figure 4.6. The FDOM “marine humic” component reaches a maximum where the oxycline
is steepest. Concentrations of FDOM CI1 for the April 2017 cruise (a) and the June 2018 cruise
(b) plotted with increasing depth. Circles indicate Stations designated as ‘AMZ’ and squares
show ‘non-AMZ’ Stations. For AMZ Stations, the marine humic component of FDOM reaches a
maximum along the oxycline (c), where the rate of oxygen changes with depth reaches a
maximum.

C2 and C3 (humic-like) of the PARAFAC model, which absorb in the UV and emit in the

visible range, have similar profiles at all stations, showing an increase with depth (Figure S4.7).

Overall, the distinguishing feature is the “bleaching of this signal near the surface. Station 1
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during 2017 and Stations 1 and 4 sampled in 2018, do show distinctly different profiles
consistent with near surface production. In 2018, Station 3.5, though it had high chlorophyll
concentrations at the surface showed a relatively lower signal for C2 and C3. We attribute this
lower signal to enhanced upwelling or vertical mixing at this site, such that the signal had not
had a chance to grow in (from primary production) by the time of sampling as it may have done
at Station 4. Both C2 and C3 are lower in the surface ocean at Stations 2-3. Stations 2 and 3 have
nearly identical depth profiles for C2 and C3, reflecting their nearly identical water mass
characteristics (Figure S4.2). Strong bleaching of this signal in the upper 50 m, with no
subsequent production (i.e., low chlorophyll concentrations) may be indicated by the low values
for C2 and C3 observed at Stations 2 and 3 in both years.

(4, identified as ‘protein-like’, shows a greater range of values at depth (Figure S4.7),
but is generally positively correlated with chlorophyll fluorescence (Pearson » = 0.327, p-value <
0.0001). C4 was also highly correlated with POC and PON concentrations (Pearson » = 0.711, p-
value < 0.0001; Pearson » = 0.701, p-value < 0.0001), consistent with recent production and
particulate organic matter being a source for this fluorescence signal (Coble 1996; Loginova et
al. 2016).

The spectral slope for light absorption by DOM in the interval 275-295 nm, S275.295,
showed a similar range to what has previously been reported for the eastern tropical South
Pacific (ETSP) and typically decreased with depth even though the relationship to chlorophyll
concentrations was not direct (Figure S4.8; Loginova et al. 2016). None of the optical

measurements showed a difference between AMZ and non-AMZ samples (Table S4.4)
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Figure 4.7. Carbon to nitrogen molar ratios. In (a) particulate organic C:N is plotted with
increasing density. In (b) dissolved C:N, and in (¢) solid-phase extracted C:N. The color
indicates concentration of dissolved oxygen.
Elemental ratios in particulate and dissolved organic matter

Particulate C:N ratios can be used to examine preferential removal of nitrogen with depth
if it is assumed that the change in this ratio with depth is driven by the loss of N and not the
addition of new C (Figure 4.7a). In fact, particulate C:N increased with depth from close to the
Redfield ratio to up to 12, with the highest values observed deeper in the water column.
Particulate C:N ratios were lower within the AMZ compared to outside (Table S4.3), but a small
sample size (n = 7) makes this result inconclusive. Dissolved C:N ratios were lowest in the
surface ocean and increased with density ranging from 6.5 to 31 (Figure4.7b), however, most
values in excess of 20 were accompanied by high error bars, increasing uncertainty for these
samples. The average dissolved C:N ratio was not different between AMZ vs non-AMZ samples
(Table S4.3). We also examined the C:N ratio of solid phase extracted (SPE) DOC. SPE DOC
represents approximately 35-60 % of total DOC, and extraction efficiency for other elements

such as nitrogen and sulfur may be even lower (Broek et al. 2017). These samples were collected
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only on the 2018 cruise at Stations 2-3 and 4-5 (Figure 4.7¢). In general we see that the range of
C:N for these samples is much narrower than what was observed for bulk DOC:DON. We also
measured C:S ratios in SPE DOM (Figure 4.12a). There was no relationship between C:S and
C:N (data not shown), but when considering the our larger dataset of SPE DOM from the ETNP
across a broader range of depths we notice that C:S values are consistently higher with depths
below 500 m. However, it is difficult to draw robust conclusions from this dataset where deep
samples are extremely limited (Figure S4.9b).
Isotopic measurements of POM and SPE DOM

We measured stable C and N isotopes of POM and SPE DOM for a limited number of
stations. We found PO'>N was more depleted in the surface ocean and more enriched at depth
ranging from 3.4 to 11.0 %o (Pearson r = 0.470, p-value = 0.01). Of the three '’N-depleted PON
samples at densities of ~1025 kg m™, two are from Stations 3.5 and 4 in 2018 and are near the
surface but exhibit high density because these waters must have been recently upwelled. For SPE
DOM, the range of 3'°N values was significantly smaller than for POM, ranging from 3.3 to
5.9 %o (Figure 4.8b) and showed the opposite relationship with density (Pearson » = -0.568, p-
value < 0.01). 3'3C of SPE DOM had a relatively narrow range ( -22.7 to -21.7 %o) but had a
strong positive relationship with density (Figure 4.8c; Pearson » = 0.705, p-value < 0.0001).

None of these parameters differed significantly between AMZ vs. non-AMZ waters (Table S4.3).
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Figure 4.8. Carbon and nitrogen isotope measurements. In (a) 3'°N (%o) of particulate
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oxygen.

84S values in the ETNP ranged from 16.1 — 19.7 %o. Values in the surface ocean were

variable and exhibited no clear trend with density for this dataset. When considering deeper

samples from this region we see that the lowest values are at depth, however, the data are

variable and too sparse for any clear conclusions to be drawn (Figure S4.9a). When comparing

8**S with C:S ratios, higher 3**S values are associated with lower C:S (Figure S4.9¢; Pearson r =

-0.599, p- value < 0.001). There was no relationship between §**S and oxygen concentration

(Figure 4.12b; Pearson r = -0.097, p-value = 0.67).

106



S
a Z 18000 : .
‘g e Station | ’
B 16000 Station 2 -
3 14000 Station 3 ’
O?: Station 4 /m
S 12000 Station 5 ’
g ati
£ 10000 Station 6
g
g‘ 8000
g _
@ 6000 )
= 4000
B
Z 2000
o » ) i
0 4
40 50 60 % =
[DOC] (1M)
b C
18000 = 15000

a

16000 16000

14000 14000

12000 12000

10000 10000

8000 3000

Oxygen consumption (nmol O, per m? per day)

Oxygen consumption (nmol O, per m? per d:

4000 4000
2000 ®
> ° 2000
0 T a T y 0 s all .
0005 0010 0015 0020 002 go1 0.02 0.03 0.04 0.05
Marine humics (RU) S575.205

Figure 4.9. Oxygen consumption rates varied widely for stations sampled during the April
2017 cruise. Concentration of dissolved organic carbon is shown against the oxygen
consumption rate corrected for nitrite and ammonia oxidation (a). Each line shows the linear best
fit for each station. Of all organic parameters measured, two were shown to have the most
significant relationship with oxygen consumption rates across all stations. In (b) the FDOM
humics component is plotted against oxygen consumption and in (¢) CDOM spectral slope.
Circles indicate stations designated as ‘AMZ’ and squares show ‘non-AMZ’ stations. For both
(a) and (b) the black line shows the best fit linear relationship for all data.

Rates of oxygen consuming processes
Oxygen consumption rates varied greatly across stations with the highest rates observed
at Station 6 and the lowest rates at Station 1 (Figure 4.9a), and rates were highest in the upper

water column and decreased depth (Figure S4.10). Considering each station individually, oxygen
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consumption rates were strongly and positively correlated with DOC concentrations. However,
the slope of the linear relationship varied between stations (Figure 4.9a) and decreased from its
highest value at Station 6 to its lowest value at Station 1. When considering all organic matter

parameters measured in this study, those most correlated with oxygen consumption rates (once
corrected for ammonia and nitrite oxidation) were the ‘humic-like’ C2 of FDOM (Figure 4.9b)

and the CDOM spectral slope between 275-295 nm (S275.205) (Figure 4.9¢).

Discussion
Impact of Hurricane Bud

By reoccupying the same stations during a different month and year we hoped to
establish the permanence of AMZ related OM parameters in the region. This goal was somewhat
undermined by the appearance of Hurricane Bud, a category 4 storm with sustained winds up to
140 mph which passed through our study region during our cruise (Figure 4.1). A previous
storm, category 4 Hurricane Arletta, also passed over Station 3 at the beginning of June (Stewart
2019). Thus, we unexpectedly had the opportunity to sample the ETNP region in the wake of
intense hurricane activity. Hurricanes of this strength have been previously shown to impact the
upper 200 m of the water column, resulting in intense vertical mixing (Sanford et al. 2007). Sea
surface cooling following a hurricane has been extensively documented and is likely to be the
cause of the observed differences in upper ocean temperatures between 2017 and 2018 (Figures
4.10a and S4.2). This is in contrast to Station 1, which was sampled before the hurricane and was
about 4°C warmer in June 2018 than in April 2017 (Figure S4.2). We also saw low SST at
Station 3.5 in 2018 and although we did not have a companion station in 2017 (Figure 4.10a), it

was clear from the path of the hurricane (Figure 4.1) that this station was strongly impacted by
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the storm. The intense vertical mixing that accompanies the passage of a major hurricane has
also been shown to increase productivity by bringing deep, nutrient-rich waters up unto the
euphotic zone (Pedrosa-Pamies et al. 2019). This may be particularly relevant at Station 3.5,
which we might not expect to be so productive based on its location alone, but which likely
experienced the highest winds during the storm (Figure 4.1). At Station 3.5, 4 and 5, high
chlorophyll levels (Figure 4.2¢), a shallow AMZ (Figure 4.2a), and higher concentrations of
POC and PON (Figure S4.3) all support the idea of increased water column productivity,
whereas lower DOC concentrations (Figure S4.4), like lower surface water temperatures,
confirm that this productivity was linked to vigorous vertical mixing at these sites. This vertical
mixing also likely explains the shallow and broad nitrite maximum at Station 3.5 in 2018 (Figure
4.2b). In 2018, Station 4 was classified as an AMZ station but was the only such station sampled
in both 2017 and 2018 that did not exhibit an SCM (Figure 4.2¢). The uplifting of isopycnals at
Station 4 may have happened too recently to allow time for the SCM to develop, but an SNM
had developed and was detected. At Station 4, shoaling of the oxycline together with increased
particle flux, inferred from increased chlorophyll concentrations, may have increased oxygen
consumption rates within the oxycline and led to the development of the AMZ in 2018 (which

was absent in 2017 at this site).
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Figure 4.10. Possible effects of Hurricane Bud. In (a) we compare upper ocean temperatures
between 2017 and 2018. In (b) concentrations of DOP are plotted with increasing density.
Typical DOP concentrations are inside the rectangle, and the color bar shows chlorophyll
concentration. Samples from 2017 are shown as triangles and those from 2018 as diamonds.

The most notable difference between 2017 and 2018 was in concentrations of DOP
(Figure 4.10b). In 2018, DOP concentrations at Stations 3.5-5 reached 1.35 uM at depths below
100 m. Typical DOP concentrations for these depths are in the range of 0.2 — 0.4 uM. Some of
the elevated DOP concentrations co-occur with high chlorophyll concentrations, and so could be
explained by a productivity signal, but those deeper in the water column cannot be a product of
local primary production (Figure 4.10b). Previous studies have demonstrated that hurricanes can
resuspend sedimentary organic matter (Xu et al. 2016; Bianucci et al. 2018), but the >1000 m
water-depths at Stations 3.5 and 4 (Table S4.1) and their distance from the shelf (Figure 4.1)
exclude the local resuspension of DOP from sediments as the source of these elevated

concentrations. Other explanations include the agitation and potential advection of remote shelf

sediment plumes (“nepheloid layers”) extending from the Baja California peninsula, for

110



example, and the release of DOP from freshly produced sinking particles (Pedrosa-Pamies et al.
2019). Long-range (10s - 1000s km) advection of dissolved iron and/or long-lived radioisotopes
sourced from low oxygen, shelf sediments have been reported for the eastern Pacific Ocean
(Severmann et al. 2010; John et al. 2012; Sanial et al. 2018), and such a process could be
invoked to support the hypothesis that DOP released from remote benthic environments can
accumulate in the water column (Kim et al. 2007). Alternatively, if high concentrations of DOP
present in the AMZ were derived from the disaggregation or reworking of sinking particles then
one third and sometimes more, of the phosphate consumed by phytoplankton in the surface
ocean would have to be released as DOP at depth. Regardless, if these unusually high DOP
concentrations were the result of Hurricane Bud, this is to our knowledge the first time such a
phenomenon has been documented.
Organic matter cycling along oxygen gradients

The existing literature provides conflicting evidence concerning the extent to which low
oxygen conditions in the marine water column may reduce the rate or extent of organic matter
remineralization (Bonaglia et al., 2016; Mallmig et al., 2020; Harvey et al., 1995). In this study,
we try to consider evidence from both the dissolved and the particulate pool as to whether there
is selective preservation of organic matter under low oxygen. However, the observed trends are
influenced by production, remineralization, water mass mixing and oxygen concentrations, so
teasing apart the role of oxygen alone is difficult. We used the average and standard deviation of
our organic matter measurements to compare AMZ samples with non-AMZ samples between
100-400 m. With one exception, we found no significant differences between the AMZ and more
oxygenated waters of a similar depth (Tables S4.2-S4.4). Higher TOC and DOC concentrations

are observed above the AMZ region, consistent with high levels of productivity in these waters
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(Figure S4.4). However, DOC concentrations are not always positively correlated with
chlorophyll concentrations because vertical mixing can dilute surface ocean DOC
concentrations, the build-up of DOC can lag chlorophyll, and warm, stratified waters can
accumulate DOC even though chlorophyll concentrations are low (Stephens et al. 2018). In
contrast to DOC, which showed a tight relationship with density, DON and DOP values are
variable, suggesting more dynamic cycling of these components. However, for DON and DOP in
addition to DOC there was no difference between AMZ vs. non-AMZ samples on average (Table
S4.2). We did observe elevated DON concentrations at densities of ~1027 kg/m? (Figure 4.4b)
that correspond to depths of the SNM (Figure 4.2b) and may be the result of microbial processes
occurring within the low oxygen water column. The fact that high DON concentrations were not
seen for every station at the SNM is likely due to the dynamic nature of the DON pool.

In general, organic matter with a lower C:N ratio is considered to be fresher and
potentially more bioavailable. For instance, we see that for POM and DOM, C:N increases with
increasing density as would be expected for the productivity gradient decreasing from the surface
to depth (Figure 4.7). We hypothesized that we might see lower C:N ratios within the AMZ if
fresh OM was preserved, or possibly higher C:N ratios if nitrogen was being preferentially
removed for use in denitrification or anammox. Particulate C:N inside the AMZ was lower than
outside the AMZ, but our relatively small number of samples (n = 7) precludes any robust
conclusions (Table S4.3). This difference could be due to preservation within the AMZ, or it
could be related to production at the SCM. Previous studies that documented attenuated flux
through low oxygen waters were generally sampling deeper in the water column than we were
able to do here. We saw no significant differences in C:N ratios of the dissolved pool when

comparing AMZ and non-AMZ samples (Table S4.3). We also looked for differences in isotopic
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composition in POM and DOM, but again AMZ and non-AMZ samples were remarkably similar
(Table S4.3). Here again, we were somewhat data limited due to the fact that only one of the
stations sampled in 2018 was classified as ‘non-AMZ’, and other stations seem to have been
influenced by Hurricane Bud, which in some cases resulted in significant shoaling of low oxygen
waters (Figure 4.2a).

One of the strongest signals in our organic matter composition data comes from the
FDOM signatures, and C1 specifically (the operationally defined “marine humics”). This
component reaches a maximum above each AMZ, a signal that is notably absent from non-AMZ
profiles (Figure 4.6). Further exploration of these profiles showed that the depth of the
fluorescence maximum is strongly, positively correlated with the depth where oxygen
concentrations change the most (i.e., the steepest part of the oxycline) (Figure 4.6¢; R? =0.92).
The appearance of this signal during both cruises at similar depths suggests that it is a stable
feature of this region, and its relationship to the oxycline points to the release or reworking of
DOM during heterotrophic respiration as the source of this signal. As noted in Loginova et al.
2016, this component has appeared in a number of different FDOM studies, generally increasing
with depth. Similar to our results, Loginova et al. observed that this component reached a
maximum 10-100 m above the ETSP AMZ. Previous work by Beman and Carolan., 2013 has
suggested that bacterial community diversity is greatest along the oxycline, indicating rapid and
varied degradation processes are taking place at this depth. The fact that the C1 component of
FDOM shows a similar distribution in both the ETSP and ETNP AMZ further confirms that it is
a robust feature in these environments. None of the optical parameters measured were
significantly different between AMZ and non-AMZ samples (Table S4.4).

Organic matter and oxygen consumption rates
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For this study, our collaborators quantified the rates of three different oxygen consuming
processes: aerobic respiration of carbon, ammonia oxidation, and nitrite oxidation (Beman et al.
2020b). Although oxygen concentrations decrease rapidly along the oxycline, we observed that
rates of oxygen consumption were highest in the surface ocean, decreasing with depth and
dissolved oxygen concentrations (Figure S4.10). We observed a relationship between DOC
concentration and oxygen consumption rates, where higher DOC concentrations were associated
with higher oxygen consumption rates on a per station basis (Figure 4.9a). Slopes were similar
for Stations 2-5, despite significant differences in DOC concentrations and oxygen consumption
rates across stations. This suggests a strong coupling between organic matter availability and
microbial respiration. However, it is not clear why oxygen consumption rates were so low at
Station 1, where in addition to high DOC concentrations, there was plenty of dissolved oxygen
(Figure 4.2a). In contrast, Station 6 in particular saw very high rates of oxygen consumption,
even though DOC concentrations were low compared to Stations 1-3 (Figure 4.9a).

In an attempt to explain the observed relationship between O> consumption rates and
DOC, we performed a multiple linear regression with all measured organic matter properties to
identify those most highly correlated with oxygen consumption across all stations. We identified
a negative correlation between the FDOM "humics” fraction (C2) and oxygen consumption rates
(Figure 4.9b; Pearson » =-0.613, p-value < 0.0001). The C2 component of FDOM has been
shown to increase with depth and to be removed in the surface ocean via photoreactions. Here, a
larger signal from C2 is correlated with a lower rate of oxygen consumption. Perhaps the humic-
like FDOM signal identifies a component of DOM that is removed only at slow rates in the
ocean and therefore, co-occurs with lower rates of OC oxidation. Alternatively, if the highest

oxygen consumption rates in our dataset are always at the surface then the observed correlation
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may instead be driven by a surface ocean sink for C2 (Station 1 is an exception, as described
above, but high particle concentrations at this site may have attenuated light penetrations even at
very shallow depths and minimized photobleaching). Even with this relationship it is clear that
the high oxygen consumption rates at Station 6 are outliers as they are higher than would be
predicted based on the relationship with FDOM component C2 (Figure 4.9b). To date, no study
has successfully assigned chemical structures to these FDOM components, and so, we unable to
assign any specific sources to C2 at this time.

The multiple linear regression also identified a positive correlation between the spectral
slope S275-295 and oxygen consumption rates (Figure 4.9¢; Pearson » = 0.487, p-value = 0.00052)
Greater values of S275.295 have been associated with lower average molecular weight as well as
lower aromatic content (Helms et al. 2008; Helms 2012), which would suggest that higher
oxygen utilization rates (and presumably rates of organic carbon oxidation) are correlated with
those DOM properties. However, these relationships are still speculative. Overall, the
relationship of oxygen consumption rates with FDOM and CDOM components identifies either
the influence of DOM composition (as coarsely captured by optical properties) on oxidation rates
or the result of oxidation processes on the DOM composition, and lend support to the measured
oxidation rates. As noted above, the measured oxidation rates at Station 6 appear abnormally
high, however, the concentrations of DOC (S4.4) at this station and at Station 7, which also had
high uncorrected oxygen consumption rates (Figure S4.10) are some of the lowest measured in
either 2017 or 2018, and together with temperature data (Figure S4.1) indicate strong vertical
mixing in the upper 75 m at these sites. Therefore, very labile DOC may indeed be cycling
rapidly at this site and contributing to high oxidation rates, but its presence is not captured by our

concentration measurement.
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Figure 4.11. Measurements of dissolved organic sulfur. Panel (a) shows 8°*S (%o) vs. C:S of
SPE DOM. In (b), 5**S (%o) is shown against oxygen concentrations. For all, error bars are the
standard error. Circles indicate Stations designated as ‘AMZ’ and squares show ‘non-AMZ’
Stations.
Dissolved organic sulfur cycling

Marine organic sulfur is thought to primarily originate from assimilation of marine
sulfate, which has a §°*S of approximately 21 %o (Paris et al. 2013). Assimilatory sulfate
reduction has only been minimally studied, with work in aquatic plants suggesting a fractionation
factor (**¢) between +0.5 to -4.4 %o (Mekhtieva and Pankina 1968). More recently, studies of
DMSP suggest a narrower range for at least one metabolite, with **¢ between -1.4 and -2.8 %o
(Oduro et al. 2012). The results presented here show that organic sulfur in the surface ocean
(<100 m, n=12) is 1.9 to 2.8 %o depleted compared to sulfate (Figure 4.11) suggesting that
fractionation associated with biological sulfate utilization for DMSP (-1.4 and -2.8 %o) can be

generalized to other organic sulfur metabolites. One caveat here of course is that the SPE DOS

represents only a fraction of bulk DOS. As we have seen from comparing C:N in the bulk vs.
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SPE (Figure 4.7), these ratios can be quite different in the bulk reservoir (Ksionzek et al. 2016;
Longnecker et al. 2020).

Recent work has shown that sulfurization is occurring on sinking particles within the
ETNP AMZ (Raven et al. 2021). We used measurements of **S in SPE DOM to examine
whether sulfurization reactions, whether occurring on sinking particles or in other locations,
impact the marine DOS pool. Sulfurization reactions result in organic matter that is very depleted
in 34S, down to -20 %o (Raven et al. 2019). Our data show no relationship between oxygen
concentrations and 5**S (Figure 4.11b; Table S4.2), suggesting that sulfurization reactions are
not impacting the DOS pool within AMZs. This is perhaps expected because the same types of
microenvironments that develop on particles may not be relevant for the DOS reservoir. These
results further suggest that there is less exchange between sulfurized particulate and dissolved
reservoirs, which is consistent with Raven et al.’s finding that sulfurized organic matter is
insoluble. However, this does not preclude the exchange of other organic sulfur compounds
between these phases. This is an important finding as it has been suggested that sulfurization

could contribute to the long-term storage of DOM in the oceans.

Conclusions

The remineralization and respiration of organic matter is a process essential not only to
the creation of AMZs, but to the many processes that make them such unique biogeochemical
environments. In this study, we showed that oxygen consumption rates across a range of oxygen
concentrations in and around the ETNP AMZ are related not only to organic matter abundance,
but potentially also to organic matter composition as reflected by its optical properties. We did

not identify any consistent differences in organic matter properties between AMZ waters and
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more oxygenated waters of a similar depth. Some of these results were influenced by a storm
event, showing that tropical storms can have a large impact on the biogeochemistry of the ETNP
region. Finally, the novel use of sulfur isotope measurements on SPE DOS suggests that
sulfurization reactions do not have a large impact on the marine DOS pool within the ETNP

AMZ.

Acknowledgements

We would like to thank the captains and crews of the R/V Oceanus. Thanks also to all the
members of the Beman lab at UC Merced. Additional thanks to Jennifer Karolewski and Scott
Wankel at WHOI and Bruce Deck at SIO. Data sets presented here were supported in part by
NSF grants OCE 1736656 and OCE 1555375 as well as the UC San Diego Academic Senate.
JMB was supported by NSF CAREER grant 1555375.

Chapter 4, is currently being formulated into a manuscript that will be submitted
for publication. “Organic matter composition across oxygen gradients in the eastern tropical
North Pacific Ocean”. Margot White, Tran Nguyen, Irina Koester, Alexandra Phillips, Alex
Sessions, J. Michael Beman, and Lihini Aluwihare. The dissertation author was the primary

investigator and author of this paper.

118



References
Babbin, A. R., D. Bianchi, A. Jayakumar, and B. B. Ward. 2015. Rapid nitrous oxide cycling in
the suboxic ocean. Science (80-. ). 348: 1127-1129. doi:10.1126/science.aaa8380

Beman, J. M., and M. T. Carolan. 2013. Deoxygenation alters bacterial diversity and community
composition in the ocean’s largest oxygen minimum zone. Nat. Commun. 4: 1-11.
doi:10.1038/ncomms3705

Beman, J. M., S. M. Vargas, S. Vazquez, J. M. Wilson, A. Yu, A. Cairo, and E. Perez-Coronel.
2020a. Biogeochemistry and hydrography shape microbial community assembly and

activity in the eastern tropical North Pacific Ocean oxygen minimum zone. Environ.
Microbiol. 1462-2920.15215. doi:10.1111/1462-2920.15215

Beman, J. M., S. M. Vargas, J. M. Wilson, A. E. Cairo, J. S. Karolewski, and S. D. Wankel.
2020b. Constraining oxygen consumption by nitrite oxidation in oceanic oxygen minimum
zones. bioRxiv 2020.05.26.115402. doi:10.1101/2020.05.26.115402

Bhatia, K. T., G. A. Vecchi, T. R. Knutson, H. Murakami, J. Kossin, K. W. Dixon, and C. E.
Whitlock. 2019. Recent increases in tropical cyclone intensification rates. Nat. Commun.
10: 1-9. doi:10.1038/s41467-019-08471-z

Bianucci, L., K. Balaguru, R. W. Smith, L. R. Leung, and J. M. Moriarty. 2018. Contribution of
hurricane-induced sediment resuspension to coastal oxygen dynamics. Sci. Rep. 8: 1-10.
doi:10.1038/s41598-018-33640-3

Bonaglia, S., I. Klawonn, L. De Brabandere, B. Deutsch, B. Thamdrup, and V. Briichert. 2016.
Denitrification and DNRA at the Baltic Sea oxic—anoxic interface: Substrate spectrum and
kinetics. Limnol. Oceanogr. 61. doi:10.1002/In0.10343

Bristow, L. A., T. Dalsgaard, L. Tiano, and others. 2016. Ammonium and nitrite oxidation at
nanomolar oxygen concentrations in oxygen minimum zone waters. Proc. Natl. Acad. Sci.
U. S. A. 113: 10601-6. doi:10.1073/pnas.1600359113

Broek, T. A. B., B. D. Walker, T. P. Guilderson, and M. D. McCarthy. 2017. Coupled
ultrafiltration and solid phase extraction approach for the targeted study of semi-labile high
molecular weight and refractory low molecular weight dissolved organic matter. Mar.
Chem. 194: 146-157. doi:10.1016/J.MARCHEM.2017.06.007

Burdige*, D. J. 2007. Preservation of Organic Matter in Marine Sediments: Controls,
Mechanisms, and an Imbalance in Sediment Organic Carbon
Budgets?doi:10.1021/CR050347Q

Canfield, D. E., F. J. Stewart, B. Thamdrup, L. De Brabandere, T. Dalsgaard, E. F. Delong, N. P.

Revsbech, and O. Ulloa. 2010. A cryptic sulfur cycle in oxygen-minimum-zone waters off
the Chilean coast. Science (80-. ). 330: 1375-1378. doi:10.1126/science.1196889

119



Carolan, M. T., J. M. Smith, and J. M. Beman. 2015. Transcriptomic evidence for microbial
sulfur cycling in the eastern tropical North Pacific oxygen minimum zone. Front. Microbiol.
06: 334. doi:10.3389/fmicb.2015.00334

Casciotti, K. L. 2016. Nitrite isotopes as tracers of marine N cycle processes. Philos. Trans. R.
Soc. A Math. Phys. Eng. Sci. 374. doi:10.1098/rsta.2015.0295

Christensen, J. P., J. W. Murray, A. H. Devol, and L. A. Codispoti. 1987. Denitrification in
continental shelf sediments has major impact on the oceanic nitrogen budget. Global
Biogeochem. Cycles 1: 97—116. doi:10.1029/GB0011002p00097

Coble, P. G. 1996. Characterization and Tracking DOM in the Ocean Using Total Fluorescence
Spectroscopy.

Codispoti, L. A., J. A. Brandes, J. P. Christensen, A. H. Devol, S. W. A. Naqvi, H. W. Paerl, T.
Yoshinari, and T. Yoshinari. 2001. The oceanic fixed nitrogen and nitrous oxide budgets:

Moving targets as we enter the anthropocene? Sci. Mar. 65: 85-105.
doi:10.3989/scimar.2001.65s285

Deutsch, C., H. Brix, T. Ito, H. Frenzel, and L. A. Thompson. 2011. Climate-forced variability of
ocean hypoxia. Science (80-. ). 333: 336-339. doi:10.1126/science.1202422

Devol, A. H. 2015. Denitrification, anammox, and N2 production in marine sediments. Ann.
Rev. Mar. Sci. 7. doi:10.1146/annurev-marine-010213-135040

Dittmar, T., B. Koch, N. Hertkorn, and G. Kattner. 2008. A simple and efficient method for the
solid-phase extraction of dissolved organic matter (SPE-DOM) from seawater. Limnol.
Oceanogr. Methods 6: 230-235. doi:10.4319/1om.2008.6.230

Garcia-Robledo, E., C. C. Padilla, M. Aldunate, F. J. Stewart, O. Ulloa, A. Paulmier, G. Gregori,
and N. P. Revsbech. 2017. Cryptic oxygen cycling in anoxic marine zones. Proc. Natl.
Acad. Sci. U. S. A. 114: 8319-8324. doi:10.1073/pnas.1619844114

Goericke, R., R. J. Olson, and A. Shalapyonok. 2000. A novel niche for Prochlorococcus sp. in
low-light suboxic environments in the Arabian Sea and the Eastern Tropical North Pacific.
Deep. Res. Part I Oceanogr. Res. Pap. 47: 1183-1205. doi:10.1016/S0967-0637(99)00108-9

Helms, J. 2012. Spectroscopic Characterization of Dissolved Organic Matter: Insights into
Composition, Photochemical Transformation and Carbon Cycling. Chem. Biochem. Theses
Diss. do0i:10.25777/1y3p-e444

Helms, J. R., A. Stubbins, J. D. Ritchie, E. C. Minor, D. J. Kieber, and K. Mopper. 2008.
Absorption spectral slopes and slope ratios as indicators of molecular weight, source, and
photobleaching of chromophoric dissolved organic matter. Limnol. Oceanogr. 53: 955-969.
d0i:10.4319/10.2008.53.3.0955

120



John, S. G., J. Mendez, J. Moffett, and J. Adkins. 2012. The flux of iron and iron isotopes from
San Pedro Basin sediments. Geochim. Cosmochim. Acta 93: 14-29.
doi:10.1016/j.gca.2012.06.003

Kalvelage, T., M. M. Jensen, S. Contreras, and others. 2011. Oxygen Sensitivity of Anammox
and Coupled N-Cycle Processes in Oxygen Minimum Zones J.A. Gilbert [ed.]. PLoS One 6:
€29299. doi:10.1371/journal.pone.0029299

Keil, R. G., J. A. Neibauer, C. Biladeau, K. van der Elst, and A. H. Devol. 2016. A multiproxy
approach to understanding the “enhanced” flux of organic matter through the oxygen-
deficient waters of the Arabian Sea. Biogeosciences 13: 2077-2092.

Kim, C., Y. Nishimura, and T. Nagata. 2007. High potential activity of alkaline phosphatase in
the benthic nepheloid layer of a large mesotrophic lake: implications for phosphorus
regeneration in oxygenated hypolimnion. Aquat. Microb. Ecol. 49: 303-311.
doi:10.3354/ame01137

Ksionzek, K. B., O. J. Lechtenfeld, S. L. McCallister, P. Schmitt-Kopplin, J. K. Geuer, W.
Geibert, and B. P. Koch. 2016. Dissolved organic sulfur in the ocean: Biogeochemistry of a
petagram inventory. Science (80-. ). 354: 456—459. doi:10.1126/science.aaf7796

Kuypers, M. M. M., A. O. Silekers, G. Lavik, and others. 2003. Anaerobic ammonium oxidation
by anammox bacteria in the Black Sea. Nature 422: 608—611. doi:10.1038/nature01472

Lam, P., and M. M. M. Kuypers. 2011. Microbial Nitrogen Cycling Processes in Oxygen
Minimum Zones. Ann. Rev. Mar. Sci. 3: 317-345. doi:10.1146/annurev-marine-120709-
142814

Lavin, P., B. Gonzdlez, J. F. Santibafiez, D. J. Scanlan, and O. Ulloa. 2010. Novel lineages of
Prochlorococcus thrive within the oxygen minimum zone of the eastern tropical South
Pacific. Environ. Microbiol. Rep. 2: 728-738. doi:10.1111/j.1758-2229.2010.00167.x

Loginova, A. N., S. Thomsen, and A. Engel. 2016. Chromophoric and fluorescent dissolved
organic matter in and above the oxygen minimum zone off Peru. J. Geophys. Res. Ocean.
121: 7973-7990. do0i:10.1002/2016JC011906

Longnecker, K., L. Oswald, M. C. Kido Soule, G. A. Cutter, and E. B. Kujawinski. 2020.
Organic sulfur: A spatially variable and understudied component of marine organic matter.
Limnol. Oceanogr. Lett. 5: 305-312. doi:10.1002/1012.10149

MaBmig, M., J. Liidke, G. Krahmann, and A. Engel. 2020. Bacterial degradation activity in the
eastern tropical South Pacific oxygen minimum zone. Biogeosciences 17: 215-230.

doi:10.5194/bg-17-215-2020

Mekhtieva, V. L., and R. G. Pankina. 1968. Isotopic composition of sulfur in aquatic plants and
dissolved sulfates. Geochem. Int. 624-627.

121



Nelson, N. B., and J. M. Gauglitz. 2016. Optical Signatures of Dissolved Organic Matter
Transformation in the Global Ocean. Front. Mar. Sci. 2: 118. doi:10.3389/fmars.2015.00118

Nelson, N. B., and D. A. Siegel. 2013. The Global Distribution and Dynamics of Chromophoric
Dissolved Organic Matter. Ann. Rev. Mar. Sci. 5: 447-476. doi:10.1146/annurev-marine-
120710-100751

Oduro, H., K. L. Van Alstyne, and J. Farquhar. 2012. Sulfur isotope variability of oceanic DMSP
generation and its contributions to marine biogenic sulfur emissions. Proc. Natl. Acad. Sci.
U. S. A.109: 9012-9016. doi:10.1073/pnas.1117691109

Oschlies, A., P. Brandt, L. Stramma, and S. Schmidtko. 2018. Drivers and mechanisms of ocean
deoxygenation. Nat. Geosci. 11: 467-473. doi:10.1038/s41561-018-0152-2

Paris, G., A. L. Sessions, A. V. Subhas, and J. F. Adkins. 2013. MC-ICP-MS measurement of
034S and A33S in small amounts of dissolved sulfate. Chem. Geol. 345: 50-61.
doi:10.1016/j.chemgeo.2013.02.022

Pedrosa-Pamies, R., M. H. Conte, J. C. Weber, and R. Johnson. 2019. Hurricanes Enhance
Labile Carbon Export to the Deep Ocean. Geophys. Res. Lett. 46: 10484—10494.
doi:10.1029/2019GL083719

Phillips, A. A., F. Wu, and A. L. Sessions. 2021. Sulfur isotope analysis of cysteine and
methionine via preparatory liquid chromatography and elemental analyzer isotope ratio
mass spectrometry. Rapid Commun. Mass Spectrom. 35. doi:10.1002/rcm.9007

Raven, M. R., D. A. Fike, M. L. Gomes, and S. M. Webb. 2019. Chemical and Isotopic Evidence
for Organic Matter Sulfurization in Redox Gradients Around Mangrove Roots. Front. Earth
Sci. 7: 98. doi:10.3389/feart.2019.00098

Raven, M. R., R. G. Keil, and S. M. Webb. 2021. Microbial sulfate reduction and organic sulfur
formation in sinking marine particles. Science (80-. ). 371: 178—181.
doi:10.1126/science.abc6035

Rodger Harvey, H., J. H. Tuttle, and J. Tyler Bell. 1995. Kinetics of phytoplankton decay during
simulated sedimentation: Changes in biochemical composition and microbial activity under
oxic and anoxic conditions. Geochim. Cosmochim. Acta 59: 3367-3377. doi:10.1016/0016-
7037(95)00217-N

Sanford, T. B., J. F. Price, J. B. Girton, and D. C. Webb. 2007. Highly resolved observations and
simulations of the ocean response to a hurricane. Geophys. Res. Lett. 34.

do0i:10.1029/2007GL029679

Sanial, V., L. E. Kipp, P. B. Henderson, and others. 2018. Radium-228 as a tracer of dissolved
trace element inputs from the Peruvian continental margin. Mar. Chem. 201: 20-34.

122



doi:10.1016/j.marchem.2017.05.008

Schimmelmann, A., C. B. Lange, J. Schieber, P. Francus, A. E. K. Ojala, and B. Zolitschka.
2016. Varves in marine sediments: A review. Earth-Science Rev. 159: 215-246.
doi:10.1016/j.earscirev.2016.04.009

Severmann, S., J. McManus, W. M. Berelson, and D. E. Hammond. 2010. The continental shelf
benthic iron flux and its isotope composition. Geochim. Cosmochim. Acta 74: 3984—4004.
do0i:10.1016/j.gca.2010.04.022

Stedmon, C. A., and R. Bro. 2008. Characterizing dissolved organic matter fluorescence with
parallel factor analysis: a tutorial. Limnol. Oceanogr. Methods 6: 572—-579.
doi:10.4319/1om.2008.6.572

Stephens, B. M., M. Porrachia, S. Dovel, M. Roadman, R. Goericke, and L. I. Aluwihare. 2018.
Nonsinking Organic Matter Production in the California Current. Global Biogeochem.
Cycles 32: 1386—1405. doi:10.1029/2018GB005930

Stewart, S. R. 2019. The 2018 Eastern North Pacific Hurricane Season: An Active Season Brings
Third-Highest Accumulated Cyclone Energy on Record. Weatherwise 72: 22-31.
doi:10.1080/00431672.2019.1612202

Stramma, L., G. C. Johnson, J. Sprintall, and V. Mohrholz. 2008. Expanding Oxygen-Minimum
Zones in the Tropical Oceans. Science (80-. ). 320: 655-658. doi:10.1126/science.1153847

Thamdrup, B., and T. Dalsgaard. 2002. Production of N2 through anaerobic ammonium
oxidation coupled to nitrate reduction in marine sediments. Appl. Environ. Microbiol. 68:
1312-1318. doi:10.1128/AEM.68.3.1312-1318.2002

Wakeham, S. G. 2020. Organic biogeochemistry in the oxygen-deficient ocean: A review. Org.
Geochem. 149: 104096. doi:10.1016/j.orggeochem.2020.104096

White, M. E., P. A. Rafter, B. M. Stephens, S. D. Wankel, and L. I. Aluwihare. 2019. Recent
Increases in Water Column Denitrification in the Seasonally Suboxic Bottom Waters of the
Santa Barbara Basin. Geophys. Res. Lett. 46: 6786—6795. doi:10.1029/2019GL082075

Xu, K., R. C. Mickey, Q. Chen, C. K. Harris, R. D. Hetland, K. Hu, and J. Wang. 2016. Shelf

sediment transport during hurricanes Katrina and Rita. Comput. Geosci. 90: 24-39.
doi:10.1016/j.cageo.2015.10.009

123



Supplementary Information

Table S4.1. Locations of stations sampled in the ETNP.

Approx. water | Year

Station | Latitude | Longitude | depth (m) sampled AMZ
1 205N 106.5 W 3500 2017,2018 | Yes
2 16.5 N 107.2 W 4000 2017,2018 | Yes
3 16.0 N 110.0 W 3200 2017,2018 | Yes
3.5 185N 108.5 W 3200 2018 Yes

No 2017
4 215N 109.5 W 3000 2017,2018 | Yes 2018
5 247N 113.3 W 3700 2017,2018 | No
6 274N 117.5 W 3800 2017 No
7 325N 120.5 W 3700 2017 No

Table S4.2. Mean and standard deviation of organic matter concentrations from the ETNP.
All samples between 100 and 400 m were included in the analysis.

[DOC] [DON] [DOP] [BDON] [POC]  [PON]

@M  @M)  @M) @M) %BDON (M)  (uM)
AMZ  48+37 237+15 024029 469+79 29+12 0.95+0.23 0.13 +0.04
non-AMZ 48+4.1 229 +1.4 0.30+0.36 506+279 25+18 0.70%0.03 0.07 £ 0.01

Table S4.3. Mean and standard deviation of organic matter elemental ratios and stable
isotope measurements from the ETNP. All samples between 100 and 400 m were included in
the analysis.
Dissolved Particulate PON 615N SPE 815N SPE 613C SPE 6348
C:N C:N (%o) (%o) (%) SPEC:N (%) SPEC:S
AMZ 18+9 78+0.8 85+x15 45+09 -22.0+02 24+1 189+0.6 214+26
non-AMZ 16+4 108+14 92+15 47+02 -222+03 25+4 18.6+0.3 222+11
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Table S4.4. Mean and standard deviation of organic matter optical measurements from the
ETNP. All samples between 100 and 400 m were included in the analysis.

FDOM C1 FDOM C2 FDOM C3 FDOM C4

RU) RU) RU) RU)
AMZ 0.019 £0.002 0.017 £0.002 0.027 £0.003 0.007 +0.015 0.020 + 0.005
non-AMZ 0.019+0.003 0.015+0.002 0.025+0.003 0.006 +0.003 0.024 + 0.003
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Figure S4.1. Horizontal oxygen gradient in the ETNP. Locations for the stations included in
this section plot are shown (see Table S4.1).
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Figure S4.2. Temperatures and densities for sampled stations in ETNP. Temperature (a) and
density (b) vs depth from the April 2017 cruise are in the top row. Temperature (¢) and density
(d) from June 2018 are in the bottom row.

126



[POC] (uM)
4 6

[POC] (M)
4 6

[POC] (M)
4 6

0 0
0 0 0
50 50 50
®
100{ 100 100
»
g / g g
= 150{ @ = 150 = 150
=9 =% =%
L ) L
A < ]
200 200 200
35
250 250 250
4
300 300 300
b [PON] (M) [PON] (uM) [PON] (uM)
0. 03 10 5 00 0.3 10 5 o 03 10
0 0 0
50 50 50 |
100{ \ 100 100
»
3 150 2 150 = 150
=9 =% o
) U )
A ] ]
200 200 200
35
250 250 250
4
5
300 300 300

Figure S4.3. Particulate organic matter concentrations in the ETNP from the June 2018
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stations in the ETNP. TOC (a) and DOC (b) concentrations from the April 2017 cruise are in
the top row. TOC (¢) and DOC (d) concentrations from June 2018 are in the bottom row. Circles
designate ‘AMZ’ stations and squares are ‘non-AMZ’ stations.
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Figure S4.5. Dissolved organic nitrogen concentrations at sampled stations in the ETNP.
Panel (a) has profiles from April 2017 and panel (b) shows profiles from June 2018. Circles

designate ‘AMZ’ stations and squares are ‘non-AMZ’ stations.
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Figure S4.6. Dissolved organic phosphorus concentrations at sampled stations in the ETNP.
Panel (a) has profiles from April 2017 and panel (b) shows profiles from June 2018. Circles
designate ‘AMZ’ stations and squares are ‘non-AMZ’ stations.
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Figure S4.7. Fluorescent dissolved organic matter (FDOM) components at sampled stations
in the ETNP. Profiles from April 2017 are in (a-d) and profiles from June 2018 are in (e-h). C1
(a, e) has been identified as characteristic of ‘marine humics’, C2 and C3 (b-c, f-g) are ‘“humic-
like’ and C4 (d, h) is ‘protein-like’.
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Figure S4.8. CDOM spectral slope from 275 to 295 nm at sampled stations in the ETNP.
Panel (a) has profiles from April 2017 and panel (b) shows profiles from June 2018. Circles
designate ‘AMZ’ stations and squares are ‘non-AMZ’ stations.
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Figure S4.9. SPE C:S ratios and 6**S from the ETNP across a range of depths. C:S (a)

increases slightly with increasing depth. SPE &°*S (b) shows a slight decrease with depth and is
negatively correlated with SPE C:S (¢).
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Figure S4.10. Oxygen consumption rates measured on the April 2017 cruise to the ETNP.
These rates have not been corrected for nitrite or ammonium oxidation. Circles designate ‘AMZ’
stations and squares are ‘non-AMZ’ stations.
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Chapter 5: It’s about time: a new perspective on marine dissolved organic radiocarbon
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Abstract

The >5000-year radiocarbon age of much of the 630+30 Pg marine dissolved organic
carbon (DOC) reservoir remains an enigma in the marine carbon cycle. Current models dictate
that the most radiocarbon (**C) depleted DOC is present as a uniform reservoir throughout the
water column and cycles passively, with the observed vertical '*C and concentration gradient
modulated by the addition and removal of DOC from contemporary photosynthesis. Using a
thermal oxidation method to constrain the *C distribution within a representative fraction of
DOC, we show that the most '*C-depleted fraction that we isolate from the surface ocean is not
as depleted as deep ocean DOC, yet they share similar chemical features. Our new results show
that even the most *C-depleted DOC fraction exhibits a vertical 1*C gradient, requiring
the addition and removal of DOC from this reservoir on shorter timescales than current models
predict. In fact, a revision of the water column lifetime of marine DOC to only 2,300 years is

indicated by the data, which approximately doubles the flux of carbon through the deep ocean.

Introduction

The reservoir of dissolved organic carbon (DOC) in the ocean is similar in magnitude to
that of atmospheric CO; and thus of significant importance to global cycling (Hedges and Oades
1997). Radiocarbon (A'*C) measurements have revealed that A'*C-DOC decreases along the path
of global thermohaline circulation, similar to marine dissolved inorganic carbon (DIC). The
enigma, however, is that DOC is older than in situ DIC by several thousand years (Druffel et al.
1992, 2019; Druftel and Bauer 2000). The average age of DOC in the deep North Pacific Ocean
is approximately 6400 '*C years (a A*C signature of -550 %o), which is significantly older than

the circulation time of the ocean (~1000-2000 years) (Stuiver et al. 1983). These observations,
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together with a stable carbon isotope signature (5'°C) that suggests a photosynthetic source and a
A'C signature that varies linearly with the inverse DOC concentration, have produced the
popular ~35 year-old paradigm: that of a homogenous background, ‘refractory’ reservoir of C-
depleted DOC present throughout the water column, to which is added varying concentrations of
14C-enriched DOC from photosynthesis (Williams and Druffel 1987; Hansell et al. 2009). The
longevity of this two-component isotope and concentration mixing model can be attributed to its
ability to reproduce the observed A*C distribution in DOC. However, the paradigm provides no
mechanistic insight into the source and true residence time of the most *C-depleted components.
For example, background refractory DOC with a constant A*C signature throughout the water
column is difficult to explain without invoking a DOC component of infinite age ('*C-dead)
(Beaupré and Aluwihare 2010; Follett et al. 2014; Beaupré et al. 2020). Yet, there is currently no
evidence for a quantitatively significant fraction of *C-dead DOC in the ocean (Beaupré and
Aluwihare 2010; Follett et al. 2014; Zigah et al. 2017; Broek et al. 2017; Beaupr¢ et al. 2020).

A few studies have measured the A'*C distribution within marine DOC and have
concluded that a heterogeneous A'*C distribution exists (Aluwihare and Repeta 1999; Loh et al.
2004; Repeta and Aluwihare 2006; Follett et al. 2014; Zigah et al. 2015, 2017; Coppola and
Druffel 2016; Broek et al. 2017, 2020). '*C-enriched compounds consistent with recent
production have been observed in both high molecular weight (HMW) DOC (Repeta and
Aluwihare 2006) (Figure S5.1) and solid phase extracted DOC (de Jesus 2008) in the surface
ocean, and '*C-depleted fractions have been detected throughout the water column (Druffel et al.
1992; Loh et al. 2004; Repeta and Aluwihare 2006; de Jesus 2008; Beaupré and Druffel 2012;
Follett et al. 2014; Coppola and Druffel 2016; Zigah et al. 2017; Broek et al. 2017, 2020). Taken

together, these data support the contribution of DOC from photosynthesis and the prevalence of
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aged DOC throughout the ocean, but a key requirement of the two-component model, the
background pool of refractory DOC with a vertically uniform concentration and A'*C signature,
has not been satisfied.

In this study, we test the hypothesis that a chemically similar DOC fraction with the same
14C-depleted signature is present in both the surface and deep ocean, as is required by the current
paradigm (Williams and Druffel 1987; Beaupré and Aluwihare 2010; Beaupré et al. 2020). We
applied a technique called ramped pyrolysis/oxidation (RPO) (Rosenheim et al. 2008;
Hemingway et al. 2017b) to serially oxidize DOC to CO; and capture the evolved gas for A'*C
measurements. The DOC examined here was isolated from seawater using PPL solid phase
extraction resin (PPL-DOC) (Dittmar et al. 2008) and both bulk PPL-DOC and its acid
hydrolyzed counterpart were examined by RPO. Our experiments did identify a chemically
similar component of DOC throughout the water column that was depleted in '*C. However, the
A"C-DOC of this component was higher in the surface ocean (-385 =+ 6%o) than in the deep
ocean (-506 + 14 to -537 £ 7%o), calling into question the existence of an isotopically uniform,

background DOC pool and requiring a revision of the current paradigm.
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Figure 5.1. DOC concentration and PPL-DO'#C measurements from Station M. Organic
carbon concentrations (this study) (a) decrease with depth. Error bars represent measurement
uncertainty. A similar trend is seen in AC of SPE PPL-DOC (b), where PPL-DOC
measurements are shown with blue circles. Acid hydrolyzed PPL-DOC A'#C values are shown as
red squares. Error bars represent uncertainty in radiocarbon measurements. A plot of bulk DOC
A'"C and [DOC] from previous Station M cruises 1991 — 2004 AD (n = 76) is shown in (c)
reproduced from Beaupré et al. 2020. Bulk DOC values are shown in open circles and PPL-DOC
values from this study are shown in closed circles. [DOC] values for PPL-DOC are the water
column bulk [DOC] from where samples were collected. This demonstrates that radiocarbon
values for PPL-DOC are not very different from what would be expected for bulk DOC at this
location and DOC concentration.

Thermal oxidation reflects chemical differences but reveals limited “C diversity

PPL-DOC was isolated from five depths at Station M (34° 50°N, 123° 00°W; 4100 meters
depth) in the Eastern North Pacific Ocean for RPO. Sampling depths were chosen to encompass
the major currents and water masses of the region, which are well represented at Station M, and
include the ocean’s oldest water mass, North Pacific Deep Water (~2000-4000 m) (Bauer et al.
1998). Overall, water column DOC concentrations (Figure 5.1a) as well as A'C and §'*C of

PPL-DOC (Figure 5.1b, Table S5.1) from the current study are consistent with previous reports

from Station M (Beaupré and Druffel 2009; Druffel and Griffin 2015). For example, both A'*C
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PPL-DOC and A'*C-DOC from Station M show a similar relationship with bulk DOC
concentration (Figure 5.1c¢), despite PPL-DOC representing approximately 35-55% of the total
DOC mass (Lechtenfeld et al. 2014). Based on this simple comparison we expect PPL-DOC to
encompass the range of A'*C-DOC values observed for bulk DOC and contain its most '4C-

enriched and "*C-depleted components (see Supplementary Information).
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Figure 5.2. Serial thermal oxidation (thermograms) of PPL-DOC before and after acid
hydrolysis. Thermograms of PPL-DOC from five depths at Station M (a). CO: concentrations
were scaled based on DOC concentration assuming uniform extraction efficiencies. Thermograms
of the same samples after hydrolysis, scaled to predicted yields, show marked changes (b).
Samples become more similar to each other and to deep DOM following hydrolysis and re-
extraction onto the PPL resin.

The pyrolysis/oxidation of organic carbon that occurs during RPO is monitored as a
‘thermogram,” which tracks the evolution of CO; as temperature increases (Rosenheim et al.
2008). Previous studies have demonstrated that thermograms integrate the activation energies of
all compounds in a sample, and thus are unique to the combination of molecules present

(Rosenheim et al. 2008; Plante 2013; Williams et al. 2014; Hemingway et al. 2017b).

Thermograms of Station M samples showed discernible depth-related differences (Figure 5.2a).

139



To interrogate the range in A'*C values (i.e., A*C diversity) within a sample, six CO; fractions
were collected during RPO analyses of PPL-DOC from three depths. Contrary to what has been
observed for other environmental organic carbon samples (Rosenheim and Galy 2012; Plante
2013; Hemingway et al. 2019) and what would be predicted based on the current model of DOC
cycling, thermal fractions of PPL-DOC did not exhibit substantial A*C diversity (Zigah et al.
2015) (Figure 5.3, blue bars). For example, none of the CO, fractions collected from the 45 m
sample had modern A*C-DOC signatures, whereas RPO fractions of surface HMW DOC have
been shown to contain modern carbon (Figures S5.1 and S5.2) as would be anticipated from bulk
HMW DOC AC signatures (Repeta and Aluwihare 2006; Zigah et al. 2017; Broek et al. 2017,
2020).

Given that shallower Station M thermograms contained distinct thermal features that
might be expected to reflect the addition of new material from photosynthesis and its subsequent
removal at depth (Figure 5.2a), the <100 %o range in A'*C values among RPO fractions (Figure
5.3, blue bars) at each depth, was unexpected. However, serial UV oxidation, when applied with
the purpose of examining A*C-DOC diversity, has similarly failed to directly detect endmember
A'"C values in surface marine DOC (Beaupré and Druffel 2012; Follett et al. 2014). If distinct
molecules and/or functional groups oxidize at particular temperatures, then the observed overlap
in A'C values requires that unique populations of molecules are composed of a mixture of A*C
signatures whose average value is similar across the thermogram. Partial oxidation of
compounds along the temperature ramp is also possible and appears to be supported by the
observed heterogeneity in 3'3C values across fractions (Figures S5.3-10 and S5.12). Since the
813C signature of marine DOC is not expected to show significant diversity, the observed

variations in 8'3C are interpreted to reflect thermal oxidation of different functional groups that
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may be derived from distinct biosynthetic pathways (Hayes 1993). Such an interpretation is
consistent with the thermogram “separating” distinct chemical structures in DOC. A similar §'*C
trend has also been observed in thermograms of riverine POC and marine HMW DOC
(Hemingway et al. 2017b) (Figures S5.1 and S5.2). Partial oxidation within a temperature bin
and accompanying redistribution of remaining carbon along the activation energy spectrum may
also be required to explain the observed thermogram and isotope distribution. Charring in
particular has been documented during RPO and could contribute to the high temperature peak
that is most prominent in the surface ocean (Figure 5.2a, S5.3-4) (Williams et al. 2014). This
potential for reorganization highlights a possible issue with “dissolved” black carbon isolation
methods that utilize only thermal oxidation, because thermally resistant carbon that was not
present in the original sample can be generated during this process. Thus, recently published
results showing that black carbon isolated via high temperature oxidation does not have a
radiocarbon signature significantly different from that of bulk PPL may misrepresent black

carbon cycling, at least within the DOC pool (Qi et al. 2020).
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Figure 5.3. Radiocarbon measurements of individual thermal fractions. Bulk PPL-DOC is
shown in blue and hydrolyzed PPL-DOC in red for (a) 45 m, (b) 700 m, and (¢) 1600 m. Boxes
span the temperature range (horizontally) and the mean A!*C value + 1 standard deviation
(vertically) for each fraction. The line inside each box indicates the carbon weighted average
temperature for that fraction. Note the different scale for the 45 m sample.
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Isolation of ubiquitous, '*C-depleted DOC with a vertical A™C gradient

Previous work has shown that the A™C diversity in DOC can be revealed by chemical
degradation techniques, such as acid hydrolysis (Repeta and Aluwihare 2006; Arakawa et al.
2017). Therefore, PPL-DOC was subjected to hydrochloric acid hydrolysis followed by re-
extraction onto PPL resin, which isolated a more '*C-depleted component (Figure 5.1b). The
change in AC following the acid hydrolysis (AA*C) revealed that '*C-enriched, acid-labile
material was present at several depths. A crude mass balance indicated that PPL-DOC lost from
each depth during the hydrolysis had A'C values significantly more enriched than the bulk value
and similar to local A"C-DIC reported in previous studies (Table S5.2). Yields for the hydrolysis
reaction were precisely determined for PPL-DOC samples from other locations in the Eastern
Pacific where ample material was available. These results showed that the hydrolysis removed a
greater fraction of carbon from surface (30-40%) compared with deep ocean (10-20%) PPL-
DOC (Table S5.5). This is consistent with previously reported vertical decreases in acid-labile
polar compounds including dissolved sugars and amino acids (Repeta and Aluwihare 2006;
Kaiser and Benner 2009; Helms 2012). The carbon to nitrogen ratio (C:N) of all samples
increased following hydrolysis and re-extraction, indicating the removal of N-rich material, a
characteristic generally associated with more labile DOM (Aluwihare et al. 2005) (Table S5.5).

The observed change after hydrolysis, both in terms of A*C and thermogram shape, was
greatest in the 45 m sample, consistent with the presence of more recently produced and acid-
labile DOC in the surface ocean (Figures 5.1b and 5.22b). Additionally, the thermograms of
hydrolyzed residues resembled each other closely and were more similar to the deepest PPL-
DOC sample (Figures 5.2, 5.4a), and the extent to which acid hydrolysis altered each

thermogram was well-correlated with the change in A'*C values (Figure 5.4b). Such a shift
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toward a “core” thermogram has previously been observed for soil organic matter subjected to
acid fumigation (Plante 2013). In addition to being more similar across depths, thermogram peak
shapes for the hydrolysis residue are less defined and they occupy a narrower thermal range

(Figure 5.2b) suggesting fewer distinct functional groups than the bulk.
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Figure 5.4. Comparison of PPL-DOC thermograms and A!“C before and after acid
hydrolysis. Sample thermograms become more similar to each other and to deep DOM
following hydrolysis and re-extraction on the PPL as shown by a Principal Coordinate Analysis
(PCA) in (a). The black circle emphasizes the similarity between hydrolyzed samples and deep
PPL-DOC. Hydrolysis alters the chemistry and radiocarbon of PPL-DOC samples (b), where a
greater change in the thermal profile is strongly correlated with a greater change in the
radiocarbon (A'*C of the corresponding hydrolysis residue minus A'*C PPL-DOC; AA'#C). Error
bars correspond to propagated uncertainty in radiocarbon measurements.

The convergence of PPL-DOC thermograms from hydrolysis residues toward
unhydrolyzed PPL-DOC from the deepest depths (Figures 5.2 and 5.4) is taken as evidence that
the similar features in these thermograms do not result from hydrolysis-induced rearrangement of
structures in PPL-DOC. Instead, the removal of compounds following the hydrolysis and re-

extraction apparently exposes the core thermogram of a DOC component that is present
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throughout the water column and dominates the bulk PPL-DOC at depth. Each thermogram is a
result of the entire mixture of components within the sample and its shape results from a non-
linear combination of the thermal reactivities of that unique mixture of compounds (Williams et
al. 2014). This is why thermograms with similar shapes provide strong evidence of
compositional similarity. Fraction collections were completed for hydrolyzed samples from 45,
700, and 1600 m, and maximum radiocarbon diversity within hydrolysis residues was 39 %o,
compared to 100 %o for PPL-DOC. All fractions showed a decrease in A*C compared to their
counterpart in PPL-DOC over the same temperature range (Figure 5.3), which indicated that
diverse functional groups were present in both the PPL-DOC that was removed following the
hydrolysis and the hydrolysis residue. The decrease in A'*C across all fractions following
hydrolysis further confirmed that '“C-enriched (contemporary) and '*C-depleted components
overlap to some extent in their structural features.

Despite the shift toward a core thermogram, the hydrolyzed 45 m sample remained >100
%0 more enriched than deeper samples (Figure 5.1b). Whereas the compositional uniformity of
hydrolysis residues supported the presence of a ubiquitous DOC component (i.e.,
compositionally similar DOC present throughout the water column), this component did not have
a vertically uniform A'*C signature. The observed vertical A"C gradient is consistent with all
other A*C-DOC investigations to date, where no fraction in the surface ocean has been directly
shown to possess a A'*C signature as depleted as A'*C-DOC in the deep ocean (Druffel et al.
1992; Repeta and Aluwihare 2006; Beaupré and Druffel 2012; Follett et al. 2014; Walker et al.
2016; Zigah et al. 2017; Broek et al. 2017, 2020). Based on the current paradigm, this vertical

A'C gradient would be interpreted as reflecting the addition of chemically similar, but new DOC
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at the surface, which enriches the A'*C signature of ubiquitous DOC that is mixed up from the
deep ocean.
A new hypothesis for marine DOC cycling

Interpreting the vertical chemical and isotopic characteristics of ubiquitous DOC in the
context of the current paradigm leaves many questions unanswered. In fact, such an
interpretation cannot explain either the inventory, or the A'*C signature, of this component. The
observations presented in this study could instead be explained by a pre-aged component that
enters the ocean and ages further as it moves along the path of deep ocean circulation, similar to
what is observed for dissolved inorganic carbon (DIC). We can approximate the *C-age gradient
of the ubiquitous component by comparing the 45 m and 2500 m hydrolysis residues from
Station M (i.e., -385 and -537%o, respectively; Table S5.1). This results in an age gradient of
~2300 radiocarbon years. A similar calculation for DIC using comparable depths at Station M (in
this case 85 and 2532 m; Table S5.2) results in an age difference of ~2200 radiocarbon years, not
significantly different from that of the hydrolysis residue. This model is distinct from the
previous paradigm in that it requires the background component to have a non-uniform A'*C-
DOC signature that is also changing with time. Furthermore, any removal of ubiquitous DOC
along the path of ocean circulation would not modify the A*C signature of the remaining
fraction. This proposed model is consistent with the A'*C and concentration gradients observed
for DOC in the deep ocean (Druffel et al. 1992; Druffel and Bauer 2000; Beaupré et al. 2020;
Broek et al. 2020). Note that such a model does not preclude dilute components of DOC
exhibiting different trends with depth.

A™C signatures presented here for the ubiquitous component have other important

implications. If we revise the depleted endmember to -400 %o in the surface ocean, then in order
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to satisfy measured bulk A*C-DOC we would predict a larger background component, closer to
75 % of the DOC, or around 50 pM at Station M (compared to the typically assumed
concentration of 36 uM C). Globally, this would suggest a 40 % increase in the surface ocean
(upper 200 m) refractory DOC reservoir and consequent decrease in the surface ocean labile
DOC reservoir of approximately 12 Pg of C. A lower contribution from contemporary
photosynthesis is more consistent with measurements of surface DOC drawdown by microbial
communities, where incubation studies have not observed DOC concentrations to drop below 50
uM (Carlson et al. 2004; Letscher et al. 2015). This revision together with the overall vertical
decrease in DOC concentrations (e.g. Figure 5.1a), would also suggest that the ubiquitous
component is removed during its transit to the deep ocean along with contemporary DOC,
though at a slower rate.

This interpretation suggests that two independent DOC cycles are operating in the ocean
— one that involves DOC derived from contemporary photosynthesis and a second that involves
the ubiquitous component. Such a hypothesis is consistent with observations showing that the
isotope mixing model for DOC is decoupled above and below ~300 m at Station M (Beaupré and
Aluwihare 2010; Beaupré et al. 2020). Previous estimates of carbon flux through the DOC
reservoir assumed that the average age of >5,000 radiocarbon years for DOC in the deep ocean
reflected its accumulation in the ocean following production by photosynthesis. In contrast, this
new paradigm would explain the measured A'*C signature of DOC not by assuming a residence
time longer than the overturning circulation of the ocean, but by invoking a pre-aged source of
DOC to the upper ocean, followed by aging of this DOC in the deep ocean before removal. In
consequence, this revision would increase the removal rate for *C-depleted DOC to

approximately 0.2-0.3 Pg DOC per year, which results in a residence time that is consistent with
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the faster DOC removal rates inferred from early photochemical studies (Mopper et al. 1991).
Deep ocean removal processes may also be important, and hydrothermal processes and particle
interactions have been put forward as potential sinks for refractory DOC in the deep ocean
(Druffel and Williams 1990; Lang et al. 2006; Hawkes et al. 2015; Shah Walter et al. 2018), yet
the extent of their contributions remains far from constrained (Beaupré et al. 2019). There are
several possible sources of pre-aged DOC to the upper ocean including sediments of continental
shelves (Druffel et al. 1998; Komada et al. 2013), riverine input (Coppola and Druffel 2016;
Coppola et al. 2018), and atmospheric deposition (Yu et al. 2018). Sediments are the most likely
source of this widespread pre-aged component (Mopper et al. 1991), which requires that carbon
previously thought to have been sequestered in sediments is re-entering the water column and
being oxidized.

Applying this method to surface DOC collected in different ocean basins, including in the
Southern Ocean near sites of deep-water formation where no *C gradient would be expected for
ubiquitous DOC, should help to constrain the A*C signature of the ubiquitous fraction in the
surface ocean. Furthermore, demonstrating synchrony in the A*C gradient of hydrolysis resistant
PPL-DOC and DIC along the path of deep ocean circulation together with modelling efforts
could effectively demonstrate ongoing aging of the ubiquitous component. Finally, further
efforts to constrain the relevant sources and sinks of marine DOC will be necessary.

Results presented here, along with observations from all other A'*C-DOC studies to date,
suggest that there is a structurally uniform fraction that dominates PPL-DOC throughout the
water column but that no component in the surface ocean is as '*C-depleted as its counterpart in
the deep ocean. The latter observation is fundamentally at odds with the whole-ocean two-

component model that has long dominated this field of study. It is time that we examined the
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possibility that the surprisingly advanced radiocarbon-age of DOC is not conferred simply by
DOC accumulation in the water column over many thousands of years, but from the input of pre-

aged DOC to the upper ocean.
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Supplementary Information

Methods

PPL-DOC Extraction and Hydrolysis

PPL-DOC extraction

Samples were collected during a cruise aboard the R/V Western Flyer to Station M off the
coast of central California in April 2018 (34° 50’N, 123° 00°W; 4100 meters depth). 30-40 L of
seawater were collected at five depths ranging from 45 meters to 3700 meters. Water was then
acidified to pH 2 using trace metal grade hydrochloric acid (HCI). 1 g PPL cartridges (Bond Elut,
Agilent) were first activated overnight with liquid chromatography/mass spectrometry (LC/MS)
grade methanol and then rinsed with LC/MS grade water, LC/MS grade methanol and LC/MS
grade water adjusted to pH 2 using trace metal grade HCI. The acidified seawater was passed
through the PPL cartridges under gravitational pressure over multiple days (Dittmar et al. 2008;
Petras et al. 2017). Typically, 5 L of seawater was extracted with one 1 g PPL cartridge. Before
eluting the PPL resin and immediately following the extraction, the cartridge was rinsed with
three column volumes of pH 2 LC/MS grade water and dried under ultra-high purity nitrogen
gas. Organic matter retained on the cartridge was then eluted with 10 mL of methanol/1 g PPL
cartridge (PPL-DOC) and stored at -20 °C. Seawater for total organic carbon concentration
[TOC] and dissolved organic carbon concentration [DOC] (i.e., seawater pre-filtered through
combusted GF/F (Whatman corporation)) analysis was collected into combusted 40-mL
borosilicate vials, immediately acidified to pH 2 using trace metal grade 12 N HCI (Fisher
Scientific), capped with acid-washed vial caps with septa, and stored at room temperature until

measurement.

155



Acid Hydrolysis

Each extracted PPL-DOC sample was divided in half. One half was dried extensively to
remove methanol and then subjected to a 2 M acid hydrolysis. Briefly, the organic matter was
transferred to an ampoule with 2 mL of 2 M hydrochloric acid and sealed under a nitrogen
atmosphere before being placed in an oven at 80°C for 18 hours. Following hydrolysis, the
sample was diluted with LC/MS grade water adjusted to pH 2 with trace metal grade HCI and
then re-extracted onto a PPL cartridge as described above. The organic matter retained by the
cartridge was then eluted in methanol and dried down for frozen storage. This sample is
described as the hydrolysis residue of PPL-DOC.

Sample Analysis

Total and Dissolved Organic Carbon

Acidified samples for [TOC] and [DOC] were stored at room temperature in the dark
until analyzed via high-temperature combustion on a Shimadzu 500 V-CSN/TNM-1 (Shimadzu
Corp, Kyoto, Japan) at the Scripps Institution of Oceanography, La Jolla, CA. The TOC analyzer
was modified from the manufacturer’s design as described below. The Shimadzu combustion
oven contained a quartz column filled with platinum (Pt) catalyst beads. Combustion columns
were pre-conditioned on 40 - 100 injections of filtered (0.2 um) seawater until the baseline of
measured carbon was stable. A magnesium perchlorate water-trap was placed prior to the
halogen trap and changed daily. CO»-free carrier gas was used to pre-condition the column, and
ultra-high purity grade O2 gas was delivered to the instrument as the carrier gas during sample
analysis. Each acidified TOC sample was sparged for two minutes and measured following high-
temperature combustion at 680° C. During analysis, five 100 pL injections were made from a

single sample reservoir, and samples were reanalyzed when the % CV of the best 3 injections
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was >5%. TOC measurements were calibrated using an 8-point calibration curve between 10
and 100 uM C of potassium phthalate in Milli-Q water. Milli-Q water and a reference water
sample were analyzed every 10 samples. Reference standards were obtained from NSF-
supported deep Florida Strait (Batch 6FS — 2006; Dennis Hansell, RSMAS, University of
Miami). The expected concentration range for Batch reference materials is provided at
http://www.rsmas.miami.edu/groups/biogeochem/. Further details of sample analysis details and
data verification protocols can be found at cce.lternet.edu/research.

Ramped Pyrolysis Oxidation (RPO)

Ramped pyrolysis oxidation (RPO) was performed at the National Ocean Sciences
Accelerator Mass Spectrometry (NOSAMS) facility in Woods Hole, MA, USA. Samples were
transferred while dissolved in a small amount of methanol into quartz cups (pre-combusted at
850 °C, 1 hour) and then dried down under ultra-high purity nitrogen gas. Thorough drying is
crucial for removing any residual methanol that can influence the carbon isotopic signature.
Samples were further dried in an oven at 50°C for multiple days in an attempt to remove all
methanol. Each quartz cup containing a single sample was then placed inside the RPO reactor.
The RPO instrument continuously heats organic carbon, monitors evolved CO., and traps CO»
for isotope analysis. RPO methodology has been described previously and further information
describing the detailed protocol can be found in other publications (Rosenheim et al. 2008;
Hemingway et al. 2017b). In summary, all samples were operated in oxidation mode (carrier gas
92% He, 8% 0O2) with a flow rate of 35 ml min~! and a ramp rate of either 20 or 5 °C min™!. Six
fractions were collected during each 5 °C min~! ramp. In total we ran ten 20 °C min! ramps and
six 5 °C min~! ramps of samples from Station M (half with PPL-DOC, the other half hydrolyzed

PPL-DOC). It must be noted that the amount of sample initially present as well as instability in
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the ramp rate can have a significant effect on the shape of the thermogram. This is a potential
concern as we compare thermograms generated from various sample sizes of organic carbon.

High molecular weight (HMW) DOC thermographs and isotope signatures of isolated
fractions are shown in Figure S5.1 (2 m, 8°N, 110°W) (KA0701.1) and Figure S5.2 (450 m,
10.69°N, 97.17°) (KA0701.13) for comparison to PPL-DOC (Beaupre and Aluwihare,
unpublished). Thermographs were generated from CO> evolved as the temperature was ramped
at 5°C/min. The fractions were collected and processed for isotope measurements following the
protocols for PPL-DOC above. The HMW DOC samples were isolated from seawater following
ultrafiltration according to Meador et al., 2007 and represented between 15% (450 m) to 25% (2
m) of the total DOC at these sites and depths. These samples are presented as a comparison to
PPL-DOC, where HMW DOC is well known to be enriched in '*C compared to the bulk.

All bulk and RPO fraction isotope measurements were performed at NOSAMS. Stable
carbon isotope compositions were measured on CO; gas using a dual-inlet isotope ratio mass
spectrometer (IRMS), with resulting '3C content expressed in 8'*C per mil (%o) notation relative
to Vienna Pee Dee Belemnite (VPDB). Radiocarbon measurements were completed via
accelerator mass spectrometry (AMS) following standard graphitization methods (McNichol et
al. 1994).

A note about calculating yields

Determining accurate yields following PPL extraction as well as acid hydrolysis of
Station M samples was hampered by the limited amount of sample available for RPO. We were
not able to determine accurate yields because the priority was to keep samples as clean as
possible for the isotope measurements and to maximize sample amounts available for RPO. As

such, transfer efficiencies between steps were typically below 100%. We did determine

158



hydrolysis yields for a different set of samples, extracted and processed identically to Station M
samples. Their hydrolysis yields and sampling locations are listed in Table S5.4.
Error and Uncertainty

Radiocarbon blanks associated with PPL extraction were less than 1 pg of carbon per
cartridge and have previously been determined to have a A™C value of =998 + 1 %o (Lechtenfeld
et al. 2014; Lewis et al. 2020). Samples were not corrected for PPL blanks because the resulting
change in A*C was well within measurement uncertainty.

A blank was measured for the acid hydrolysis and subsequent re-extraction onto the PPL
cartridge and was determined to be 8 pg C (0.67 umol) with a §'3C of -26 %o. This blank was less
than 0.05 % of the mass of each sample, and sample 5!°C values overlapped with that of the
blank. Therefore, error introduced from the hydrolysis blank to the §'3C values of samples (< ca.
0.04 %o) was smaller than the IRMS instrument uncertainty (ca. = 0.1 %o). Due to the small size
of the hydrolysis blank, the AC values of the RPO fractions (Table S5.4) would not have been
affected over the range of possible A!*C values for the blank.

The amount of CO; for each RPO fraction, their §!3C values, and Fm values were
corrected for blank carbon contributions from the RPO system. Ultimately, A'C values
following blank correction were identical within the error of the NOSAMS measurements. 8'3C
was additionally corrected to ensure '*C mass balance, after Hemingway et al.,( 2017a) using the
‘ramped pyrox’ python package developed by Hemingway et al., (2017b) and available online
at http://pypi.python.org/pypi/rampedpyrox. For samples which were processed both on fast and
slow ramps (45 m, 700 m, 1600 m) (Table S5.3), the mass balance radiocarbon results were used

in combination with the ‘bulk’ results from the fast ramps to estimate error. For the remaining
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two depths (2600 and 3700 m), error is based on analysis error reported by NOSAMS. All errors
were propagated using standard practices.

Although we corrected the RPO data using the blanks reported in Hemmingway et al.
(2017a) (resulting corrections of no more than 3 %o for any sample), we found that when paired
samples of different carbon amounts were analyzed by RPO (13.5 pg vs 88 ng; 36.5 vs 148 ug;
36.5 vs 95 pg) (Table S5.3), their uncorrected A'*C signatures (of each pair) were identical
within the error of the measurement (Tables S5.3 & S5.4). These data suggest minimal
contamination was introduced during the RPO measurement and even during the processing of
PPL-DOC samples for RPO, such as the various drying steps for methanol removal, because any
contamination should have disproportionately impacted the smaller samples. This assumes that
the A'*C signature of the contamination introduced from the RPO system is distinct from that of
the samples. It is still likely that contamination was not significant because the A'*C signatures
of PPL-DOC samples ranged for -295 + 5 to -513 &+ 10%o yet none of these samples exhibited
signs of contamination. Additionally, 8'3C signatures of pairs also showed no significant signs of
contamination.

Residual methanol may be contributing to the first fraction collected for some of the
samples when this fraction was small (~50 pg, see Tables S5.3 & S5.4), but this contamination
did not affect the bulk isotope measurements which were made on larger samples, which did not
have anomalous 8'°C values. In order to avoid any issues associated with residual methanol, we
recommend a water rinse followed by freeze drying of the samples in future studies.

Data Analysis
Data were processed using the ‘ramped pyrox’ python package developed by Hemingway

et al., 2017b and available online as noted above. Activation energy distributions were calculated
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for all samples using the suggested parameters, for example, a constant o value of 1010 s™!. The
one significant difference was that in lieu of the Tikhonov regularization described in
Hemingway et al., 2017b we used a constant A value of 0.2. Activation energy distributions were
compared using Pearson’s Product-Moment Correlation, and these results are plotted in Figure
5.4b. Comparison of activation energy distributions was visualized using a principal component
analysis (PCA) and these results are shown in Figure 5.4a.

A note on the A!*C distribution of SPE-DOC vs. bulk DOC

We observed that A'*C values for PPL-DOC overlapped tightly with those of bulk DOC
at Station M. This agreement was taken as evidence that PPL-DOC encompasses the range of
AC values present in total DOC, and therefore, should be representative of the *C distribution
in DOC (Lechtenfeld et al. 2014; Broek et al. 2017, 2020). Such an assumption is complemented
by previous studies (including some from our own lab), which showed that solid phase extraction
(SPE-DOC) using similar resins (HP-20) and methanol elution, isolated DOC with A'*C values
that approximated bulk DOC in the surface ocean (de Jesus 2008; Coppola et al. 2015; Broek et
al. 2017), and contained both modern and *C-depleted fractions (de Jesus 2008).

However, if DOC that is not extracted by PPL has A*C values that are significantly
different from the bulk then it is possible that PPL-DOC does not contain the A*C endmembers.
Such a finding would be particularly relevant if the non-extracted DOC was significantly *C-
depleted compared to the bulk, as this could indicate that the low radiocarbon endmember is
missing from PPL-DOC. Our data cannot constrain the A*C value of non-extracted PPL-DOC.
However, the '*C signature of PPL-DOC decreases with depth indicating that strongly '*C-
depleted DOC is extractable by PPL at depth. Zigah et al. (2017) measured non-extractable DOC

directly and found that A'*C values for non-extracted DOC at depth (i.e., hydrophilic low
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molecular weight DOC (LMW) in that paper) were significantly more depleted than the bulk. It
is critical to note that their non-extracted DOC (hydrophilic LMW) was not more depleted in the
surface (-304%o) than the hydrolysis residue of PPL-DOC from the current study (-381+5 to -
390+1%o, Table S5.4). Such an observation further confirms that indeed, surface PPL-DOC
contains the range of A"C values expected for surface DOC. However, in the deep ocean, the
hydrolysis residue of PPL-DOC mimics that of bulk DOC and does not approach the extremely
low values reported by Zigah et al. (2017) for hydrophilic DOC (-762%o versus -553%12%. for
the lowest value observed in the current study (Table S5.4)). However, the extremely depleted
813C values for their same samples, which have not been previously measured for marine DOC
raise some concerns that need to be addressed with further studies. Furthermore, Zigah et al.
(2017) also measured more '*C-enriched high molecular weight (HMW) DOM in the deep ocean
than has been observed in other studies (e.g. Broek et al., 2017; Loh et al., 2004; Repeta and
Aluwihare, 2006; Walker et al., 2016), and this is relevant because it constrains the A'C mass
balance. In contrast, results from Broek et al., 2020 do not suggest that the non-extracted DOC
pool is more *C depleted, but rather that its A'*C is essentially indistinguishable from the bulk
value. Based on the lack of definitive data, we choose the most-simple explanation for Figure
5.1c, that PPL-DOC adequately captures the '*C distribution in DOC. What is not controversial
is that PPL-DOC and non-extractable DOC both exhibit a vertical '*C gradient (Broek et al.,

2020, 2017; Zigah et al., 2017, Figure 5.1b).
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Table S5.1. Characteristics of DOC sampled at Station M in this study. DOC concentrations
reflect total DOC in the water column. DOM for isotope measurements was isolated using solid
phase extraction PPL cartridges.

AMC (%o) 313C (%o)

Depth [DOC]

(m) (kM) PPL-DOC hyd“’:)y (Z)eg PPL PPL-DOC ';,ylflff’]')y(z)eg
45 66.6+16  -300+6 385+6 23.5+0.1 24.6+0.3
700  405+1.1  -483+8 -506 + 14 232+0.1 243 +0.1
1600  389+13  -507+9 -524 + 40 23.4+02 223+0.1
2600  37.9+1 490 + 3 53747 223+0.1 23.4+0.1
3700  41.2+1 5142 52244 23.0+0.1 235+0.1

Table S5.2. Average measured concentrations and A*C values of bulk DOC as well as A*C
values of DIC at Station M between 1991 and 2004. Reproduced from Beaupré and Druffel,
20009.

Depth [DOC] DOC A™C DIC AMC
(m) (M) (%o) (%0)

24 +£2 71.0 +4.8 =272+ 24 53+£20

85 £1 58.0 +£4.8 -309 + 33 44 +22
455 +£9 425 £1.6 -453 +£28 -117+£13
728 £35 393+14 -495 + 18 -166 + 28
1619 +£23 37.3 £ 14 -552+ 10 -233 £ 11
2532 +89 373 £24 -553+ 12 -244 £ 4
3502 +46 382 +1.2 -556 £ 12 -243 £ 8
4052 +45 383 +£29 =552+ 17 -231+9
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Table S5.3. Isotope measurements of RPO fractions from bulk PPL samples at Station M.
Reported A'*C and 8'°C values have been corrected for the RPO blank after Hemmingway et al.
(2017a). Dashes indicate where a measurement was not made. Asterisks denote possible
methanol contamination. Uncertainty for all §'3C is + 0.1%o.

Fract.  Tinitim  Trina  Tavg C % C Fm Age AMC dC
# O O (°C)  (umol) ° (“Cyr) (%0) (%0)
Depth =45 m
1 109 245 209 4.81 5.47 0.6640*  3,300%* -341 £ 6%  -30.4%*
2 245 432 348 32.5 37.0 0.7057 2,800 -300+3 -24.7
3 432 455 443 4.82 5.48 0.6887 3,000 -317+8 -23.0
4 455 490 475 7.42 8.43 0.6925 2,950 -313+5 -22.6
5 490 524 508 18.1 20.6 0.6953 2,920 -310+4 -22.1
6 524 800 550 20.3 23.0 0.7105 2,760 -295+3 -22.3
total - - 437 88.0 100 0.7003 2,870 -305+13 -23.6
bulk - - 469 13.5 - 0.7104 2,750 -295+5 -23.5
Depth =700 m
1 110 234 206 4.51 3.05 0.5633 4,610 441+ 6 -28.5
2 234 349 296 26.0 17.5 0.5409 4,940 -463 + 4 -24.8
3 349 385 368 13.6 9.16 0.4935 5,670 -510+3 -24.8
4 385 465 429 38.1 25.8 0.5035 5,510 -501+3 -
5 465 496 481 25.8 17.4 0.5116 5,380 -493 +3 -22.6
6 496 800 532 40.0 27.0 0.5128 5,360 -491+3 -
total - - 431 148 100 0.5149 5,330 -489 +9 -
bulk - - 469 36.8 - 0.5272 5,140 477+3 -23.2

Depth = 1600 m

1 100 252 221 4.38 4.62 0.5731 4,480 -431+6 -29.2
2 252 385 328 23.7 25.0 0.5024 5,530 -502+2 -24.8
3 385 409 396 6.37 6.70 0.4737 6,000 -530+7 -24.4
4 409 479 448 26.3 27.7 0.4804 5,890 -523+2 -22.4
5 479 506 491 12.7 13.4 0.4831 5,840 -521+3 -22.2
6 506 800 538 21.5 22.6 0.4833 5,830 -521+3 -22.0
total - - 431 95.0 100 0.4908 5,720 -S13+10 -23.3
bulk - - 457 36.5 - 0.5036 5,510 -500 +£3 -23.5
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Table S5.4. Isotope measurements of RPO fractions from hydrolyzed PPL samples.
Reported A'*C and 8'°C values have been corrected for the RPO blank after Hemmingway et al.
(2017a). Dashes indicate where a measurement was not made. Stars denote possible methanol
contamination.

Fract.  Tinitim  Trina  Tavg C %C Fm Age AMC dC
# O O (O  (umol) ° (“Cyr) (%0) (%0)
Depth =45 m
1 123 321 234 4.477 9.29 0.6073*  4,020* -398+6*  -31.7*
2 321 431 372 14.76 30.6 0.6075 4,010 -397+4 -26.3
3 431 459 450 4.675 9.70 0.6035 4,060 -401+9 -25.9
4 459 490 479 5.672 11.8 0.6166 3,890 -388+5 -23.6
5 490 524 513 7.553 15.7 0.6218 3,820 -383+4 -23.3
6 524 800 563 11.05 22.9 0.6292 3,730 -376+4 -22.2
total - - 451 48.19 100 0.6154 3,900 -390+14 -25.0
bulk - - 444 11.87 - 0.6238 3,791 -381+£5 -24.2
Depth =700 m
1 110 258 230 4.407 2.38 0.5130 5,350 -491+6 -28.0
2 258 348 309 24.622 133 - - - -
3 348 385 368 14.151 7.64 0.4653 6,150 -538+3 -25.0
4 385 465 426 43.634 23.6 0.4706 6,050 -533£3 -24.6
5 465 495 481 23.064 12.5 0.4813 5,870 -523+3 -24.1
6 495 800 535 75.371 40.7 0.4822 5,860 -522+3 -22.1
total - - 455 185.2 100 N/A N/A N/A N/A
bulk - - 497 7.352 - 0.4980 5,601 -506+9 -24.3
Depth = 1600 m
1 100 302 259 4.724 8.68 0.4727 6,000 -531+7 -29.0
2 302 383 349 10.137 18.6 0.4496 6,420 -554+4 -25.3
3 383 409 395 5.215 9.58 0.4408 6,580 -563£5 -24.7
4 409 477 445 13.950 25.6 0.4542 6,340 -549+4 -
5 477 506 491 7.700 14.1 0.4523 6,370 -551+4 -22.8
6 506 800 539 12.707 233 0.4423 6,540 -561+4 -21.9
total - - 434 54.43 100 0.4506 6,400 -553+12 N/A
bulk - - 471 11.36 - 0.5090 5,424 -495+5 -22.3
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Table S5.5. Results from repeat hydrolysis experiment. Six additional PPL samples from a
range of depths and locations were hydrolyzed using the same procedure used for the Station M
samples in order to constrain differences in C yield. Stable carbon, but not radiocarbon,
measurements were made on these samples. Uncertainty for all §'°C is + 0.1%o. Locations of
each station are shown in Figure S5.4.

Yield from PPL
Depth [TOC] 613C (%0) C:N DOM (%)
(m) (kM) PPL  hydrolyzed PPL  hydrolyzed C N
24.7°N, -113.3°E
655 392+1 -21.8 -21.8 26+ 1 34+2 89+5 68+4
1485 36.8+1 -21.9 -21.7 27+2 35+2 90+5 704
2469 3641 -22.2 -22.1 28+2 37+2 865 65+4
-0.71°N, -110°E
30 585+1 -22.3 -22.5 28+2 39+2 67+t4 49+3
3700 4041 -22.3 -22.2 3242 37+2 70+4 60+4
-13°N, -103°E
40 799 +2 -22.7 -22.7 30+2 42+ 2 66+t4 48+3
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Table S5.6. Additional samples from the eastern tropical North Pacific. Seven additional
PPL samples from a range of depths were analyzed on the RPO. Stable carbon and radiocarbon
measurements were made on these samples. Uncertainty for all §'°C is & 0.1%o.

C isotopes (%o)
Depth (m) [TOC] (uM) perys G
32°N, -120°E
684 40.1+1 -22.8 -497 £3
27°N, -115°E
49 64.5+ 1 -23.8 -295+£5
16°N, -110°E
50 77.5+2 -24.2 -257+£3
140 485+ 1 -23.5 -394+ 4
500 424+1 -23.8 -461+3
1782 373+1 -23.4 -540+ 3
3157 374+1 -24.0 -521+3
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Figure S5.1. Thermogram of 2 m HMW DOC from Station KA0701.1 in the Eastern
Equatorial Pacific Ocean. The bars indicate the fraction modern and the circles show the stable
carbon isotope measurements. The bulk radiocarbon for this sample is -66 %o and the bulk 3'3C
is -23.1 %o. The thermogram in grey is scaled to the most enriched Fm value. This is the case for
all thermograms below as well.
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Figure S5.2. Thermogram of 450 m HMW DOC from Station KA0701.13 in the Eastern
Equatorial Pacific Ocean. The bars indicate the fraction modern and the circles show the stable

carbon isotope measurements. The bulk radiocarbon for this sample is -242 %o and the bulk 3'3C
is -22.9%o.
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Figure S5.3. Thermogram from 49 m at 27°N, -115 °E in the Eastern North Pacific. DOC
concentration was 64.5 + 1 uM. The first fraction shown here almost certainly had methanol
contamination.
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Figure S5.4. Thermogram from 49 m at 16°N, -110 °E in the Eastern Tropical North
Pacific. DOC concentration was 77.5 +2 uM.
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Figure S5.5. Thermogram of PPL DOM from 45 m at Station M.
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Figure S5.6. Thermogram of PPL DOM from 700 m at Station M.
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Figure S5.7. Thermogram of PPL DOM from 1600 m at Station M.
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Figure S5.8. Thermogram of acid hydrolyzed PPL DOM from 45 m at Station M.
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Figure S5.9. Thermogram of acid hydrolyzed PPL DOM from 700 m at Station M.
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Figure S5.10. Thermogram of acid hydrolyzed PPL DOM from 1600 m at Station M.
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Figure S5.11. Location of Station M and three stations used for repeat hydrolysis

experiment. Stations in the Southern Hemisphere were sampled during GOSHIP P18 in
November-December 2016.
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Figure S5.12. 8'3C values for all fractions from Station M. The temperature value is the C-
weighted average temperature for that fraction.
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Chapter 6: Conclusions
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This dissertation used measurements of natural abundance isotopes to address questions
about marine nitrogen and organic carbon cycling in the modern ocean. As presented in the
introduction Chapter 1, natural abundance isotopes are a valuable tool that can be applied to a
variety of topics within chemical oceanography. In Chapter 2 we used stable isotopes of nitrate
to study the impact of the 2015-2016 El Nifio event on nitrogen cycling in the sCCS region. This
study provides the first set of nitrate isotope measurements comprehensive enough to assess the
variability at the base of the food web, providing a valuable resource for interpretation of
nitrogen isotope measurements in other reservoirs. We saw that during periods when the surface
ocean warms, the sSCCS experiences lower productivity, greater percent nitrate utilization and a
greater contribution from nitrate regenerated in the surface ocean. We were also able to link
these trends with indices such as net primary production and water column stratification that can
be applied across the CalCOFI record. Additionally, we identified spatial and temporal
variability in euphotic zone nitrate utilization associated with iron limitation as detected by a
proxy that compares the ratios of nitrate and silicate. The observations presented in this chapter
provide important insight into how this region will respond to warming linked to anthropogenic
climate change.

Chapter 3 used nitrate isotopes to examine nitrogen cycling in a different context- the
extent and location of denitrification in the seasonally suboxic bottom waters of the Santa
Barbara Basin. Results from this chapter confirm that an unprecedented increase in water column
denitrification in basin bottom waters in recent years has resulted in enrichment of nitrate
isotopes and accumulation of nitrite. Comparison oxygen and nitrogen isotopes of nitrate

demonstrated the significance of reoxidation of nitrite even under low oxygen conditions.
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Evidence from the wider sCCS region implicates a long-term trend of decreasing oxygen
concentrations in intermediate waters as the likely driver for these observed changes.

Chapter 4 continued our investigation of the low oxygen water column, but in a very
different location- the largest anoxic marine zone in the world in the eastern tropical North
Pacific. Nitrogen cycling in this region has been extensively documented, but our study focused
on the production and processing of organic matter. We found that in general, our data can be
best explained by the gradient of production and remineralization processes as well as water
mass mixing, rather than by differences in oxygen concentration. We identified a unique pattern
in fluorescent DOM that appears to be closely associated with intense remineralization of
organic matter along the oxycline. In addition, we saw that oxygen consumption rates across
oxygen gradients were related to DOM composition as reflected by its optical properties,
suggesting a link between remineralization and chemical composition. Finally, we documented
the impact of a recent category 4 hurricane which passed through the ETNP and resulted in
intense vertical mixing and shoaling of the AMZ, potentially exacerbating low oxygen
conditions by stimulating additional production.

Chapter 5 also focused on marine organic carbon cycling but used radiocarbon rather
than stable isotope measurements to probe the long-term storage of DOC in the oceans. We
attempted to evaluate the currently established model of marine DOC cycling which requires a
well-mixed background pool to be present throughout the water column. However, based on our
results and all available research, there is no direct evidence of a significant component of DOC
in the surface ocean that is as depleted in '*C as bulk DOC in the deep ocean. Thus, we proposed
a new explanation for the advanced radiocarbon age of marine DOC, namely, a pre-aged source

to the upper water column and subsequent aging along the path of thermohaline circulation. This
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revision to the current model of DOC cycling would revise the water column lifetime of marine
DOC to only 2,300 years, approximately doubling the estimated flux of carbon through the deep

ocean.
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