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Abstract :

Because of the difficulty in resolving the large variability of N2 fixation with current methods which rely
on discrete sampling, the development of new methods for high resolution measurements is highly
desirable. We present a new method for high-frequency measurements of aquatic N2 fixation by
continuous flow-through incubations and spectral monitoring of the acetylene (C2H2, a substrate analog
for N2) reduction to ethylene (C2H4). In this method, named “Flow-through incubation Acetylene
Reduction Assays by Cavity ring-down laser Absorption Spectros-copy” (FARACAS), dissolved C2H2 is
continuously admixed with seawater upstream of a continuous-flow stirred-tank reactor (CFSR) in which
C2H2 reduction takes place. Downstream of the flow-through incubator, the C2H4 gas is stripped using
a bubble column contactor and circulated with a diaphragm pump into a wavelength-scanned Cavity
Ring Down laser absorption Spectrometer (CRDS). Our method provides high-resolution and precise
mapping of aquatic N2 fixation, its diel cycle, and its response to environmental gradients, and can be
adapted to measure other biological processes. The short-duration of the flow-through incubations
without pre-concentration of cells minimizes potential artefacts such as bottle containment effects while
providing near real-time estimates for adaptive sampling. We expect that our new method will improve
the characterization of the biogeography and kinetics of aquatic N2 fixation rates.
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II. INTRODUCTION

The net inventory of organic nitrogen is in great part controlled by microbially-mediated redox
pathways, including dinitrogen (N») fixation, the reduction of N, to ammonium. This biological
process, catalyzed by the enzyme nitrogenase in select autotrophic and heterotrophic prokaryotes
12 influences terrestrial and oceanic fertility and, in the process, the global carbon cycle *°. In
the marine environment, N, fixation is regulated by a wide variety of environmental factors, in-
cluding light level, temperature, elemental stoichiometry and trace metal availability "'°. The
combined effect of these and other yet-to-be-identified factors leads to large spatial heterogeneity
in marine N, fixation. In fact, the episodicity and patchiness of N, fixation, which cannot be cap-
tured with current methodologies which rely on discrete sampling > '""'°, have been hypothesized
to contribute to the large disparity between incubation-based and geochemical-tracer estimates of
oceanic N, fixation budgets 5:20-21 The limited number of discrete observations have also made it
difficult to decipher controls on N, fixation rates **. New analytical techniques that provide sen-
sitive and high resolution assessments of N, fixation rates are therefore needed to better charac-
terize the biogeography of N, fixation and close the global N budget. To that end, we present a
new ship-based method for high-frequency underway estimates of N, fixation. To the best of our
knowledge, our method is the first to allow underway near real-time estimates of N, fixation
rates. It can be used to elucidate the biogeography of aquatic N, fixation, with the overarching
goal of improving our understanding of the nitrogen budget and its physical and biogeochemical

forcings.

III. MATERIALS AND METHODS
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Description of the Flow-through incubations Acetylene Reduction Assays by Cavity ring-

down laser Absorption Spectroscopy (FARACAS)

Overview of the FARACAS method

N, fixation rates are commonly derived from Acetylene Reduction Assays (ARAs) 2**

. Building
on a method developed by our laboratory for the study of N, fixation in terrestrial environments
3 our new method, “Flow-through incubation Acetylene Reduction Assays by Cavity ring-down
laser Absorption Spectroscopy” (FARACAS) consists of 4 modules (Fig. 1): 1) a dual channel
peristaltic pump for precise and continuous admixing of high-purity dissolved acetylene (C,H>)
with seawater, 2) a constant-volume continuous flow stirred tank reactor (CSTR) for the flow-
through incubation where the C,H, reduction to ethylene (C,H4) takes place, 3) a bubble column
multiphase reactor for the C,H, gas stripping, and 4) continuous measurements of the flow-
through C,H4 by wavelength-scanned Cavity Ring-Down laser Absorption Spectroscopy (CRDS,
Picarro, CA). The fixation rates are normalized to water volume or chlorophyll concentrations by
measuring chlorophyll simultaneously and continuously with an underway fluorometer. Below

we describe each module in detail. Pictures of various components of the FARACAS method are

also presented in Fig. S1.

Upstream of the flow-through incubation

Prior to the flow-through incubation chamber, a custom-built trace-metal clean towfish with an
air-operated double diaphragm pump (Wilden, CA) is used to gently and continuously bring the
seawater to the laboratory *°. Such a sampling approach has been used for incubations in the past

728 We further confirmed during our field trials that sampling was not disruptive to the diazo-
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trophic community by comparing our results to '°N, incubations on samples collected inde-

pendently with Niskin bottles (see discussion below).

The C;H; is prepared by reacting high-purity calcium carbide (CaC,, Acros Organics) with de-
ionized water in a Tedlar bag according to the reaction CaC, + 2 H,O — C,H, + Ca(OH),. Pre-
paring the C,H, from CaC, on site is simpler than transporting acetylene cylinders, and most
importantly, provides C;H, with less C;H, impurities than what is currently commercially avail-
able. High-purity (prepurified) C,H, cylinders have significant levels of C;H4 contaminant, usu-
ally ranging from 5 to 12 ppm in a 10% (v/v) C;H; incubation depending on cylinder discharge.
By comparison, C,H; produced from calcium-carbide contains around 1.5 ppm C,H,4 per 10% of
C,H», and 400 ppb after dissolution in seawater. We are exploring other options for further re-

ducing the C,H, impurities.

We dissolve the C,H; gas in 0.2 um-filtered seawater to a final saturation of 70% (v/v %), and
continuously admix 15 ml min™ of this solution (Qtracer) to a stream of 85 ml min™ of unfiltered
seawater from the towfish (Qs,,) using a dual-channel peristaltic pump (Masterflex) at a ratio of
approximately 1/6 for a final C;H, concentration ¢.10%. The inner diameters of the seawater
and tracer tubings are 4.8 and 1.6 mm, respectively. A correction for the dilution of the seawater
with the C,H,-filtered seawater solution is applied to our final estimates of acetylene reduction
rates. Addition of the C;H; in a dissolved form has several advantages: 1) it further reduces the
C,Hy4 impurities because of the low solubility of C,H, relative to C,H, (Fig. 2), 2) it limits the
risk of not reaching full C,H, gas-liquid equilibration, and compared to mixing and shaking of
gaseous C,H,, as performed using the traditional approach, 3) it is more precise, and 4) less per-

turbing to the microbial cells.

Flow-through incubation with a continuous flow stirred tank bioreactor
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The 10% C,Hs-amended seawater is pumped into a modified 9 liter flow-through incubation
reactor (Chemglass, NJ) at a rate of 100 ml min™ (Fig. la). The glass chemostat-style reaction
vessel is thermoregulated to ambient seawater temperature with a water-jacket and gently stirred
with a crossed magnetic stirrer at the bottom of the vessel. The flow-through incubator is kept in
a dark enclosure to avoid contamination from ambient light. Light in the enclosure is provided by
a bank of LED lights with their intensity computer-controlled (LabVIEW) to vary as a function
of local time of day and geographical coordinates. Neutral blue density filters (Pale Blue, E-
Color) are used to emulate light quality at the ocean surface. To limit biofouling, the incubation
chamber is acid-cleaned nightly or every other night when N, fixation rates are generally low.
Variations in the background C,H4 (i.e. contaminant in C,H, and naturally occurring in seawater)
are accounted for by bypassing the flow-through incubation chamber every few hours for 30
minutes at predetermined computer-controlled (LabVIEW) intervals using a liquid-inlet VICI
Valco valve. The C,H4 signal right after bypasses is biased high because of the longer incubation
time during the bypass. This biased signal, which is most pronounced when N, fixation rates are
high, should be corrected or omitted from the final N, fixation estimates. In future applications,
we will lower the frequency of bypasses to limit the instances of change in incubation duration
associated with these bypasses. We have found that the bypass C,H, signals are stable with little

drift over time (see field deployment section below).

Ethylene stripping with a bubble column contactor
Downstream of the incubation chamber, a custom-built bubble column contactor is used to ex-
tract the dissolved C,H,4 through sparging. Similar designs are often used in gas-liquid reactions

under continuous flow and turbulent conditions to promote rapid exchange of gases *°~". At the

base of the cylindrical column, a stream of uniform low-volume bubbles is used to strip the C;Hy
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out of the seawater. The bubbles are produced by flowing 35 ml min™ of C,Hy-free air, provided
by a pump or a gas tank and regulated with a mass flow controller (OMEGA), through a medium
porosity glass-frit sparger (Chemglass, NJ). The homogenous bubbly flow regime at the base
evolves into a heterogeneous slug or churn-turbulent flow regime as the small bubbles coalesce
into larger bubbles along the flow path. The gas stream exits from the top of the bubble column
contactor and into the CRDS in flow-through mode while the flowing seawater outflows from a
side arm of adjustable height. To limit the risk of flooding the CRDS, the water level in the bub-
ble column contactor is continuously monitored with frequency modulator sensors which are
corrected with a temperature sensor, and recorded in LabVIEW. A set of warning LED lights
illuminating the column change color as a function of water height to alert the operator should
the water level rise too high. As a final safety, a threshold contactor at the top of the column
made of dental stainless steel wire uses conductance as a trigger mechanism operating two valves
upstream of the CRDS. Should water reach this critical level, the valves isolate the CRDS there-

by preventing water from entering the optical cavity and damaging the instrument.

Ethylene measurements by Cavity Ring-Down laser absorption Spectroscopy (CRDS)

In ARA, C,H,4 production is conventionally measured by gas chromatography with flame ioniza-
tion detection (GC-FID). The use of CRDS to monitor C,H4 production kinetics in ARA was
first described by Cassar et al. *°. The main advantages of the CRDS approach are up to three
orders of magnitude greater sensitivity than GC-FID and real-time monitoring of the acetylene
reduction. The new method has been used to study environmental forcings and short-term kinet-
ics of terrestrial N, fixation in the soil bacterium Azotobacter vinelandii, in mosses and lichens
from contrasting ecosystems, and to identify a formerly unknown true moss-diazotrophic cyano-

bacteria association in a widespread moss species 2 *'. As opposed to the GC-FID approach, the
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spectral detection of C;H4 in a CRDS is non-destructive. The C,H4 concentration is estimated
based on the measurements of the decay rate of a laser light pulse sent into an optical cavity con-
sisting of high reflectivity mirrors which provides enhanced effective absorption path length. For
the FARACAS method, we use a Picarro CRDS C,Hj analyzer (model G1106, Santa Clara, CA,
USA). For our purposes, this analyzer offers several key benefits, including: 1) continuous real-
time C,Hs measurements with high linearity over a wide dynamic range from ppb to ppm with
high sensitivity and precision (according to manufacturer’s specs, 2 and 0.2 ppbv (3 o) over 5
and 300 seconds, respectively), 2) fast response time and high frequency measurements (se-
conds), 3) low drift (according to manufacturer’s specs, £ 4 and 10 ppbv over 24 hours and 1
month, respectively), 4) high chemical specificity with negligible interferences from C,H,, CO,,
methane and water, and 5) stable readings under varying conditions of temperature, humidity and

vibrations. Further description of the instrument’s application to ARA is provided in Cassar et al.

25

Additional hardware and software

Additional hardware and a program developed in LabVIEW are used to monitor, control, dis-
play, and record various aspects of the FARACAS system (Fig. 1b). More specifically, the in-
struments and software are used to: 1) manually actuate the Valco valve, or select and configure
valve recipes (frequency and duration of the automated bypasses of the flow-through incubation
chamber), 2) automatically adjust the LED light intensity in the flow-through incubator based on
the sun elevation and intensity, calculated based on local time and geographical coordinates as
provided by a GPS receiver. Sun path, including azimuth, sunrise and sunset, and various defini-
tions of twilights are also calculated. Several properties are monitored, displayed and recorded

for diagnostic purposes, including 1) ambient room temperature, humidity and atmospheric pres-
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sure, 2) seawater temperature at the inlet, in the flow-through incubation chamber, in the bubble
column contactor, and from the outflow to detect anomalous changes in temperature in the incu-
bation chamber and the rest of the seawater lines, 3) stripping gas and seawater flow rates, and
water level in the bubble column contactor to assess how changes in these properties may affect
the C,Hy4 extraction efficiency (see theoretical considerations below), 4) actual light intensity in
the flow-through incubator, light on/off status, and the light setpoint according to the sun path,
and 5) valve position. Many of these properties are displayed as a function of time for the last 24
hrs, including the C,H4 concentration and light intensity for real-time diagnostics and observa-
tions such as onboard detection of the diel cycle in N, fixation rates. In the same interface, the
cruise track is overlaid on a map which shows user-selected properties, such as satellite images
of chlorophyll, sea surface temperature, or sea surface height (see Fig. S2 as an example). A pan-
el with annunciator lights at the bottom of the user interface indicates the status of operation
(green when running smoothly, orange for warning/caution, red for error) for 1) the water level
in the bubble column contactor, 2) number of GPS satellites within reach, 3) valve position and
time remaining at current position, 4) status of the microcontroller and CRDS, 4) sun elevation
(% light intensity), and 5) proper saving of the file. The software also issues error codes should
the water level in the bubble column contactor trigger the shutoff valves. As part of the software,
an event log is also used as a digital lab logbook. A second software is used for a posteriori data

evaluation and visualization, including zooming, and time-averaging and integrating functions.

IV. RESULTS AND DISCUSSION

Impetus for new methods

Importance of N, fixation and paucity of measurements in the oceans

ACS Paragon Plus Environment

Page 10 of 45



Page 11 of 45

oNOYTULT D WN =

Analytical Chemistry

The export of organic carbon from the surface to deep waters is dependent on the supply of new
nutrients to the euphotic zone. As one of the main macronutrients limiting primary production in
the oceans, nitrogen has a tremendous impact on marine ecosystems and the global carbon cycle
3234 1n the last two decades, it has become increasingly evident that the microbially-catalysed
reduction of atmospheric N, to ammonium is an important, but difficult to quantify, source of

exogenous N in the oligotrophic waters of the tropics and subtropics comprehensive review in >

In these regions, N, fixation is believed to be a significant contributor to net carbon export > 7%
3640 Cyanobacterial diazotrophs, such as the nonheterocystous filamentous genus Trichodes-
mium, some diatom symbionts and unicellular cyanobacteria like UCYN-A, are believed to be

responsible for most of the autotrophic N, fixation in the oceans *'***

. Heterotrophic diazotrophs
have also recently been identified and reported to fix N, over a broad range of oceanic environ-
ments **”. The distribution of these autotrophic and heterotrophic diazotrophs, and their N, fixa-
tion rates, however, remains elusive see **. This is partly the consequence of the patchy distribu-
tion of oceanic N, fixation rates and the difficulty in characterizing such variability with current

analytical techniques ' **%.

Based on a variety of independent estimates, including scaling of field observations, biogeo-
chemical models and geochemical tracers, the global marine N fixation flux is estimated to be in
the range of 53-200 Tg N yr’', representing approximately half of the new nitrogen to the oceans
19, 33, 48, 50-56 5 . . . Lo .

. Mahaffey et al. ~ hypothesized that discrete observations are missing substantial N,
fixation events or regions based on the discrepancy relative to the geochemical approaches. More
recently, Somes et al. 2 used nitrogen isotope observations and a marine biogeochemical model
to argue that previous studies significantly underestimate oceanic N, fixation. The large uncer-

tainty in N fixation estimates is partly attributable to the paucity of measurements and our rela-
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tively limited understanding of the factors regulating N fixation '™*’. There is, thus, broad sci-
entific interest in a method, such as FARACAS, for surveying of the high spatiotemporal varia-

bility in oceanic N, fixation rates at higher resolution.
Current methods for measuring N fixation rates

Since the first reports of the competitive inhibition of N, fixation by triple-bonded C,H, 23, 58'61,

the reduction of C,H, to C;H4 in ARA has been one of the most common methods for estimating

23-24

nitrogenase activity . N fixation is for all intents and purposes quantitatively inhibited under

saturating CoH,. Although ARA has some limitations 2%

, the approach provides a simple and
inexpensive way to estimate N, fixation. C;H4 production in ARA is generally measured by GC-
FID, but innovative methods with higher sensitivity have also been developed for discrete obser-
vations %%, C,H; reduction rates ultimately needs to be converted to N, fixation rates. Whereas
the net biological reduction of N, to NHj requires six ® to eight electrons (additional 2 electrons

for H, production) 7!

, CoH; reduction to C,Hy4 by nitrogenase requires only two electrons:
C,H, + 2e~ + 2H* - C,H,. Hence, based on this stoichiometry and depending on the hydro-
genase activity of the nitrogenase enzyme, the biological reduction of N, is predicted to be one
third to one fourth of the ARA measurements. Because the various isotopes of N have similar
kinetic properties, '°N; tracer incubations provide a benchmark against which other methods
such as ARAs are generally calibrated. The two methods generally show good agreement, albeit
with some discrepancies, which may in part be attributed to: 1) C;H,/N, conversion factors devi-
ating from theoretical predictions ®* 773, 2) the methods assessing different rates (i.e., net vs.
gross N, fixation) ™ and underestimation of N, fixation when not accounting for N in the dis-

5-76
177

solved organic poo , and 3) other experimental and analytical artefacts associated with both

methods, including below saturation levels of C;H, 67, C,H, modifications of the metabolic activ-
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64, 77

ities of the diazotrophic and microbial communities , incomplete equilibration of the PN

with the incubated seawater 78, and contamination of commercial 15N2 gas tanks .

Theoretical considerations and N, fixation calculations with the FARACAS method

Steady-state conditions

To illustrate the approach, we first assume steady-state for simplicity. Abbreviations used in this
study are summarized in Table 1. With a flow-through incubation chamber with homogeneous
mixing and no headspace, the C;H, concentration at the outlet of the chamber ([CoHy]otar) is @
function of the C,H4 contaminant from the calcium-carbide produced C,H,, the C,H4 naturally
present in seawater, and the C,H, produced in the reaction chamber through diazotrophic C,H;
reduction. We combine the first two terms into a time-variable tracer offset of b. [CoHylrotar 18
therefore equal to the sum of [C,Hy4] due to C,H; reduction in the reaction chamber ([CoHyl 4r4)
and the tracer b. Assuming perfect mixing and constant diazotrophic acetylene reduction rates,
[C2Hy)4ras the term of interest, is a function of the volumetric C,H, reduction rate (Nf;y,.) (in
ppb C,H, min™") multiplied by the residence time in the incubation chamber (7, equivalent to the
“space time” or “hydraulic retention time” in our case of a constant-density reactor), where 7 is

equal to the volume of the incubation chamber (V) divided by the seawater flow rate (Qy):

v
[CoHylara = Nfixyp (D
Qtotal

where Ny, .18 equal to the volumetric N, fixation rate (Nf;,) times a C;Hy/N, conversion factor.

By mass balance, the amount of C,H4 in the stripping gas must be equal to the amount entering

Qstrip [CZH4]strip

the bubble column contactor times an extraction efficiency factor X = , where X

total [CZ H4]t0tal

varies from 0 to 1 and [CHylstrip, Qserip and Qeorq refer to ethylene concentration in the strip
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gas exiting the bubble column contactor, and the gas and water flow rates, respectively. It fol-

lows that [CyHy]s¢rip can be expressed as:

Qtotal 4
[C2H4]strip =X . fl (NfixAR + b) (2)
Qstrtp Qtotal

Below, we describe the kinetics of the C,Hy4 signal in the bubble column contactor and in the
flow-through incubation chamber, and present a derivation of the calculations of N, fixation rates

based on the FARACAS method.

Transient conditions

Kinetics in the Bubble column contactor

The interdependent factors influencing the mass transfer efficiency in bubble column reactors

have been extensively studied see reviews by ** %!

and will therefore only be briefly described.
However, our approach differs from most industrial applications in that our objective is not to
optimize mass transfer but the concentration of C,H,4 in the stripping gas, with the corollary that
the stripping gas flow rate is lower than the liquid flow rate under our configuration. The total
volume of the bubble column contactor (V5.) is the sum of the volumes of the liquid (V;), head-
space (Vj;), and bubbles (Vp), with Vi, reflecting the dispersion mixture of liquid and bubbles.
The time-derivative of the concentration of ethylene in the stripping gas phase (i.e. bubbles and

the headspace volumes of the column) is a function of gas exchange with the liquid phase and

fluxes in and out of the bubble column contactor:

ACS Paragon Plus Environment
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A[CyHylsers
Vivp (Sg) + Vis) %

= kLaVlbb(l - gg)([C2H4]total - a[C2H4]strip) 3)

- Qstrip [CZ H4]strip + Qstrip [CZ H4] o

where [C;Hy],, ki, €4, a and a are the ethylene concentration in the gas used as a strip gas prior
to the column, the liquid phase mass transfer coefficient (m min™), the gas holdup (the ratio of
gas phase volume to total volume of the dispersion), the contactor’s effective specific gas-liquid
interfacial area (i.e. interfacial area per unit volume of dispersion, m* m™), and the dimensionless
Ostwald solubility coefficient, respectively. We use k; under the assumption that the resistance
to mass transfer in the gaseous phase is negligible compared to that in the aqueous phase **®'.
Factors influencing the mass transfer coefficient, such as gas-liquid contact time, hydrodynam-

ics, bubble size distribution, and gas pressure are often interdependent. For example, the contac-

tor’s effective specific gas-liquid interfacial area is a function of the gas holdup and the sauter

: . : 6 . : :
mean bubble diameter (d;) according to the equation a = %. The extraction efficiency is thus

S

predicted to increase with the relative proportion of the gas phase and inversely to bubble size.
Previous studies have shown that the gas holdup and mass transfer improve with superficial gas
velocity and decreasing column diameter **. We tried to maximize these terms with narrow tub-
ing and column, and high surface area-to-volume bubbles and sparging gas flow rate. In the latter
case, a compromise between extraction efficiency and dilution of the signal measured on the
CRDS must be taken into account (see equations and empirical results below). Temperature,
salinity, and surfactants may also affect the extraction efficiency through their effect on the mo-
lecular diffusivity, gas solubility, gas holdup, the viscosity of the water, and bubble characteris-

tics and breakup and coalescence ¥*®. C,H, solubility increases with decreasing temperature and
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salinity (Fig. 2) ***. Salinity affects C,H, solubility through the salting-out effect, but in open
ocean settings (generally < £ 3 PSU), the effect will be small and within the error of our meas-
urements. In regions with high variability in these properties, corrections for changes in the C;Hy

transfer coefficient should be applied, or accounted for with more frequent bypass calibrations.

We neglect the last term on the right-hand side of Eq. (3) because [C,H,], is negligible prior to

entering the column. The solution to the first-order linear differential Eq. (3) is:

(akLaVlbb (1_89) +Qstrip)t
[C; H4]strip = [, H4]Stripo e (Vibn(2g)+Vns)

kLaVlbb(l - Sg)
akLaVlbb(l - gg) + Qstrip

(1
“

(akpaVipp(1-€g)+Qserip),
—e€ (Vioo(2g)+Vs) L)[C2H4]total

See supporting information for the full derivation. The first term on the right-hand side of Eq. (4)
illustrates that the transient ethylene concentration in the strip gas at any time (t) is a function of
the ethylene concentration at some previous time (t,) multiplied by a relaxation rate which is a
function of the e-folding residence time of the ethylene in the bubbles and headspace volumes.
The second term in Eq. (4) shows that the ethylene concentration in the strip gas at any time (t) is
also a function of the net exchange of ethylene between the liquid and gas phases. In order to
explore the factors influencing the mass transfer efficiency, we assume that steady-state is
achieved with a constant N fixation rate in the flow-through incubation chamber upstream of the
bubble column contactor (i.e. t —oo and [C,Hy]totqr 1S @ssumed to be constant):

[CoHalstrip kLaVip (1 — &)
[C2H4]total akLaVlbb(l - gg) + Qstrip

)

Eq. (5) shows that at steady-state, the ratio of concentrations of ethylene in the strip and liquid

phases is a function of the relative exchanges between the liquid and gas phase. When the trans-

ACS Paragon Plus Environment

Page 16 of 45



Page 17 of 45

oNOYTULT D WN =

Analytical Chemistry

fer from the liquid to gas phase is fast compared to the stripping gas flow rate (akLaVlbb(l -
sg) > Qstrip) » the [C2Hy]strip should be equal to the one in the liquid phase accounting for the
dimensionless Ostwald solubility constant. Conversely, when the stripping gas flow rate is much
larger than the gas exchange kinetics between the liquid and gas phases (Qstrip > akLaVlbb(l -
sg)), the concentration of ethylene in the stripping gas asymptotes to zero because of dilution. In

other words, although the bubble column contactor can theoretically reach an extraction efficien-
cy of 100%, the highest concentration of ethylene achievable in the stripping gas is dictated by
its solubility. This may in part explain our extraction efficiency of around 66% (see below), with
the dimensionless Ostwald solubility coefficient predicting an upper bound of approximately

90% of the ethylene in the stripping gas at equilibrium under ambient conditions (Fig. 2b). We

multiply both sides of Eq. (5) by (Z“ﬂ) to calculate the extraction efficiency:

total

X

_ Qstrip [CZH4]strip _ (Qstrip) < kLaVlbb(l - Sg) )

- Qtotat[C2Haltotar - Qtotal akLaVlbb(l - Sg) + Qstrip
(6)
_ ( 1 ) kLaVlbb(l - Sg)
- 1
QtOtal (Qstrl‘p akLaVlbb(l - Sg) + 1)

The extraction efficiency is therefore predicted to decline as Qto¢q; increases. As Qs InCreas-

kpaVipy(1-g4)

). The extraction efficiency is
Qtotal

es, the extraction efficiency rises plateauing at X = (

also maximized (X = 1) with a ratio of water to stripping gas flow rates which keeps up with the

ratio of kinetics of liquid-to-gas transfer vs. kinetics of gas-liquid and gas exiting the column

Qtotal) — ( kLaVlbb(l_Eg)

)). Otherwise, a fraction of the eth-
akLaVlbb(l_sg)+Qstrip

contactor headspace (i.e. (
strip

ylene exits the bubble column in the dissolved form. Based on Eq. (5), one ultimately needs to
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decrease Qgtrip to the extent possible while maximizing the mass transfer efficiency to optimize

[C2H4]strip and improve the detection limit.

Kinetics in the flow-through incubation chamber

In the discussion above on the kinetics in the bubble column contactor, we assumed for simplici-
ty a constant dissolved C,H, concentration. Below, we describe the kinetics of the transient eth-
ylene concentration in the flow-through incubation chamber and for the FARACAS method
overall. By mass balance, the time-derivative of the concentration of C,Hy in the flow-through
incubation chamber ([C2H,]champer) 18 @ function of the influx of ethylene contaminant in the
chamber (b), diazotrophic acetylene reduction in the chamber (Nf;y, ), and efflux of C;Hy from

the chamber:

d[C2H4]chamber b * Qtotal [C2H4]chamber * Qtotal
dt =7y i~ v N

Solving the differential equation and rearranging, we find that the acetylene reduction rate in the
incubation chamber can be calculated from consecutive C,H; measurements over a period At

(At =t — t;) according to the following equation:

_QtotalAt
N _ Qtotal [C2H4]chamber - [C2H4]chamberoe

fixaR = "y
(1-e

—b (8)

Qtotal
v At

A full derivation of this analytical solution is presented in the supporting information. At steady-

NfixAR*

. 4 . . . .
state (i.e. t —), [CoHy]chamber = + b, which is identical to equation (1) when ac-

Qtotal

counting for the background tracer C;H4 concentration.

ACS Paragon Plus Environment

Page 18 of 45



Page 19 of 45

oNOYTULT D WN =

Analytical Chemistry

In order to calculate the C,Hs in the stripping gas which is measured by the CRDS
(i.e.[C3Hy]strip), one therefore needs to account for the kinetics in the flow-through chamber
and in the bubble column contact as described in the sections above. In the current configuration,
the e-folding response time of the bubble column contactor is approximately 2-3% of the one of
the flow-through incubation chamber. In this respect, the response kinetics of the bubble column
contactor can for all intent and purposes be considered instantaneous and constant if the extrac-

tion efficiency is stable between bypasses (see empirical results below):

1 Qstrip
_ Qtotal )_(Qtotal ([C2H4]Strip - [CZH4]StTipO€

Neio =
fixar Q
vV (1 e t(l}talAt

_Qtotal
~total At)

—-b &)

At steady-state (i.e. t —), Eq. (9) is identical to Eq. (2). For completion, we also present Eq. (9)

with a correction for the dilution of the N, fixation signal associated with the addition of dis-

Ny

solved C,Hy4 using a correction factor of (M) and a conversion factor( ) for a final N,
sSw

2H>

fixation rate (Nfx):

L0 . _Mm
1 strip ([C2H4]strip — [CZH4]strip0€ Vv )

Nfix = ( NZ ) (Qtotal> <Qtotal) X Qtotal 7 —b (10)
CHy/ \ Q, 14 a- e—%‘”m)

An additional correction, not shown in Eq. (10) for clarity, is applied to [C,H,] to account for the
varying water vapor content, as measured by the CRDS, by normalizing the C;H4 gas mixing
ratio to a dry gas mixing ratio (i.e. [CoHylgry = (1 — rHZO)_l[CZH4]measured, where 1, is the

water vapor volume mixing ratio (v/v)).

Correction for ethylene contaminant in acetylene and natural background
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In order to correct for temporal variations in background tracer C,H, concentration (b factor in
Eq. (10)), instrumental drift and extraction efficiency, the following corrections are performed.
C,H; is delivered at concentrations saturating the nitrogenase enzyme. The diazotrophic produc-
tion of C,Hy is therefore zeroth-order with respect to [C,H;]. In this regard, accurate delivery of
C,H; gas is not critical. However, because of the non-negligible levels of C;H4 impurities in our
dissolved C,H, solution, the admixing of C,H, with the flowing seawater has to be highly repro-
ducible. C;Hy4 is also found naturally in surface waters due to biological and photochemical pro-
duction. For example, ethylene is produced during the bacterial degradation of phosphonates 8
In surface waters of the North Atlantic subtropical gyre, the mean [C,H,] is around 5 + 3 ppb *°.
Similar concentrations are observed in other oligotrophic regions of the oceans o Although we
are able to supply C,H, reproducibly (see discussion below), and natural [C,Hy4] and its variabil-
ity are relatively small, we take into account variations in the tracer b factor by having the sea-
water bypass the incubation chamber at regular intervals akin to a sample-standard bracketing
procedure. Such an approach also corrects for instrumental drift and varying extraction efficien-
cies. Under such conditions, [C;H,]strip reflects an incubation time which is for all intents and
purposes zero ([C2Hylstrip,_,)- In bypass mode, the [C2H4] concentration in the stripping gas
will be close to steady-state after 3 to 4 e-folding residence time of the bubble column contactor.
Assuming steady-state and negligible acetylene reduction in bypass mode, the tracer b factor can
be derived from Eq. (10):

_ l Qstrip
X Qtotal

b [CZ H4]stripT:0 (1 1 )

In practice, we estimate the “b” factor at any time t as the temporal linear interpolation of the

bracketing bypass periods.
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Method sensitivity and propagation of error

In order to propagate errors and assess the detection limit of FARACAS, we rearrange and com-

bine Equations (2) and (11) for an estimate of the steady-state C,H, reduction rate:

Qstrip 1
Nfian =73 AlC2Halserip (12)

where (A[CyH,lstrip = ([CoHalstrip — [C2Halstrip,_, ). The modeled difference in CoH, con-
centration between flow-through and bypass as a function of the stripping gas flow rate and the
volume of the incubation chamber is presented in Fig. 3. A schematic illustration of a simulated
FARACAS signal as a function of varying N, fixation rates is also shown in Fig. S3. Most of the
parameters in Equation (12) are likely correlated. For example, variations in the stripping gas
flow rate (Qssrip) introduce errors in the extraction efficiency (X) and the signal above back-
ground (i.e. A[C3Hy]strip). However, as a first approximation, we propagate the errors assuming

no covariance, in which case the relative error in Ng;y, . (Gy fix ) is:
AR

2
2

2 2105
6Nfl'xAR _ /((6[CZH4]StTip) + (6 [CZH‘I']S"ipbackground) ) \ 4 (SQstrip> N (6_X)2 (13)

|NfiXAR| - \ A[C2H4]Strip / X

Qstrip

With an estimated error of 0.6 ppb and 1 ppb for (S[Cz H4]strip) and (5 (CoHa] respectively

StriPpackground )
(see empirical results below), and with the properties presented in Table 1,

61\] . 0.5 . . . . . .
L[2AR — [( 20 2) +2x107*4+2x 10‘3] . Based on this equation, variations in the extraction
INfix gl A[C2Halstrip

efficiency introduce more error than changes in the stripping gas flow rate, further strengthening
the argument for improving the extraction efficiency. The error in Ng;,, . varies as a function of

A[CyHylstrip- With A[C3Hy]gtrip increasing from 10 to 25 ppb, the relative error in Npyy, . de-
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creases from 13 to 7%, at which point the error introduced by A[C,Hy]s¢rip is as large as the one
associated with the extraction efficiency. The error increases rapidly at lower values being of
same magnitude as Ng;y,, when A[CyHy]grip is 1 ppb. As mentioned above, these calculations
should be interpreted with caution as they do not account for covariance. However, for an ap-
proximate context, the geometric mean (surface) volumetric N fixation rates of 0.43 (0.71) nmol
N L' d” presented in the meta-analysis of Luo et al. ** correspond to A[C,H,] strip of 1.8 (3) ppb

with a FARACAS system with the properties as presented in Table 1.

As shown in Eq. (12), the detection limit of the FARACAS method depends on the ability to
detect a C,H, signal above a background signal provided by the bypass. Applied to the FA-
RACAS method, the limit of detection (LoD) is the lowest concentration of C,H4 above the by-
pass signal (i.e. A[C;Hy]strip) required to deduce the presence of N, fixation in the sample with
acceptable certainty. We note that precision and accuracy are generally poorly constrained at the
LoD *2. Protocols for determining LoD commonly rely on visual evaluation, the standard devia-
tions or other statistical measures of the blank (here bypass) signal, the method’s response and
the slope, or the signal-to-noise ratio (SNR) ****. As each approach comes with drawbacks, there
is little consensus among the regulatory agencies and standards-setting organizations on a best
approach *>. A SNR of 2-3 has sometimes been recommended for the LoD. Based on this con-
vention, the N, fixation rates reported by Luo et al. ' are within the range of achievable meas-
urements with the CRDS considering the instrument has a precision of 0.2 ppb integrated over 5
min (3 o), and within the same order of magnitude as the stability of the flow-through and bypass
signals (see empirical results below). We think based on visual evaluation during our deploy-
ments at sea that a A[C,Hy]g¢rip of 1 ppb can be reliably detected with the current configuration,

albeit with a significant uncertainty as discussed above, corresponding to N, fixation rates of
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approximately 0.19 nmol N L™ d. This is equivalent to or better than the sensitivity of most
current methods with a shorter time of incubation. For comparison, Montoya et al. ”* reported a
detection limit for the "N, method of 0.48 nmol N L™ d™. Gradoville et al. °° recently reported
averaged limits of detections of 0.21-1.09 nmol N L' d™' and “minimal quantifiable rates” of
0.27-0.40 nmol N L™ d". For deployments in regions with low N; fixation rates, the SNR of the
FARACAS method can be improved by increasing the extraction efficiency, or simply by
lengthening the flow-through incubation time (Fig. 3). In the same vein, the equations and theo-
retical considerations above also show that the FARACAS measurements reflect a time- and
space-averaged rate of N, fixation over the timescale of our incubations which can be shortened
in high N, fixation regions or by improving the C;H, extraction efficiency (see section below on
extraction efficiency). Aliasing and smoothing could occur if the spatial and temporal variability
in N, fixation rates is at higher frequency than the flow-through incubation time. In its current
configuration, the FARACAS measurement frequency is well above the Nyquist frequency nec-

essary for capturing the diel cycle in N fixation, as shown during our field deployments.

Laboratory tests of the FARACAS method

Earlier work with gas standards and diazotrophic cultures

Laboratory evaluations of the CRDS monitoring of ARA, including spectral interferences by

other gases such as C,H, and CO,, have been described in previous studies 25,31

, where compari-
sons to the standard GC-FID approach were conducted with 1) varying concentrations of ultra-
high purity C,Hy certified standards (Airgas National Welders, Raleigh, NC, USA), and 2) diazo-

troph assemblages (mosses, lichens, and soil bacterial suspensions) at various stages of growth

and density and under a wide range of diazotrophic conditions.
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CO, concentrations in surface waters vary substantially and could putatively interfere with C,Hy4
measurements. Negligible crosstalk from CO, was also documented over a wide range of CO,
concentrations (380 - 20x10° ppm), and the slight variations in [C,H;] during flow-through incu-
bations are unlikely to interfere with the C,Hs measurements. We also compared the CRDS
measurements to GC-FID on cultures of the marine diazotroph Trichodesmium (IMS101) in stat-
ic incubations with a closed-loop headspace in a configuration as in Cassar et al. » (Fig. S4).
Overall, these experiments show that the CRDS can measure C,H, accurately with limited inter-

ference from C,H, and COs,.

Response time, stability of the signal, and gas extraction efficiency

We empirically verified the response time of the bubble column contactor with step-tracer injec-
tion experiments, introducing water with different C,H4 concentrations into the column. Experi-
ments performed with Qg and Vys0f c. 28 mL min"' and 61 mL, respectively, led to an aver-
age e-folding response time of 114 seconds (Fig. S5), in line with theoretical predictions of 131
seconds for the e-folding response time of the headspace. This suggests that the turnover of the
headspace is likely a rate-determining step for the bubble column contactor. We do not need to
optimize this further as the overall response time of the bubble column contactor is much shorter

than the flow-through incubation time.

We tested the stability of the C,Hy signal measured by FARACAS with continuous admixing of
dissolved C,H, with a water stream with constant C,H, concentration. Averaged over 90 minutes
(i.e. e-folding incubation time in this current FARACAS configuration), the standard deviation
of the C,H4 signal in flow-through is less than 0.6 ppb. The standard deviation of the C,H, signal
in bypass over 30 minutes is generally 0.5-1 ppb. The small difference in stability can likely be

attributed to the volume of the flow-through incubation dampening short-term fluctuations asso-
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ciated with variability in the C,H4 contaminant delivery. We are currently exploring how subtle
changes in the gas flow rates and water level in the bubble column contactor, as recorded in
LabVIEW, may affect the stability of the C,H,4 signal through its impact on the extraction effi-
ciency. Using C,H, with less C,H4 contaminant would further reduce the high-frequency varia-
bility associated with delivery of the C;H, *"*®. However, while such ultra-high-purity C,H, gas-

es were at some point offered, they currently are not commercially available.

The extraction efficiency of the bubble column was determined by running C,H4 dissolved in
water through the bubble column contactor and collecting water downstream in a collapsible bag
and running it through the same contactor keeping all other water and gas flow rates constant. At

steady-state, the CoH, concentration in the strip gas in the first run is equal to: [CoHylserip, =

Qtotal y [CoH4)totar- The CoHy concentration downstream of the bubble column contactor reflects
strip

what is left after the first run ([C2H4]t0ta:(1 — X)). The CoH4 concentration in the strip gas dur-

ing the second run is therefore [CHylserip, = %X([CZHA;]H)W(I — X)). Taking the ratio of
strip

the two measurements and rearranging:

C,H i
-1- [ 2 4]strlp2 (14)
[C2H4]strip1

Based on these experiments, the average gas extraction efficiency is relatively constant at around
66% over a wide range of C,H4 concentrations (Table S1). We do not present the errors associat-
ed with these estimates as they are likely larger than the true reproducibility of the extraction
efficiency, as shown by the stability of the C,H, signal (see discussion above on the stability of
the signal). We further verified the C,H4 recovery and the equations above with a pulse tracer

injection of a known amount of C,H, in the flow-through incubator, thereby mimicking diazo-
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trophic C,H, reduction. The time-integrated C,H, signal measured on the CRDS is consistent
with the C,Hy injected after accounting for the extraction efficiency (Fig. S6), further validating
the FARACAS method and the theoretical considerations about the kinetics described above and
in the supporting information. Overall, these experiments demonstrate that a constant [C,H4] can
be achieved with the dual-channel peristaltic pump admixing of dissolved C,H, with seawater
and that the transfer coefficient at the bubble column contactor is stable and sufficient for our
purposes. However, the e-folding flow-through incubation time of 90 minutes in the current con-
figuration can be substantially reduced (i.e. smaller volume incubation chamber or higher sea-
water flow rate) by improving the extraction efficiency of the C,H, gas in the bubble column
contactor. We tested the bottleneck or rate-limiting step to gas exchange by varying the water
and stripping gas flow rates with our current custom-made bubble column contactor. We found
that most of the resistance to mass transfer is associated with the stripping gas flow rate (Table
2), likely through its influence on the gas holdup. A tradeoff is therefore reached between in-
creasing the gas extraction kinetics (kLaVl(l — eg)) by increasing Qg;rip and diluting the CoHy
signal measured by the CRDS (Eq. 5). We are currently evaluating other C,Hy stripping designs,
including downflow and trickle-bed or packed bubble column contactors, heating of the bubble
column contactor, and the use of impellers to maintain small bubble size. The other approaches
tested thus far, including static mixers, spray-tower or showerhead and membrane contactors and
hybrids of these various approaches, did not significantly improve the extraction efficiency

and/or came with significant drawbacks (results not shown).

Deployment of the FARACAS at sea for shipboard testing

Field tests of the FARACAS method were conducted on the R/V Atlantic Explorer on three

cruises spanning a total of ¢.10,000 km of the Western North Atlantic. The cruise tracks were
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selected in order to cover large gradients in N, fixation rates and covered the Sargasso Sea, a
region where oceanic N, fixation is believed to have a profound influence on the region’s bioge-

ochemistry *37%

. These field campaigns were conducted in August based on the study of Orcutt
et al. ' which showed N, fixation rates peaking at the end of the summer in the region. A por-
tion of the transect is presented in Fig. 4 with the scientific findings from these deployments fur-
ther discussed in the recent study of Tang et al. ', Briefly, N, fixation rates were found to be
highest in waters on the American Atlantic continental shelf, challenging classical views on oce-
anic N, fixation biogeography. During one of these cruises, we compared the light field emulated
in the flow-through incubation chamber to Photosynthetically Active Radiation (PAR) as meas-
ured on a mast on the ship. While PAR shows more day-to-day variability because of variable
cloud cover, the diel cycles of light availability are well reproduced in our flow-through incuba-
tion chamber (Fig. S7). Although our observations integrated over the timescale of our flow-
through incubations do not show variability in N, fixation rates as a function of varying cloud

cover, we are currently exploring the possibility of using PAR sensors to adjust in real-time the

light regime in the flow-through incubation chamber.

Discrete "°N tracer incubations following the protocol of Mohr et al. ”® were performed concur-
rently with the deployment of FARACAS. For comparison, our measurements can be integrated
over 24 hrs to derive daily N, fixation using a moving average, integrating the area under the
curve, or simulating the daily cycle centered at the N, fixation maximum. Our results show a
relatively good agreement to this benchmark method assuming a C;H; to N, conversion ratio of
4:1 4102 (Fig. 5). A perfect match to the >N incubations is not expected for the various rea-

sons enumerated in the section on “Current methods for measuring N, fixation rates” (e.g. vary-

ing C,H,/N; stoichiometry), and the fact that our observations were not Lagrangian. As opposed
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to discrete measurements, our observations integrate over temporal as well as spatial scales. At
most locations, we were not on station for a full 24 hr. The agreement to the '’N incubations is

best where we have observations over a nearly-full diel cycle.

Limitations of the FARACAS method

The method relies on the surrogate reaction of C,H, reduction to estimate N, fixation. As men-
tioned above, the C,H, to N, conversion stoichiometry has been found to be variable e.g., 67,
Therefore, as is the case with the conventional GC-FID detection of ARA, FARACAS ultimately
requires calibration of the C,H,/N, conversion factor by comparison to the 5N tracer incubations

4-5,63,73, 103

on discrete samples . In our study, we found a good correlation of FARACAS to °N

tracer incubations.

In the current configuration, the method reflects surface volumetric N, fixation rates at a fixed
underway depth of approximately 3 meters. As is the case with the other methods which rely on
CTD sampling, our approach does not sample the very-surface which can harbor a thriving dia-
zotrophic community such as floating Trichodesmium colonies. In some cases, N, fixation rates
integrated over the entire water column may also be more desirable. In this regard, we note that
most of the N, fixation generally occurs at the surface, and that depth-integrated N, fixation rates
are often proportional to the surface volumetric N, fixation rates (Fig. S8). Moreover, the repre-
sentativeness of our underway fixed-depth measurements can be evaluated, and the vertical dis-
tribution of N, fixation rates can be studied at high resolution with the deployment of an adjusta-
ble-depth towfish (e.g. Chelsea’ SeaSoar, SeaSciences’s Acrobat, Wetlabs’ Dolphin, or MacArt-

ney’s Triaxus).

Advantages of the FARACAS method
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Traditional methods require long incubations which may exacerbate bottle artefacts including
changes in microbial community structure and metabolic activity 64 Some of the traditional
methods also require pre-concentration of cells in order to increase the signal % which selects
for a portion of the diazotrophic community and may damage cells or modify their physiology.
The high sensitivity of the FARACAS method limits such issues by not requiring preconcentra-

tion of cells and reducing the incubations time.

As importantly, the continuous measurements provided by the FARACAS method allow for
adaptive sampling and better capture the spatial and temporal heterogeneity of N, fixation. Karl
et al. ' pointed out that “N, fixation in the sea probably occurs during stochastic, heterogeneous
blooms that are not easily predicted or resolved,” and added that “scientists ... rarely produce
data sets that can be statistically scaled to an unbiased average value for a particular biome” see
also '°. This is critical because an increasing number of studies have demonstrated that account-
ing for rare episodic events and intricate mesoscale and submesoscale processes is important to

closing biogeochemical budgets at the ocean surface '**'%

. High-resolution sampling of multiple
biomes will also improve the statistical inferences used to further disentangle the controls on N,
fixation rates and assess how they relate to carbon cycling o1, Finally, FARACAS provides a

unique opportunity to investigate the diel periodicity (i.e. circadian rhythm) of N, fixation, as

illustrated in Fig. 4.

Conclusions

In the FARACAS method, the surrogate reaction of C,H, to C,H,4 conventionally used to esti-
mate N, fixation is unchanged, but measurements are made instantaneously and continuously at
ppb levels, allowing for high-resolution underway observations. Because of the high sensitivity

of our method, the flow-through incubation time can be short without preconcentration of cells,
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thereby limiting artefacts associated with sample handling, delays in processing, and long-term
incubations. The FARACAS method opens numerous research directions pertaining to diazotro-
phy in freshwater and marine systems, and can be adapted for measuring other biological rate
processes. With the pervasive anthropogenic disturbance of climate, including desertification and
altered dust sources, and the perturbation of the nitrogen cycle, it is imperative to better charac-
terize the current variability and the global habitat of N, fixation. Our new method complements
the broad array of observational, geochemical tracer, molecular, remote sensing and modeling
approaches that can be used to assess the current state of oceanic nitrogen cycling and monitor

future changes.
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Table 1. Abbreviations and symbols used in the description of the FARACAS method. “-” means
that the values depend on the specific conditions. [CoHy]champer™ 18 €qual to [CoHyleorar When
the incubation chamber is well mixed.

Acronym Description value unit
[CoH4ltotar ethylene concentration of seawater - parts per billion
at outlet of the incubation chamber (ppb)
[CoHy) champer * ethylene concentration of incubated seawater - ppb
in the incubation chamber
b ethylene background concentration in the mix- - ppb
ture of acetylene-enriched seawater
and natural seawater
[CoH4)ara ethylene produced from acetylene reduction in - ppb
the incubation chamber
[C2Ha]serip ethylene concentration in gas measured by - ppb
CRDS
T residence time of the incubation chamber 90 min
Vv volume of the incubation chamber 9000 mL
Qsw volumetric seawater flow rate carried by the peri-  85+0.085 mL min™'
staltic pump
Qtracer volumetric acetylene-enriched seawater flow rate ~ 15+0.015 mL min”
Qtotal volumetric flow rate of seawater and 100+0.086 mL min”
acetylene-enriched seawater
Qstrip volumetric flow rate of gas stripping 35+0.5 mL min™'
Nix o acetylene reduction rates - ppb C,H, min™
Npix N, fixation rates - nmol N, L d”'
(ppb N, min™)
X ethylene extraction efficiency factor 0-1 unitless
(this study
0.66+0.03)
Vie volume of bubble column contactor ~140 mL
v volume of liquid in bubble column contactor - mL
Vis volume of headspace in bubble column contactor - mL
Vb volume of bubbles in bubble column contactor - mL
Vb volume of mixture of liquid and bubbles in - mL

bubble column contactor
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ki liquid phase mass transfer coefficient - m min”'
&g gas holdup - unitless
a contactor’s effective specific gas-liquid - m’ m>
interfacial area
o Ostwald solubility coefficient - unitless
dg sauter mean bubble diameter - pum
TH,0 water vapor volume mixing ratio - unitless

Table 2. Gas extraction efficiencies under various ratios of stripping gas to water flow rates. De-
ionized water was used in these experiments.

Qsw Qstrip [C2Hy)strip, [C2Hylserip, Extraction efficiency (X)
(mL/min) (mL/min) (ppb) (ppb) (%)
35 400 11 1.5 86
80 400 19.5 4 79
120 400 23.6 7.6 68
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40 Figure 1: a. Schematic illustration of the FARACAS method for underway high-frequency N,
42 fixation measurements. Seawater sampled with a towfish is continuously mixed using a dual-
head peristaltic pump with a dissolved C,H; solution prior to entering a flow-through incubation
47 chamber, downstream of which the C,H,4 is extracted with a bubble column contactor and al-
49 lowed into the CRDS optical module. If the ambient air C;H4 concentration is too high or varia-
51 ble, an air cylinder can be used instead of the diaphragm pump for sparging in the bubble column
contactor. b. Flow chart diagram of electrical components communicating with the computer in

56 the FARACAS method.
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Figure 2: Ethylene (C;H4) and acetylene (C,H;) solubilities. a) Contour plot of C,Hs Bunsen
solubility coefficient (unitless) as a function of temperature and salinity based on equations in **.
b) C;H; and C,H4 Bunsen solubility coefficients (unitless) and their ratio as a function of tem-

perature at a salinity of zero.
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Figure 3: Modeled C,H, difference between flow-through and bypass (A[C2H4]Sm-p =

42 ([C2H4]Sm-p - [C2H4]Sm-p1=0)) as a function of FARACAS incubation chamber volume and

45 stripping gas flow rates for a C,H, reduction rate of 0.1 ppb min™, a lower end of the range in
tropical waters. From bottom to top, each surface represents an C,Hy4 extraction factor of 0.1, 0.3,
50 0.5, 0.6 and 0.7, respectively. Note that these calculations do not take into account the effect of
52 the stripping gas sparging flow rate on the CoH, gas extraction efficiency (X) (see Table 2 and

>4 discussion of empirical results).
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Figure 4. Example of FARACAS observations along the North American coast in the Atlantic
Ocean. The upper panel represents the raw CRDS C,H4 signal with bypasses of the flow-through
incubations every few hours. The second panel shows the calculated N, fixation rates using the

raw data in the top panel with the steady-state (red) and transient-state (pink) equations. The
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steady-state model is shifted 90-minute forward to account for the incubation time. Diel cycle in
diazotrophic activity can clearly be observed when compared to light intensity as shown on the

primary ordinate in blue.

ZoU) =
£2 — L/
n o= 20 pd
I = £ Vd
— rd
- == N N4 pd
T3 I — uU.ul pd
- nnn r n
~ ZUuU T . N NNA pd n
-— n< il A A yd
v - o 121 7
— = rd -
- - rd -
— - - __I
— TRl P -~
7~ A\ A4 yd
= -
X — >4
— - rd
[ - rd
_ e o = e
mn >4 e e -
=z prd 40 . = pd
<1 = 7 - v rd
DN - s L] yd
-~ 4 — a rd
- — - e e - _*W  on a pd
i Aiijl=1= — A — a4 7 - - yd —— = =
il == am W 71 - e i=z4
s wva 7 -~ 10 = £ r=0.
L P 4 e h T <
a7 | Bl -
Wank L
1 sy 1 =
-~ ' 7 4 F U
L - =T T

»

L

Figure 5. Comparison with traditional '’N, addition method with zoomed-in inset with adjusted
statistics. Identity (1:1) line represented with a red line. The daily underway N, fixation rates
were calculated by integrating the FARACAS signal over 24 hours centered at the time when
discrete samples were collected for the 15N2 incubations. A C,H,/N, conversion of 4 is used to

convert the acetylene reduction to N, fixation rates.
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