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Abstract

Most of the methane input to the world’s oceans is intercepted by microorganisms in sediment and
the overlying water column and oxidized before it has an opportunity to reach the atmosphere,
where it acts as a greenhouse gas. The factors controlling methane consumption in the ocean are
not well established and its biogeochemistry in dynamic marine environments is understudied in-
part because of challenges in capturing spatial and temporal variability. Our study focused on the
factors that structure methane’s biogeochemistry in a dynamic marine environment, the Santa
Barbara Basin. The deep-water column of the Santa Barbara Basin experiences seasonal oxygen

loss and episodic replenishment which we found to be major factors in structuring the
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accumulation of methane and the rate at which microorganisms consumed that methane. We found
the gradual decline in oxygen that commonly occurs through the summer culminated with a
pronounced accumulation of methane in the water column during the fall. Rates of methane
oxidation remained low in summer, increased with the buildup of methane in fall, and remained
elevated into spring, even after methane concentration had declined. However, results from
methane oxidation kinetics experiments revealed a zero-order kinetic dependence on oxygen
concentration, indicating that oxygen’s effect on methanotrophy at the ecosystem scale is likely
indirect. We also captured an apparent mixing event during fall that drove spatial and temporal
variability in oxygen, nitrate and methane concentrations in the Santa Barbara Basin, with stark
variations at the investigated timescale of 8 days and along isobaths at a spatial scale of 7 km.
Collectively, these results indicate the seasonal development and attenuation of a methanotrophic
community associated with restricted circulation, but also of a spatiotemporal variability not

previously appreciated for this environment.

Keywords: aerobic methanotrophy; dissolved methane; dissolved oxygen; nitrate; seasonal

hypoxia; dynamic marine environment

1. Introduction

The ocean is not a major source of methane to the atmosphere (~ 4-15 Tg yr'!, less than 2.5% of
total methane sources, Solomon et al., 2007), even though a significant amount of methane (at
least 85 Tg yr'!) is consistently produced in marine environments through microbial or thermal
transformation of organic carbon (Hinrichs et al., 1999; Reeburgh, 2007; Zhang et al., 2011; Reay

et al., 2018). Instead, anaerobic oxidation of methane (AOM) occurs in marine sediment, and
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together with aerobic methane oxidation (hereafter MOx) near to the seafloor and in the overlying
water column, acts as a biological filter (Reeburgh, 2007; Mau et al., 2013; Torres-Beltran et al.,
2016; Steinle et al., 2017). AOM can consume ~75% - 80% of the produced methane in the
sediment (Strous and Jetten, 2004; Treude, 2004; Knittel and Boetius, 2009; Torres-Beltran et al.,
2016) and commonly occurs at a banded interface in the sediment known as the sulfate-methane
transition zone. In diffusive systems, AOM usually quantitatively consumes sedimentary methane
(Knittel and Boetius, 2009), but in sediments with advective transport or gas ebullition methane
can bypass the benthic microbial filter and enter the water column (Reeburgh, 2007; Knittel and

Boetius, 2009).

Since the first measurements of dissolved methane concentrations in the ocean’s water column
were reported in the late 1960s (Reeburgh, 2007), various groups have studied water column
methane concentrations and MOx rates in different oceanic environments (Griffiths et al., 1982;
Ward et al., 1987, 1989; Reeburgh et al., 1991; de Angelis et al., 1993; Ward and Kilpatrick, 1993;
Valentine et al., 2001; Mau et al., 2012, 2013; Heintz et al., 2012; Pack et al., 2015; Steinle et al.,
2015, 2016, 2017). Most studies represent snapshots of oceanographic conditions and have
collectively demonstrated that the rate of MOx depends on the availability and concentrations of
the two substrates of the reaction, methane and oxygen, together with other physicochemical
controls like temperature, salinity, nutrients, etc (Ward et al., 1987; Valentine et al., 2001; Mau et

al., 2012, 2013; Heintz et al., 2012; Pack et al., 2015; Steinle et al., 2015, 2016).

Many oceanic environments are dynamic because of seasonal, spatial, and other physiochemical

factors. Methane concentration and MOXx rate variability together control the atmospheric release
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of methane and knowledge of these processes is therefore import for predicting future changes in
methane emissions. Numerous studies have considered the spatial variability of MOx (Reeburgh,
2007; Mau et al., 2012, 2013; Steinle et al., 2016), but fewer studies have considered the temporal
variability (Tavormina et al., 2010; Kessler et al., 2011; Heintz et al., 2012; Crespo-Medina et al.,
2014; Steinle et al., 2015, 2017; Torres-Beltran et al., 2016) and the coupled understanding of

spatial and temporal variability for MOx is minimal (Griindger et al., 2021).

The Santa Barbara Basin (SBB) is a depression between the California mainland and the northern
Channel Islands. The SBB is physically constrained and experiences seasonal deoxygenation. The
maximum water depth is about 589 m at the depocenter and the deep basin is fully enclosed at
depths >475m. The SBB is bounded by a shallow Eastern sill, and exchanges water with the Pacific
Ocean over the 475m Western sill. Because of the depth difference between sill and depocenter,
SBB bottom waters are poorly circulated and are regularly deoxygenated (to <1 uM O3) following
periods of increased surface productivity (Bograd et al., 2002; Goericke et al., 2015). Low oxygen
condition is interrupted ~annually by strong springtime upwelling events where deep-water
cascades over the sill from the greater Pacific and into the SBB. In the process, existing bottom
waters are flushed and the deep SBB becomes temporarily oxygenated to ~20 uM. The introduced
oxygen gets quickly consumed by heterotrophic organisms scavenging organic matter, and the
deep water oxygen concentration returns to <l uM, typically by the end of summer (Sholkovitz
and Gieskes, 1971; Sholkovitz, 1973; Sholkovitz and Soutar, 1975; Reimers et al., 1990; Goericke
et al., 2015). SBB bottom water is low in oxygen throughout the year, and is classified as hypoxic
seawater (oxygen concentration <63 uM, according to Middelburg and Levin, 2009). As reference,

seawater at a temperature of 5 °C and a salinity of 34 PSU, which is typical for SBB deep water,
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would have an oxygen concentration of ~319 uM when in equilibrium with the atmospheric gases

at 1 atm pressure (Weiss, 1970).

A temporal perspective for the SBB derives from the long-term hydrographic data set collected
by the California Cooperative Oceanic Fisheries Investigations (CalCOFI), since 1986
(https://calcofi.org/data/). A compilation of relevant CalCOFI data (Fig 1) illustrates the seasonal
deoxygenation pattern of the SBB deep water column. Bottom water dissolved oxygen and
nitrate typically peak in spring with upwelling events, and then gradually decrease after, until the
next upwelling events occur. The seasonal deoxygenation occurs ~annually, typically coupled

with extensive denitrification (Sigman et al., 2003).

The SBB is known for having one of the largest natural methane seep areas in the world, thus many
previous studies focused on this environment (Hornafius et al., 1999; Hill et al., 2003; Mau et al.,
2007, 2010; Ding and Valentine, 2008; Du et al., 2014; Padilla et al., 2019; Joung et al., 2020).
The deeper water column of the SBB has been less studied with regard to methane due to the
logistical challenges that arise with monitoring methane-related processes over time. In the deep
SBB the methane sources are mainly diagenetic (Warford et al., 1979; Kosiur and Warford, 1979;
Li et al., 2009) with methane produced by benthic methanogenic archaea and consumed mainly
anaerobically by archaea in the sediment and by aerobic bacteria in the water column (Hinrichs et
al., 2003; Pack et al., 2011). This study aims to build on our understanding of methane dynamics
in low oxygen marine systems. Our goal is to construct a depth-resolved time series of methane
concentration and oxidation rate nested within the seasonal cycle of oxygen decline and renewal

in the deep SBB. Furthermore, we also aim to explore the factors influencing kinetics of methane



116  oxidation. In doing so, this study identified unanticipated spatiotemporal variability of key

117  compounds — methane, oxygen and nitrate — within the enclosed reaches of the SBB.
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119  Figure 1. SBB deep water column (475m-580m) heat maps from 2000-2020 of A) oxygen

120  concentration and B) nitrate concentration, as well as higher resolution heat maps from 2017-
121 2020 of C) oxygen concentration and D) nitrate concentration. Black dots represent the original
122 data points, all data are from CalCOFL
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2. Materials and Methods

2.1 Sampling Time and Locations

Our sampling plan involved the collection of deep-water column samples from the SBB throughout
a deoxygenation and reoxygenation cycle, with a sampling time span of ~one year. Within this
year, one to two sampling expeditions were executed every month. Restrictions associated with
the COVID-19 pandemic prevented any sampling from the end of March 2020, limiting the time
span of our study to 266 days. Nonetheless, we were still able to capture key features of the cycle
as presented in this work. Sampling was conducted from several different research vessels (Table
1), with the first sampling expedition executed on 2019-6-28, 15 more sampling expeditions (18
more hydrocasts) performed afterwards, with the last sampling expedition conducted on 2020-3-

20.

A series of 10 sampling expeditions using UCSB’s R/V Connell were conducted to collect deep
SBB water samples, in order to study the changes of deep SBB water column oxygen, nitrate, and
methane concentrations, and MOx rates. During each R/V Connell sampling, a rosette equipped
with 6 4-liter Niskin bottles was deployed and deep-water samples of six different depths were
collected (Table 1). These six depths were selected to emphasize changes in deep water
characteristics, especially for depths lower than the western sill (depth > 475m). The in-situ
temperature profiles were recorded by a conductivity—temperature—depth (CTD) package (Seabird

SBE 19+ V2 SeaCAT Profiler) attached to the rosette.

Five additional hydrocasts were conducted during the AT42-19 BASIN19 cruise (2019-10-29 to

2019-11-10) onboard R/V Atlantis, using R/V Atlantis’ CTD (Seabird 911+) rosette with 24 10-



146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

liter Niskin bottles. In-situ temperature was recorded by CTD, in-situ oxygen concentration was
recorded by an oxygen sensor that was mounted on the rosette. Water samples were collected for
four of these five hydrocasts, from 24 depths. And for the collected water samples, oxygen
concentrations were measured using ODF Winkler titration method, nitrate concentrations were
measured by flow injection analysis, methane concentrations were measured using a headspace

equilibration method.

Available data from four additional cruises were also used for time series analysis including: water
column oxygen concentrations from cruise SR1919 onboard R/V Sally Ride, which took place in
December 2019 (data provided by Dr. Alyson Santoro); oxygen and nitrate concentration data
collected by CalCOFI during three quarterly surveys CalCOFI 1907BH, CalCOFI 19110C, and

CalCOFI 2001RL (Data available on CalCOFI’s website).

All samples were collected from three different stations within the deep SBB: CalCOFI station
081.8 046.9 (CalCOFT here after), which lies to the north of the shipping lanes that cut across SBB,
with a position of (34.2749, -120.0252); South Depocenter Radius Origin (SDRO), which lies to
the south of the shipping lanes, with the position (34.2008, -120.0417); and North Depocenter
Radius Origin (NDRO), which also lies to the north of the shipping lane, with the position (34.2625,
-120.0313). The distance between station NDRO and SDRO is ~7 km. Stations were selected
arbitrarily within the depocenter of the SBB, and were treated interchangeably (based on an
assumption of lateral homogeneity) when external factors (strong winds, fog, rough seas, shipping
traffic) favored access to one station over another. The sampling depths and additional details

about samples and measurements are listed in Table 1.
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Figure 2. Bathymetry of the deep Santa Barbara Basin including the three sampling stations:

SDRO, NDRO, CalCOFI — occupied in this study. The coordinates of the stations are: Station
SDRO, 34.2008 N, 120.0497 W; Station NDRO, 34.2681 N, 120.0433 W; Station CALCOFI,
34.2749 N, 120.0252 W.

Table 1. Data and samples used for this study.

Sampling Season Cruise Number Station Sampling Depths (m) Analyses
Date Performed
2019-06-28 Summer  Connell-062819 CalCOFI 50, 300, 440, 500, 540, 570 a,c, e f
2019-07-18 Summer Connell-071819 SDRO 450, 500, 520, 540, 560,580 a,c,e, f
2019-07-26 Summer CalCOFI 1907BH  CalCOFI 444, 484, 504, 518, 540, 560, a,c

574
2019-08-01 Summer  Connell-080119 CalCOFI 450, 500, 520, 540, 560, 570 a,c,e, f
2019-08-13" Summer Connell-081319 SDRO 450, 500, 520, 540, 560, 580 a,c,e,
2019-08-26" Summer  Connell-082619 SDRO 450, 500, 520, 540, 560, 580 a,c,e,
2019-09-24 Fall Connell-092419 CalCOFI 450, 500, 520, 540, 560,570 a,c,e, f
2019-10-04 Fall Connell-100419 CalCOFI 450, 500, 520, 540, 560, 570 a,c,e, f
2019-10-21 Fall Connell-102119 SDRO 450, 500, 520, 540, 560,580 a,c,e, f
2019-10-30 Fall AT42-19 BASIN19 NDRO b: 1m resolved from 450-577 b, e

e: 450, 465, 475, 490, 500-

575 (every 5 m), 577
2019-10-30 Fall AT42-19 BASIN19 SDRO aand c: 450, 475, 490, 500, a,b,c,e

510-580 (every 5 m), 583

b: 1m resolved from 450-583

e: 450, 475, 515-580 (every

5 m), 583
2019-11-03 Fall AT42-19 BASIN19 NDRO b: Im resolved from 450-574 b
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196

2019-11-07 Fall

AT42-19 BASIN19

NDRO

b: 1m resolved from 450-576
c and e: 450, 465, 475, 490,
500-575 (every 5 m), 576

2019-11-07 Fall

AT42-19 BASINI9

SDRO

a: 450, 500, 520, 540, 560,
580

b: Im resolved from 450-580
c: 450, 475, 490, 500, 510-
580 (every 5m), 581

e: 450, 475, 490, 500, 520-
580 (every 5Sm), 581

2019-11-15 Fall

CalCOFI 19110C

CalCOFI

440, 480, 500, 515, 534, 559,
567

2019-12-19 Winter

SR1919

CalCOFI

b: 1m resolved from 450-572

2020-01-16 Winter

CalCOFI 2001RL

CalCOFI

Im resolved from 450-571

2020-02-06"  Winter

Connell-020620

CalCOFI

500, 560, 570

2020-03-19 Spring

Connell-031920

CalCOFI

450, 500, 520, 540, 560, 570

The abbreviations stand for the following types of analyses performed:
a = oxygen concentration measured by the Winkler titration method;
b = oxygen concentration measured by the CTD attached oxygen sensor;

¢ = nitrate concentration;

d = nitrate concentration measured by the CTD attached nitrate sensor;

e = methane concentration;

f = fractional methane turnover rate.

*: Fractional methane turnover rate data of 2019-8-13 and 2019-8-26 were discarded because of

sampling apparatus problem.

#: For 2020-2-6, all data of 450, 520 and 540 m were discarded because of sampling apparatus

malfunction.

2.2 Dissolved Oxygen Concentration Sample Collection and Measurement

Dissolved oxygen concentration sample collection and measurement were conducted using a

University of California, San Diego Oceanographic Data Facility (ODF) designed automated

titration system. Deep water samples were collected by Niskin bottles and introduced into Winkler

flasks through Tygon tubing immediately after the Niskin bottles were opened. Per depth, two

replicate samples were collected. Each Winkler flask was filled for at least 3 volumes of water to

overflow. Temperature was recorded for each sample during the overflow process. After the water

sample was collected, manganese chloride and sodium hydroxide-sodium iodide were added

below surface of liquid into the flask immediately, then a ground glass stopper was inserted, and

10
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the flask was inverted several times to mix the reagents with the seawater. After precipitates
formed (~30 min), the flasks were inverted several times again to make sure the reagents acted
fully. Then the samples were transported to lab with water around the neck of the flask to prevent

air from entering the flask during transportation, and then stored in the dark until analysis.

Back in the lab, dissolved oxygen concentration was measured by ODF automated titration system.
Sulfuric acid was added just before analyzing to free iodine, and then oxygen concentration was
measured by an automated oxygen titrator using photometric end-point detection based on the

absorption of 365 nm wavelength ultra-violet light.

2.3 Nitrate Concentration Sample Collection and Analysis

Dissolved nitrate concentration sample collection was conducted following UCSB Marine Science
Institute Analytical Lab’s requirement. Deep water samples from Niskin bottles were filtered
through a 0.4 um polycarbonate filter introduced into clean, pre-rinsed plastic HDPE 20 mL
scintillation vials. ~17 mL water was filtered into each vial, and then the vial was capped closed.
Per depth, two replicate samples were collected. Dissolved nitrate concentrations were analyzed
in the deep-water samples by flow injection analysis (FIA) according to the procedure described
by (Segarra Guerrero et al., 1996) using the QuikChem 8500 Series 2 (Lachat Instruments,

Zellweger Analytics Inc.).

2.4 Dissolved Methane Concentration Sample Collection and Analysis
Dissolved methane concentration sample collection and analysis were made as described in Heintz

et al., 2012, with the following modifications: Seawater was collected by Niskin bottles and

11
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introduced into 120 mL serum bottles using 20-30 cm length Tygon tubing with long glass tips.
The serum bottles were filled from bottom to the top and flushed 3 times of their volume to
minimize contact of the sampled water with the surrounding air. The serum bottles were then
closed carefully without gas bubbles using chlorobutyl stoppers and then crimp sealed. For each
depth, duplicate methane concentration samples were collected immediately after oxygen
concentration samples. The samples were kept cold during transport back to lab for analysis.
Samples were preserved using 0.3 mL of 10M NaOH solution by volume exchange with water.
For the R/V Connell cruises, samples were preserved upon return to the laboratory, 2-4 hours
following collection. For the BASIN19 cruise, samples were preserved shipboard ~ 1 hour after
collection. Following addition of the preservative, 10 mL headspace of ultrahigh-purity nitrogen
(Airgas Ultra High Purity Grade Nitrogen, Manufacturer Part #:UHP300) was added by
displacement into each bottle. Then the sample bottles with headspace were shaken vigorously for
1 minute and left upside down in the dark at 4°C for one day to equilibrate. After equilibration, an
aliquot of 2 mL of the headspace was taken out using a syringe and injected to either a Shimadzu
GC-14A or Shimadzu GC-8A equipped with flame ionization detector to measure the methane
concentration in the headspace. For GC-14A, a 100 pL sample loop and a 3.66 m, 2-mm inner-
diameter, n-octane Res-Sil C packed column (Restek) with N> as the carrier gas (20 mL min™' flow
rate) were used (Kinnaman et al., 2007). For GC-8A, the same setting was used except that the
sample loop was 500 pL. Calibration standards were obtained from Scott Specialty Gasses and
Gasco Precision Calibration Mixtures, and a minimum three-point calibration was conducted daily
prior to analyzing samples. Analyses were performed both shipboard (for BASIN19 cruise) and
upon return to the laboratory (for R/V Connell cruises) with the same instrument and standards.

All samples were analyzed within 2 weeks.

12
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2.5 Fractional Methane Turnover Rate Sample Collection and Analysis
The fractional methane turnover rate (d!) is defined as the ratio of the activity of °H in the produced
water divided by the total activity of °H in the sample, then further divided by the incubation time

of the sample (days) shown in Eq. 1.

3H-H,0 . 1
SH—CH4+3H-H,0 incubation time

Fractional methane turnover rate = (Eq. 1)

Sample collection was similar to methane concentrations (see above), except that seawater was

introduced to 72 mL serum bottles. Three replicate samples were collected per depth.

The fractional methane turnover rate was analyzed based on the *H-labeled methane incubation
protocol by Bussmann et al., 2015, with the following modifications: In the lab, approximately 10
uL of gaseous *H-CHy tracer (~0.8 kBq, specific activity 37-740 GBq-mmol™') was added into
each sample bottle and the bottle was shaken vigorously for 2 min to facilitate dissolution of
methane. Then the samples were kept in the dark at in-situ temperature (5-7°C) and incubated for
68-90 hours. After incubation with *H-CH4 for approximately three days, samples were taken out
from the incubator and microbial activity was stopped by adding 0.2 mL 25% H>SOs. Then the
sample bottles were opened, and immediately a 2 mL aliquot was pipetted each into two 7 mL
scintillation vials. To one of the 7 mL scintillation vials immediately 5 mL scintillation cocktail
(Ultima Gold LLT) was added followed by liquid scintillation counting (Beckman LS 6500) to
determine *H-CH4 + *H-H,0. The aliquot in the other 7 mL scintillation vial was air-bubbled for
5 minutes to remove *H-CH, before adding scintillation cocktail and liquid scintillation counting

to determine *H-H,O.

13
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For all sampling expeditions involving methane turnover rate determinations, three additional
bottles were prepared the same way as the samples, from three out of the six sampling depths, one
sample of each depth, to serve as killed controls. For controls, 0.2 mL 25% H>SO4 was added first
to stop the microbial activity before the addition of H-CHa. For the majority of the samples, the
resulting activities in killed controls were several orders of magnitude lower compared to samples.
A mathematical test to determine the level of detection was also performed on the methane
turnover rate results. Samples whose methane turnover rate values were higher than the average
killed control value plus three times of the standard deviation were kept. For the samples with
methane turnover rate values lower than the level of detection (21 out of 126 samples), their
methane turnover rates were considered zero. For samples with values higher than the level of
detection, mean values of controls were subtracted from sample values in order to correct for minor

amounts of impurity in the stock solution and any abiotic conversion.

2.6 MOx Rate Calculation

Microbially mediated MOx occurs ideally by the reaction shown in Eq. 2.

CH, + 20, - CO, + 2H,0 (Eq. 2)
We used fractional methane turnover rate and ambient methane concentration to calculate the
methane oxidation rate, assuming adherence to the first-order rate law (Eq. 3), and assuming the
oxidation rate is proportional to methane concentration (Valentine et al., 2001).

Tox = k' X [CH,] (Eq. 3)
Tox 1s the methane oxidation rate (concentration per time), and k’ is the effective first-order rate

constant (time™). In our experiment setting, k’ has the value of the measured fractional methane

14
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turnover rate, and [CHy4] is the ambient methane concentration. All methane oxidation rates were

calculated according to Eq. 3.

Since we only added a very small amount of *H-CH4 into each sample bottle, the ambient methane
concentration was increased insignificantly (~0.01-0.04 nM). Therefore, ambient methane

concentrations were used for the calculation of MOX.

2.7 Time Course Experiment to Validate Incubation Duration

Incubation time for methane turnover rate measurement was 3 days according to Bussmann et al.,
2015. To verify this, a time course experiment was also performed on samples from Connell-
092419 to test if the uptake rate of *H-CHa is linear over the incubation time. Nine samples were
collected at each sampling depth (6 sampling depths in total), and then divided into 3 groups of
triplicate samples. Each sample was treated the same, with ~10 puL *H-CH4 tracer and then
incubated in the dark at in-situ temperature for 1, 2, and 2.85 days in group 1, 2, 3, respectively.

At the end of the incubation, samples were killed and oxidation rates quantified as described above.

2.8 Oxygen or Methane Concentration as a Control on MOx Rate

Oxygen and methane concentration alteration experiments were performed to test the influence of
oxygen and methane concentration on MOXx rate. The purpose of the two experiments was to test
the assumption that MOx in the SBB deep water column follows assumed kinetic behavior. The
oxygen concentration alteration experiment was conducted on samples from Connell-100419
(Table 1). Nine samples were collected at each sampling depth, and then divided into 3 groups of

triplicate samples. Group 1 had ambient oxygen concentrations (the average value of two measured

15



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328
329

replicate samples). Group 2 was treated with an addition of 30 puL pure oxygen using a 100 uL.
gas-tight syringe (SGE, 23G, bevel type tip), which increased the oxygen concentration by 17.6
uM. Group 3 was treated with an addition of 60 uL pure oxygen, which increased the oxygen
concentration by 35.2 uM. The methane concentration alteration experiment was conducted on
samples from Connell-092419 (Table 1). Nine samples were collected at each sampling depth, and
then divided into 3 groups of triplicate samples. Group 1 had ambient methane concentrations (the
average value of two measured replicate samples). Group 2 was treated with an addition of 4 pL
4% gaseous methane (96% N») using a 25 pL gas-tight syringe (SGE, 23G, bevel type tip), which
increased the methane concentration by 100 nM. Group 3 was treated with an addition of 12 pL
4% gaseous methane (96% N»), which increased the methane concentration by 300 nM. For both
concentration alteration experiments, 10 pL *H-CH4 tracer was added into each sample bottle after
altering initial oxygen or methane of the sample bottle, and incubated at in-situ temperature in the
dark for 3 days. Fractional methane turnover rates were measured from each incubation, and MOx
rate was calculated based on first order kinetics assumption. The resulting MOx rates were plotted
against initial oxygen or methane concentrations to evaluate the influences of oxygen or methane

concentrations on MOx.

Table 2. Sample and treatment information of the experiments to test controls of MOx rate by
oxygen and methane concentrations.

Depth (m) Group 1/Ambient Group 2 Group 3

Average Percentage [02] (UM) | [Oz2] (uM)
[02] (uM) | difference (%)

450 11.9 10.0 29.5 47.1

500 10.4 1.0 28.0 45.6

520 4.6 7.4 22.2 39.8

540 3.6 12.3 21.2 38.8

560 4.2 NA 21.8 394

570 4.8 10.0 22.5 40.1
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Average Percentage | [CH4] (nM) | [CH4] (nM)
[CH4] (nM) | difference (%)
450 15 1.7 115 315
500 55 1.5 155 355
520 87 7.6 187 387
540 82 7.2 182 382
560 133 6.0 233 433
580 220 12.7 320 520

Control of MOx rate by oxygen concentration, samples are from Connell-100419.
Control of MOx rate by methane concentration, samples are from Connell-102119.

2.9 Visualization of Time Series Data

Time series maps were generated using Ocean Data View version 5.6.0-64 bit. For each sampling
date and each sampling depth, the average value of duplicate (oxygen, nitrate and methane
concentrations) or triplicate (MOx rate) samples was used. Gridded fields were calculated using
DIVA gridding algorithm, with X scale-length of 400 and Y scale-length of 350. We chose a

slightly higher value for X scale-length to highlight the changes with time.

2.10 Depth-Integrated Oxygen and Methane Concentrations
Depth-integrated oxygen and methane concentrations were estimated by calculating the area under
the oxygen and methane concentration depth profile curves of 2019-10-30 and 2019-11-07 to

demonstrate the spatiotemporal variability of oxygen and methane for this 8-day interval.

3. Results

3.1 Time Series of Water Column Parameters

To describe time-course changes of solute concentrations and MOx rates, we divided the deep
SBB water column (440m to bottom) into three layers based on biogeochemical patterns: top layer,

440 — 500 m; middle layer, 500 — 550 m; and bottom layer, 550 m — seafloor. We further divided
17
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time by season to capture temporal changes of the measured parameters: summer (June, July and
August); fall (September, October and November); winter (December, January and February);

spring (March, April and May).

Oxygen concentrations started at an average of ~12 uM in the deep SBB water column in early
summer 2019, with the lowest concentration in the middle layer (Fig 3A). Oxygen concentration
subsequently decreased throughout the SBB deep water column, with the bottom layer
experiencing the most rapid decline. By early fall 2019, the bottom and middle layers, and the
lower part of the upper layer all exhibited oxygen concentration <5 uM. The only exception was
the upper reaches of the top layer, which had an oxygen concentration of ~10 uM. During this
three-month period (June to September), dissolved oxygen decreased by ~12 uM for the bottom
layer, ~4 uM for the middle layer, and ~2 uM for the top layer. Low oxygen conditions persisted

for fall 2019, with a gradual subsequent increase apparent from winter 2019.

Nitrate concentration displayed a similar vertical pattern as oxygen concentration in early summer
2019, with the lowest concentration in the middle layer ~25 pM, and higher concentrations in the
top and bottom layers, ~30 uM (Fig 3B). Nitrate concentration decreased throughout fall 2019,
reaching an observed minimum of ~19 pM in the bottom layer in mid fall 2019. Starting from

January 2020 (mid winter), nitrate concentration gradually increased with time.

For the five sampling events in summer 2019 (Connell-062819, Connell-071819, Connell-080119,
Connell-081319, and Connell-082619), methane concentrations were relatively low throughout

the deep water column (Fig 3C). Even at the deepest sampling depth, methane concentrations were
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less than 25 nM. Starting from early fall 2019, we observed a substantial increase of methane
concentration in the bottom layer. A trend of exponential increase persisted for about a month and
expanded from the bottom to the middle layer. Conversely, the top layer experienced minimal
change. Methane concentration reached its peak value at late fall, to ~300 nM, followed by a rapid
decline. From late October to early November, methane concentration decreased by more than half
in the middle and bottom layer. By early spring 2020, deep water methane concentration returned

to <25 nM in the bottom layer.

For the three sampling events in summer 2019 (Connell-062819, Connell-071819, and Connell-
080119), MOx rates (Fig 3D) were low throughout the water column. For the top and middle layers,
MOXx rates were less than 0.05 nM-d™!; for the bottom layer, MOXx rates were slightly higher, ~0.2
nM-d’!. Starting from early fall 2019, MOX rates began to increase. The increase was first observed
in the bottom layer, where MOX rates increased to ~0.5 nM-d"' on Connell-092419 (early fall),
followed by an increased MOx rate in the middle layer. On Connell-100419 (mid fall), bottom
layer MOX rates reached a peak value of 2.5 nM-d"!. The increase of MOx rates was concurrent
with the increase of methane concentration in the deep water column, indicative of an active
microbial response. On Connell-102119 (mid fall 2019), MOx rates for the bottom and middle
layers remained high; rates declined for the two sampling events in late winter and early spring
2020, though more gradually compared to the abrupt decrease in methane concentration. For the
final sampling event on Connell-031920 (early spring 2020), MOx rates were still relatively high

compared to the initial sampling events, despite similarly low methane concentration.
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oxygen, nitrate and methane concentrations) or triplicate (for MOx rate) samples from each
depth.

3.2 Variability at Short Spatial and Temporal Scales

Time series data collected for this study originated from three stations in the Deep Santa Barbara
Basin, which we initially considered to be interchangeable based on the assumption of lateral
homogeneity. To test this assumption, we compared the oxygen and methane concentration
profiles at two stations (NDRO and SDRO, with a distance of 7 km) sampled in rapid succession
on 2019-10-30 and again on 2019-11-07. From the four resulting depth profiles (Fig 4A, 4B, 4D

and 4E) we identify substantial spatial and temporal variability.

On 2019-10-30, the oxygen content of the SBB deep water was similar between SDRO and NDRO,
with a consistent decrease from 450 m to 500 m depth and a uniform concentration below 500 m,
as is apparent in their difference plot (Fig 4G). The depth-integrated amount of oxygen was similar
for the two stations, 246 mmol-m™ for NDRO and 274 mmol-m™ for SDRO. Methane exhibited
somewhat greater variability on this date. While both stations contained similar integrated
quantities of methane (17.1 mmol-m™ for NDRO and 17.2 mmol-m™ for SDRO), that methane

was distributed to shallower depths at NDRO.

In contrast to the consistency observed between stations on 2019-10-30, substantial heterogeneity
was apparent on 2019-11-7. At NDRO, there was an increased amount (~220 mmol-m~, from 246
mmol-m™ on 2019-10-30 to 466 mmol-m™ on 2019-11-7) of oxygen in the top layer of the deep
SBB, whereas SDRO exhibited substantially increased oxygen (~137 mmol-m?, from 274

mmol-m™ on 2019-10-30 to 411 mmol-m on 2019-11-7) together in both the top layer and the
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middle layer. Both stations experienced significant drops in methane concentration throughout the
middle and bottom layers of the deep water column. The depth-integrated quantity of methane,
dropped by ~11.5 mmol-m (67% of the amount on 2019-10-30) for NDRO, and dropped by ~14.5
mmol-m? (84% of the amount on 2019-10-30) for SDRO. Station SDRO exhibited a greater
methane concentration decline compared to station NDRO. On 2019-11-7, station SDRO exhibited
less integrated oxygen (~55 mmol-m) and methane (~2.8 mmol-m) throughout the deep water

column compared to station NDRO, as shown by Fig 4H.
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Figure 4. Depth profiles showing the variability of oxygen and methane in the deep water
column of the SBB at short spatial and time scales. t0 denotes 2019-10-30, t1 denotes 2019-11-7.
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t1-t0 describes the difference between 8 days. Dotted lines are measured methane concentration
values; Solid lines are oxygen concentration values determined by a CTD-mounted oxygen
sensor, while dashed lines are oxygen concentration values determined by Winkler titration.
Gray dashed vertical lines in G and H indicate no difference. All the y-axes are depths ranging
from 450 m to 584 m. A) Depth profiles of NDRO on 2019-10-30; B) Depth profiles of NDRO
on 2019-11-7; C) Time difference profiles of NDRO, positive values indicate concentration
increase over time, negative values indicate concentration decrease over time; D) Depth profiles
of SDRO on 2019-10-30; E) Depth profiles of SDRO on 2019-11-7; F) Time difference profiles
of SDRO; G) Station difference profiles of 2019-10-30, positive values indicate higher
concentrations at SDRO, negative values indicate higher concentrations at NDRO; H) Station
difference profiles of 2019-11-7.

3.3 Kinetic Controls on Methanotrophic Bacterial Community

In order to assess the efficacy of our approach to methane oxidation rate measurement in the SBB,
we conducted 3 experiments (time course incubation experiment, oxygen concentration alteration
experiment, and methane concentration alteration experiment) to determine how the metabolism
of the methanotrophic microbial community varied with respect to duration of incubation and
supplementation of substrates — methane and oxygen. Due to limited sample volume available per

sampling, each experiment was performed during a different sampling expedition.

Results from time course incubations (samples from Connell-092419), including sample sets for
six different depths each collected at three different times, indicate a linear consumption of
substrate over time for each sample set — between 1 and 3 days of incubation (Fig 5A). In turn,
these results indicate a constant rate of metabolism by the methanotrophic community over this
period of time, for each sample set. The implication of this observation is that the metabolic rate
of the methanotrophic community tends to be consistent for a given set of conditions in the

incubations, as has been observed in other systems (Bussmann et al., 2015).
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Results from the oxygen concentration alteration experiment (samples from Connell-100419) are
displayed in Fig 5B, which was designed to assess the effect of oxygen on the rate of methane
consumption for the low-oxygen waters of the SBB. In this case, sample sets from six different
depths were amended with oxygen to achieve three different oxygen concentrations. The results
show no appreciable impact of oxygen concentration on the rate of consumption, even for the

samples collected at depths with ambient oxygen of <5 pM.

Unlike oxygen, methane concentration (samples from Connell-102119) exhibited a linear
relationship with oxidation rate for all six sample sets investigated (Fig 5C). Such a linear
relationship has been observed previously (Mau et al., 2013; Bussmann et al., 2015) and is

consistent with the kinetic relationship used to derive in-situ rates (Eq 3).
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Figure 5. A) Percentage of *H-CHy tracer that was converted to *H-H>O during the time-course
incubation. Adjusted R? values of the linear regressions range from 0.937 - 0.999. B) Influence
of the initial oxygen concentration on the resulting MOx rates. Note that the y-axis is on a
logarithmic scale. Linear regressions generated for each sampling depth indicate no statistical
support for a non-zero slope. C) Influence of the initial methane concentration on the resulting
MOx rates. Adjusted R? values of the linear regressions range from 0.971 - 0.997. Symbols
denote samples from different depths.

4. Discussion
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4.1 Driving Forces of Methane Concentration and MOx Rate Changes

A comparison of time series changes in oxygen concentration, nitrate concentration, methane
concentration and MOx rate (Fig 3) provides new insight as to how these parameters change over
a seasonal deoxygenation and reoxygenation event. From Figure 3 a sequential behavior is
apparent in the deep water column, with a decline in oxygen concentration leading the decline of
nitrate concentration. Methane accumulation preceded a pronounced decline of oxygen and nitrate.
Changes to MOx rate, which reflects the activity of the methanotroph community, followed

methane concentration change, with a short lag in time.

Previous studies have demonstrated that anoxic and hypoxic conditions can cause the buildup of
methane in the water column (Fanning and Pilson, 1972; Reeburgh, 1976; Reeburgh et al., 1991;
Pack et al., 2015). We attribute the seasonal buildup of methane in the deep water column of SBB
to the seasonal water column oxygen deprivation. Several factors may contribute to the
accumulation of methane. First, seasonal deoxygenation of deep SBB water column usually
happens after spring, when primary producers thrive utilizing the upwelled nutrients (Bograd et
al., 2002; Goericke et al., 2015). The increased productivity in the surface supplies the sediment
with more organic materials, which may lead to enhanced methanogenesis in shallow sediment
layers or suspended particulate matter (Bange et al., 2010; Steinle et al., 2017). Second, the
establishment of seasonal deoxygenation in the deep SBB water column after spring coincides
with the development of water column stratification, which hinders vertical mixing of water
(Steinle et al., 2017). Stratification has been shown to facilitate the accumulation of methane
(Naqvi et al., 2010). Third, reduced water column oxygen concentration is expected to reduce the

flux of oxygen available to sediment-hosted methanotrophs. This could lead to an increased
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methane flux from the sediments driven by substrate (oxygen) limitation or habitat reduction for
methanotrophs. Importantly, we suggest that water column oxygen deprivation has an indirect
(rather than any direct) controlling effect on methane concentration, potentially modulating spatial

distributions and activities of methanogenic and or methanotrophic communities and processes.

We attribute the rapid loss of methane in the water column in November 2019 to the highly active
methanotroph community that started to develop and grow prior to November, rather than the
additional oxygen that appeared in the basin at this time. It is indicated by our oxygen
concentration alteration experiment that — even at low oxygen concentration — oxygen is not rate
limiting for methanotrophy in the SBB. This implies that additional oxygen would not have a
significant influence on MOx rate for the deep SBB methanotroph community. We therefore
inferred that the introduced oxygen would have exerted little direct effect on the methane oxidation
rate, and further, the methane loss would not be caused by the additional oxygen. Similar results
have been observed by Steinle et al. 2017; in their study, MOx rates were the highest for samples
with sub-micromolar oxygen concentrations, and increased oxygen concentrations either resulted
in little change or decreased MOx rates. Notably, their samples originated from shallow coastal

marine environments.

The methanotroph community increased in activity from June through October of 2019 (summer
to fall 2019). The establishment of the methanotroph community is mainly controlled by the
availability of methane in the surrounding environment. As shown by our substrate alteration
experiments, oxygen concentration is not the direct limiting factor for methanotroph activity across

the range tested (3.6 - 47.1 uM), and presumably the same is true for cellular growth. Methane
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availability, itself modulated by oxygen deprivation, appeared to be the primary factor controlling

the establishment of the methanotroph community.

The methanotroph community sustained the elevated activity into February and March of 2020
(late winter and early spring 2020), despite the decline in ambient methane concentrations. The
reason methanotrophic activity is sustained in the absence of elevated methane concentrations is
unclear. One possible explanation is that even though the methane concentration was low, methane
supply (e.g., from sediments) was sufficient to support a more active methanotroph community.
Another possible explanation is that the pulse of methane observed in October and November of
2019 might have acted as a “priming” mechanism for the methanotroph community — growing the
population size and creating a methane demand that persisted even after the methane was mostly
consumed. Finally, low oxygen concentration in the water could also reduce the grazing pressure
on methanotrophic bacteria, allowing the community to persist for months in the deep water
despite an insufficient methane supply (Devlin et al., 2015; Steinle et al., 2017). Whatever the
mechanism, the transient methane pulse that accompanied the observed oxygen loss in the Santa
Barbara Basin triggered the development of a methanotrophic community that persisted beyond
the period when methane was elevated. This microbial memory effect is a similar phenomenon
observed in the Gulf of Mexico following the transient methane release from Deepwater Horizon

(Kessler et al., 2011; Valentine et al., 2012; Crespo-Medina et al., 2014).

4.2 Evidence for an Intrusion Event Over the Western Sill
Evidence for an intrusion event over the western sill is apparent in the comparison of oxygen

concentration and density, for stations SDRO and NDRO, on 2019-10-30 and 2019-11-7 (Fig 6).
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These plots reveal similar distributions between the two stations on 2019-10-30 giving way to
more highly oxygenated waters on 2019-11-7, for both stations. Greater oxygen concentrations on
2019-11-7 indicate a substantial intrusion event, with variability between locations indicating

depth dependence for processes that drive the pattern of lateral mixing.

1029.0-
I_E Date and Station
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= -+ 11/7/2019 NDRO
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()]
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Figure 6. Profiles of density versus oxygen concentration for the SBB deep water column (450
m-bottom). Four profiles are shown and provide additional evidence for an intrusion event from
the western sill between 2019-10-30 and 2019-11-7.

Evidence for an intrusion event over the western sill is also shown by Fig 4. The increased oxygen
concentrations of both stations on 2019-11-7 are consistent with an intrusion of water over the
western sill into the deep SBB. The resulting vertical distributions of water masses indicate vertical
stratification consistent with isopycnal lenses, blobs or fingers of intruding water spilling over the

western sill.

The oxygen inversions observed on 2019-11-7 are similar in form to SBB oxygen profiles
sometimes captured by CALCOFI (Fig 1) and provide useful context in interpreting those data.
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Specifically, oxygen variability may sometimes represent transient mixing processes along
isopycnals that effectively provides a small pulse of oxygen into the deep SBB but does not
represent a complete flushing event for which deep water is replaced by cascading waters of higher

density.

With the above analysis, we have evidence for the occurrence of an intrusion event over the
western sill. However, the substantial decline of integrated methane burden (Fig 4) in the deep
SBB from 2019-10-30 to 2019-11-7 at both NDRO and SDRO is difficult to be explained by this
intrusion event, in the absence of a large-scale flushing event. Instead, the available data are
consistent with a pulse of methanotrophic activity peaking around this time, after experiencing an
exponential increase in September and October (Fig 3D). The observed exponential growth in
methanotrophic activity clearly preceded the intrusion event captured on 2019-11-7. Based on our
observations, it is indicated that an interplay of oxygen, mixing, and bacterial population dynamics

exerted non-steady-state control on the accumulation and loss of methane in the deep SBB.

5. Conclusions

This study demonstrates that seasonal deoxygenation events can lead to the buildup of deep water
column methane concentrations, and in turn prompt the activity of the methanotroph community.
The response of the methanotroph community leads to the removal of methane from the deep water
column. We also show that MOx rate is dependent on methane but not oxygen concentration even
at very low ambient oxygen concentration (the lowest oxygen tested was 3.6 uM). While other
factors may structure microbial response to methane in other environments, our results provide a

useful case study to understand the time scale and controls that act on the development of a marine
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methanotrophic community when faced with gradual deoxygenation and episodic rejuvenation.
The deep water column of SBB provides a useful example of methane dynamics driven by seasonal
oxygen changes. The results provide insights for the understanding of temporal dynamics and
environmental controls on the efficiency of the methanotrophic biofilter in the deep water column.
Not only can insights from this work be used to understand methane dynamics in other marine
basins, but these results also inform our understanding for how methane dynamics may change in

the face of global expansion of oxygen minimum zones.
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