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Abstract

Marine productivity is limited by nitrogen in a large portion of the global ocean.
Marine nitrogen fixation, catalyzed by a select group of microorganisms called
diazotrophs, converts nitrogen gas (N2) into bioavailable nitrogen that can support the
growth of marine phytoplankton. By supplying new nitrogen to marine ecosystems,
marine N 2 fixation affects marine primary pro duction, the uptake of carbon dioxide and
ultimately the global climate. However, the en vironmental controls on N: fixation and
the physiologies of diverse diazotrophs remain elusive, in great part due to the limited
number of observations. As part of this dissertation , | applied a variety of approaches
including statistical modeling, high -resolution field measurements, and gene sequencing
to characterize the biogeography of marine diazotrophy .

The first approach was to model marine N 2 fixation and diazotrophs using
machine learning methods. To that end, | conducted meta-analyses toupdate the global
datasets of Nz fixation and diazotrophs . The number of observations in these updated
datasetsare ~80% and over 100%arger than previous datasets, respectively. Simple
correlation analyses between N: fixation rates and different environmental fact ors failed
to identify a single factor explaining marine Nz fixation at a global scale. In contrast,
individual diazotrophic phylotypes showed distinct  relations to environmental

properties. Machine learning methods including random forest (RF) and support vector



regression (SVR) simulated the observed N: fixation and diazotrophs fairly well by
accounting for nonlinearities among multiple environmental factors. The estimated
global N2 fixation fluxes from the two statistical models were within the range of other
studies. However, the machine learning estimates and other simulations in some cases
showed substantial disagreement in both the magnitude and distribution of N 2 fixation
and diazotrophs, especially in high latitudes and the eastern equatorial Pacifi c, where
observations are scarce. The large uncertainties in simulated N fixation and diazotrophs
emphasized the need for a better understanding of the factors regulating N: fixation and
the physiology of diazotrophs.

Achieving this goal can be labor-intensive and difficult with current techniques,
which are based on discrete sampling and long incubation time. To overcome some of
the drawbacks of traditional methods, our laboratory developed a method for high -
frequency underway N 2 fixation measurements. This method provides better coverage
of the spatial and temporal heterogeneity in Nz fixation. | deployed this method over
large swaths of the western North Atlantic Ocean in the summer s of 2015, 2016, and
2017, coveringover 10,000 km cruise tracks. This extensive surveyidentified new
hotspots of Nz fixation in the coastal waters of the mid -Atlantic Bight. By coupling high -
resolution N 2 fixation observations with underway estimates of net community

production (NCP) deriv ed from O2/Ar measurements, | revealed the heterogeneous



contribution of N 2 fixation to NCP and to the carbon cycle, with a surprisingly large
contribution in coastal waters .

In addition to the spatial distribution of N 2 fixation, | also characterized types of
diazotrophs responsible for N 2 fixation and how they respond ed to varying
environmental conditions. By measuring diazotrophic diversity, abundance and activity
at high-resolution using newly developed underway sampling and sensing techniques, |
captured a shift between diazotrophs from Trichodesmiunto UCYN -A from oligotrophic
warm (25-29°C) subtropical Sargasso Sea to the relatively nutrientenriched cold (13-
24°C) eastern American coastal waters. Meanwhile, N fixation rates were significantly
enhanced when phosphorus and Fe availabilities, and chlorophyll -aconcentration
increased across the Gulf Stream into the subpolar and coastal watersPhosphorus
limitation was confirmed with changes inthe expression of phosphorus uptake genes in
Trichodesmiumand UCYN -A. While temperature was the major factor controlling the
diazotrophic community , phosphorous was dominantly driving the changes of N 2
fixation rates in the western North Atlantic.

Overall, this dissertation significantly improve s our understandi ng of the
distribution of N 2 fixation and diazotrophs and their environmental controls in the

western North Atlantic and in the global ocean.
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1. Introduction

1.1 Motivation

Nitrogen (N) is an important elementin many biomolecules such as proteins and
nucleic acids, building the structure and regulating the functions of all living organisms.
In both terrestrial and marine ecosystems, nitrogen often limits primary production a nd
carbon sequestration (Fowler et al., 2013; Voss et al., 2013). Nearly half of net primary
production on Earth occurs in the oceans (Field et al., 1998). How marine productivity is
sustained and how it will evolve in a changing climate are central questions of surface
ocean biogeochemistry (Behrenfeld et al., 2006; Falkowski, Barber, & Smetacek, 1998;
Hoegh-Guldberg & Bruno, 2010). To answer thesequestions, it is necessary to
understand nitrogen supply to the ocean surface(Tyrrell, 1999). Sources of rew nitrogen
to the surface oceaninclude nitrate supplied from the deep ocean (Dugdale & Goering,
1967 Fernandez-Castro et al., 2014, atmospheric deposition (Jickells et al., 2017),
riverine input (Beusen et al., 2016), and nitrogen (N2) fixation (Karl et al., 2003. A
significant but uncertain source (~5% to over 50%)comes from Nz fixation (Karl et al.,
1997; LaRoche & Breitbarth, 2005; Leet al., 2002; Sohm, Webb, & Capone, 203 MWang et
al., 2019. In this biological process, Nz gas is converted into ammonia according to the

following equation (see alsoFigure 1).

W( pp 40PAoc. ( ( p¢ $0p@®E Equationl



Current estimates of global marine N flux via N 2 fixation carry large
uncertainties, ranging from less than 100 Tg yr!to over 200 Tg yr! (Galloway et al., 2004;
Luo et al., 2012). Prognostic and diagnostic models also diverge in their simulated
magnitude and spatial distribution of marine N 2 fixation (Moore, D oney, & Lindsay,
2004; Paulsen et al.2017).For example, Nz fixation has been hypothesized tobe spatially
coupled to regions of denitrification under the presumption that the upwelling of
nitrogen -poor waters may favor N:fixation (Deutsch et al., 2007) However, recent
observations of low N 2 fixation rates in the eastern tropical South Pacific indicate that
this may not be the case(Bonnetet al., 2017; Knapp et al, 2016).Overall, the uncertainty
in the spatial distribution of N 2 fixation mainly stem s from the limited observations of
N2 fixation and the associatedmicrobial community in the global ocean and a limited

understanding of their regulating factors (Gruber, 2016; Karl et al., 2002).
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Figure 1: Overview of the importance of marine N 2 fixation and diazotrophs.
Adapted from Sohm et al., 2011.

1.2 The N2 fixers

Although N 2 gas is abundant in seawater, it isonly accessible to a select but
diverse group of organisms called diazotrophs (Zehr, 2011). Diazotrophs transform N 2
into bioavailable N thanks to nitr ogenase enzymes. The majority of nitrogenase enzymes
consists of the subunits dinitrogenase reductase (Fe protein) and dinitrogenase (FeMo
protein) (Hoffman et al. , 2014), which are encoded by a series ofif genes such asifHD.
Among these functional genes, nifH is usually used to identify and quantify diazotrophs
(Zehr et al., 2003; Zehr, Mellon, & Zani, 1998) Trichodesmiunand diatom -diazotroph
associations have traditionally been recognized as major players in marine Nz fix ation

3



(Capone et al., 2005; Caponet al., 1997; Villareal, 1990). Thanks to the development and
application of gene sequencing techniques, a more diverse diazotrophic community has
been discovered. For instance, unicellular cyanobacteria appear to be abumant and
vigorously fix N 2 in the oligotrophic Pacific Ocean (Montoya et al., 2004; Zehr et al.,
2001) Recent studies have demonstrated their importance in the global ocean (Langlois,
Himmer, & LaRoche, 2008; Martinez-Pérezet al., 2016; Moisander et al, 2010).
Furthermore, non -cyanobacterial diazotrophs have recently been shown to be
widespread by detecting the presence of their nifH genes over broadreaches of the ocean
(Bombar, Paerl, & Riemann, 2016; Delmont et al., 2018Halm et al., 2012; Moisanderet
al., 2014; Riemann, Farelid, & Steward, 2010; Shiozaki et al, 2014). However, because
many of the diazotrophs are not cultured, their metabolic requirements, physiological
response to different environmental conditions, interactions with cyanobacteri al
diazotrophs and other community members, and their N2 fixation activity are still

poorly understood. In light of this , a revisit of current views about the diversity and

distribution of N -fixers is timely .

1.3 Current methods to estimate N> fixation

Numerous methods have been developed to directly or indirectly estimate
marine N 2 fixation rates. 5N 2 uptake incubations and acetylene reduction to ethylene-
based assays are the two techniquesnost commonly used to measure Nz fixation rates

(Hardy et al., 1968; Montoyaet al., 1996). In thesN o-tracer uptake incubation approach,



the enrichment of 1N in particulate organic nitrogen (PON) and dissolved nitrogen

(DN) reflects the incorporation of 15N-labeled Nz into community biomass after a period
of incubation (e.g. 24 hours). However, some technical issues have been found in thé>N:
addition incubations. For example, recent studies have revealed potential
underestimation of N 2 fixation rates in earlier studies due to incomplete dissolution of
15N 2 gas (GrolRkopf et al., 2012; Mohret al., 2010). Another study points out possible
overestimation of N 2 fixation because of contamination of N2 gas by *NH stand *NOz
(Dabundo et al., 2014).Most studies also do not measure the*N enrichment in the DN
phase,which can represent a significant fraction of the total enrichment (Bertholet et al.,
2017). Acetylene reduction assay indirectly estimates N: fixation rates through the
activity of the nitrogenase enzymes. Diazotrophs preferentially use acetylene (CzH2) as
the electron acceptor instead of Ne and reduce it to ethylene. The amount of ethylene
produced during the incubation is representative of N 2 fixation rates after accounting for
the stoichiometry between N2 and CzH:2reduction (Capone & Montoya, 2001). The
varying conversion factor introduces a significant error in the estimated N fixation rates
(Wilson et al., 2012. Traditional 15Nz uptake and acetylene reduction experiments both
require long incubations (e.g. 24 hrs)for signal detection. These techniques are therefore
not suited to resolve dynamic changesin N: fixation . While a method for continuous
detection of ethylene by laser photoacousticshas been developed(Stad et al., 2001;

Zuckermann et al., 1997, this approach hasrarely beendeployed in the field and never



beenusedto measure underway N : fixation rates (Staal et al., 2007). Other approaches to
evaluate marine N: fixation rates include the N* tracer, measuring the natural ¥*5N of
sinking PON, and remote sensing of diazotrophs abundance (Gruber & Sarmiento, 1997;
McKinna, 2015; Montoya, Voss, & Capone, 2007; Singh, Lomas, & Bates, 2013; Westberry
& Siegel, 2006). All of these methods carrysome limitations. For example, the

application of subsurface N* depends on some assumptions regarding the N:P ratio of
particulate organic matter (POM) and careful consideration of the influence from

atmospheric nitrogen deposition (Benavides & Voss, 2015).

1.4 Environmental controls on N2 fixation

Various environmental factors are believed to influence t he diversity,
distribution, and activity of marine diazotrophs (Karl et al., 2002; Mahaffey, Michaels, &
Capone, 2005; Sohm et al., 2011). Molecular £s a potent inhibitor of nitrogenase
enzymes (Gallon, 1981), indicating that N2 fixation should be spati ally and/or temporally
separated from oxygen production to avoid oxygen inhibition (Gallon, 1992). For
instance, Trichodesmiundixes N2 when Oz production from photosynthesis declines and
also patrtitions this reaction in compartments called diazocytes (Bergman et al., 2013;
Berman-Frank et al., 2001). In some other singlecelled nitrogen fixers, however, the
mechanisms to circumvent inhibition from oxygen remain enigmatic. As shown in
equation 1, Nz fixation is energy expensive. It is therefore generally assumedthat N2

fixation is restricted to sunlit and nitrogen -poor surface waters of the tropic s and



subtropics. Trichodesmiunblooms are mostly observed in warm surface waters and its

N2 fixation activity peaksaround 27°C (Breitbarth, Oschlies, & LaRoche, 2007; Capone et
al., 2005). Interestingly, Trichodesmiunmand other diazotrophs have recently been found

in cold and dark environments such as the Arctic Ocean and the deep ocean (Bonnet et
al., 2013; FernandezMéndez et al., 2016; Fernandez, Farias, & Ulloa, 2011; RiverQalle

et al., 2016). However, the magnitude of Nz fixation in these extreme environments is

still unknown. Again because of thehigh energetic cost of fixing N 2, diazotrophs tend to
switch their N sources from N 2 gas to other forms of dissolved inorganic nitrogen (DIN)
when they are available (Mulholland & Capone, 2000). However, the threshold at which
they switch to DIN uptake is variableand EEQwWET wi BT T OwUOOI UPOI UwUx wU
2012). Hence, the geographical distribution of N2 fixation may not be limited to ultra -
oligotrophic regions. Although phosphorus and iron are found to regulate N 2 fixation
activity in the Atlantic Oc ean (Mills et al., 2004;Moore et al., 2009; SafiudeWilhelmy et
al., 2001), their relative importance remains unclear and debated(Benavides & Voss,
2019. In contrast, iron is hypothesized to be the major factor limiting diazotrophy in the
Pacific Ocean due to the low dust deposition relative to the Atlantic Ocean (Knapp et al.,
2016; Moutin et al., 2007). Additionally, any physical processes influencing water

column properties and the supply of nutrients will also affect N 2 fixation (Church et al.,
2009; Fong et al., 2008)¥-or example, Trichodesmiums found to be associated with

anticyclonic eddies in the North Atlantic (Davis & McGillicuddy, 2006). Taken together,



the uncertain effects of different environmental factors on diazotro phs and N: fixation
beg for improved technologies to increase the number of field observations and improve

Spatial coverage.

1.5 Research questions

The overall goal of my Ph.D. dissertation is to characterize the distributions of
marine N2{l PREUDOOWEOEWEPE&AOUUOxT UwbOwUil 1 whOUOEZ Uwo
the following questions:

1. What is the magnitude and variability of N 2 fixation in the global ocean and
how can we derive global estimates based on datacurrently available i n the literature ?

2. Again based on data currently available in the literature, w hat is the global
distribution of different types of marine diazotrophs and their regulating factors ?

3. What is the distribution of N 2 fixation and regulating factors in the western
North Atlantic?

4. What is the distribution of diazotrophic communities and regulating factors in
the western North Atlantic?

The first two questions are based on the application of machine-learning
methods to meta-analyzed datasets. The other twoquestions are based on the
deployment of new methods for high -resolution characterization of diazotroph ic

communities and N 2 fixation rates.



2. Machine learning estimates of global marine nitrogen
fixation

This chapter has beenpublished in the Journal of Geophysical Research:
Biogeosciences (Tang, Li & Cassar, 2019}t is a collaboration with Zuchuan Li and

Nicolas Cassar.

2.1 Introduction

SEU0wUIl T DOOU WOl wUT T whpOUOEz UwOl EegidadtlauE UT wOD UL
supply of bioavailable nitrogen by N 2 fixation, conducted by a diverse group of
prokaryotes called diazotrophs, supports a significant fraction of primary production
(Karl & Letelier, 2008; Sohm, Webb, & Capone, 2011). Over long timescales, th balance
between marine N: fixation flux and denitrification has been hypothesized to control the
marine nitrogen inventory, the strength of the biological pump, and ultimately
atmospheric CO:EQE wUT 1 w$ EUUT z wEODPOEU]T wogp OUHBEHail) Owl YYA O
& Capone, 2001; Somes, Oschlies, & Schmittner, 2013). However, estimatingharine Nz
fixation and its environmental controls remains challenging due to the limited number
of observations, with sampling efforts heretofore focusing on tropical and s ubtropical
oceans (Karl et al., 2002; Luo et al., 2012).
Current estimates of global marine N: fixation vary widely, with most ranging

from less than 100 to over 200 Tg N yrt (Galloway et al., 2008; Gruber & Galloway,

2008). These estimates are derived sing a variety of approaches including direct



extrapolation from scarce field observations (Luo et al., 2012) and modek (Riche &
Christian, 2018). In some prognostic models, N2 fixation is parameterized relying on N 2
I DPRIT UUz wi EOx I et & 260 MbnéeinogiolOvis 8 Dutkiewicz, 2010; Paulsen
et al., 2017). While most of the current models simulate diazotrophy based on
Trichodesmium(Hood et al., 2004), there is increasing evidence that other diazotrophs
with distinct niches, such as UCYN-A and non-cyanobacterial diazotrophs, contribute
significantly to marine N: fixation (Bombar, Paerl, & Riemann, 2016; Delmont et al.,
2018; MartinezPérez et al., 2016). Because the biogeographies and ecophysiologies of
diazotrophs are poorly -defined, the parameterization of N 2 fixation is challenging.
Alternatively, marine Nz fixation can be derived based on diagnostic models by scaling
the relations of Nz fixation to environmental properties obtained from field observations.
Luo et al. (2014) derived a statstical algorithm of marine N2 fixation using a dataset
compiled by Luo et al. (2012). Surface solar radiation and subsurface minimum oxygen
were identified as the strongest predictors of the geographical distribution of marine N2
fixation. Since the meta-analysis of Luo et al. (2012), sampling efforts have intensified
and the geographical distribution of observations has expanded to broader marine
domains, including higher latitudes and the Indian Ocean (Blais et al., 2012; Shiozaki et
al., 2014; Sipler etal., 2017).

In this study, we build on the work of Luo et al. (2012, 2014) and derive new

estimates of N2 PREUD OO WP OwUT 1| wbOUOEZ UwOET EOUS w3 OwlI EU
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learning algorithms with the updated d atabase of Tang et al. (201Pwhich signific antly
expands the geographic range of observations presented in Luo et al. (2012), and apply
the derived empirical algorithms to map the global biogeography of marine N: fixation.
We then compare our estimates with the Coupled Model Intercomparison Project Phase
5 (CMIP5) model outputs (Taylor, Stouffer, & Meehl, 2012) and other simulations in the
literature to identify regions with greater uncertainties. Finally, future projections are
presented to further underscore our poor understanding of N 2 fixation and its regulating

factors.

2.2 Materials and methods
2.2.1 Data sources and transformations

The data sources for the N fixation rates and predictors are listed in Table 1. Our
updated database consists of 1141 observations of deptkintegrated N 2 fixatio n rates,
representing c. 80% increase on the database used in Luo et al. (2014). Because optical
properties are different in coastal (Case Il) and open ocean (Case |) waters (Morel &
Prieur, 1977), different relations of Nz fixation to remotely -sensed optical properties are
expected in Case Il and Case | waters. For this reason, we excluded data points at
locations with water depth shallower than 200 meters. After applying this filter and
removing 6 data points with zero values, 921 observations remained for further analyses
(Figure 2). Out of these, 326, 484, and 111 observations were derived based on acetylene
Ul EVEUPOOWEUUVUEaUwWp 1 Awp" Ex*xO0D0 wkBE BHOR@@EWIl YTy
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(Montoya etalO WUNNt AWE OE wNkl EWUNEBEOO0OD0E et @] 20000E wp, O

Ul Uxl EUPYI Oadw OUEOWEEEDOBIODY NEIGEWWEEEBERIOBOYD 2Ew
methods use *N: as the tracer,'®Nzis added in different phase, likely leading to

substantial differences in the estimated N: fixation rates. For example, incomplete

dissolution of N2T EUWDBNeUEUWEEEDPUDOO? wlOl Ul OEwOl EEVUwUOwL
fixation rates (Mohr et al., 2010). We included in our analyses all the observations

collected with these various methods despite the known uncertainties and discrepancies.

For the analyses, all the N fixation measurements were log10 transformed (Luo et al.,

2014).

12
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Figure 2: Maps (a-d) and frequency distributions (e -g) of field observations of
N:i PREUDOOwWUE U1 Uadd) bs@fubctiom 6f déaduremeniOnethods, months
and regions. Only observations used in our analyses are shown. ARA: acetylene
reduction; NA: North Atlantic; SA: South Atlantic; NP: North Pacific; SP: South
Pacific; Indi an: Indian Ocean; Med: Mediterranean Sea; Arctic: Arctic Ocean.

In contrast to Luo et al. (2014) who modeled N: fixation observations based on
annual climatologies of predictors, we matched the N 2 fixation observations to
contemporaneous satellite predictors when available (e.g. 8day). When unavailable, we
used monthly climatologies instead of annual climatologies in light of the large seasonal

variations in N 2 fixation observed in many regions (Bottjer et al., 2016). In addition to
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depth-integrated N 2 fixation, we also matched the predictors to surface volumetric N 2
fixation. Since it did not significantly improve the prediction of N 2 fixation, the results
are not shown here. Predictors used in our analyses include sampling coordinates and
month, surface downward solar radiation (I s), surface wind speed (WS), mixed layer
depth (MLD), sea surface temperature (SST), sea surface salinitfSSS), minimum
dissolved oxygen in 0-500 m (DOmin), surface nitrate (DIN), surface phosphate (DIP),
excess phosphate P*=DIP| DIN/16), photosynthetically available radiation (PAR),
average PAR in the mixed layer (PARmi), and chlorophyll -a concentration ([Chl]) (Table
1). These parameters have been hypothesized to directly or indirectly affect Nz fixation
(Karl et al., 2002; Luo et al., 2014; Mahaffey, Michaels, & Capone, 2005; Severin et al.,
2012; Subramaniam et al., 2008). Foexample, sufficient radiation or PAR is required for
autotrophic N 2 fixation as it is an energy-expensive process (Breitbarthet al., 2008; Karl
et al., 2002). Excess phosphorus has been used to simulate the distribution of Mfixation
based on the assumpton that N 2 fixers would be favored in nitrogen poor environments
(Deutsch et al., 2007). Iron (Fe) was not included in our analyses despite its important
role in N 2 fixation (Moore et al., 2009). This is because measurements of iron are limited
and modeled Fe fluxes have substantial uncertainties (Tagliabue et al., 2015). The work
of Luo et al. (2014) also suggests a weak correlation between Bfixation and dust
deposition at global scales.In addition , we tested the importance of other properties

believed to influence N:fixation rates, including Fe:N and P:N nutrient supply ratios

14



modeled in Ward et al. (2013).A detailed description of the different parameters is

presented below.

Table 1: N2 fixation rates and environmental predic tors used in the regression

and machine learning analyses.

Spatial Temporal Log10-
Data Symbol Source Range r p
resolution resolution transformed
Tang et al.
Observed N21 DPREUD OO w4 O  NF Point Daily 0.001125750 Yes / /
2019
Surface downward solar radiation
s NCEP/NCAR 2° 60.9403.9 No 0.03 0.49
(Wm-?) Daily
reanalysis
Surface wind speed (m s?) ws 2.5° 0.7-16.3 No 0.16 <0.01
Monthly
Mixed layer depth (m) MLD Ifremer 2° 10.2101.7 No 0.05 0.19
climatology
Sea surface salinity (psu) SSS 21.739.2 No -0.17 <0.01
Minimum oxygen in 0 -500 m
DOmin 0-6.6 No -0.30 <0.01
(mL LY World Ocean Monthly
10
20Ui EEl wOPOUEU DIN Atlas 2013 climatology 0.000413.5 Yes 0.04 0.32
2001 EET wxi O6UxIi O DIP 0.00151.6 Yes 0.11 <0.01
$REI UUwxi OUxT OU p* 0.00031.5 Yes 0.12 <0.01
Sea surface temperature (°C) SST 2.7-31.8 No 0.2 <0.01
Photosynthetically available radiation
PAR 11.366.4 No 0.03 0.40
(Einstein m-2d-1) SeaWiFS and
0.083° 8 days
Average PAR in mixed layer MODIS
PARmid 1.851.5 No -0.04 0.28
(Einstein m2d-1)
Chlorophyll -a(mg m-3) [ChI] 0.01610.2 yes 0.12 <0.01

Sampling coordinates and months were transformed to preserve continuity in

the data. For example, the months of January and December are numerically far apart

(i.e. months 1 and 12) while they are temporally close (i.e. January is after December).

This is also true for geographical distances in coordinate space (e.g. coordinates179°
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and 180°). To address this issue, we transformed the latitude, longitude and month
properties to periodic functions simulated with sine and cosine functions as follows
(Gade, 2010; Gregor, Kok, & Monteiro, 2017):
i Q& 0o Qe-6QQ )
wE £l QQE g;)b Wi £ £ Q066 WEE 0 OO Q-6 Q:YQ (1)

OE b éE & QN6 WEE b OO Q-6 30

WEé G & ED—
0 Qa Q (2
i Q& &€ €D—

The Isand WS data products were downloaded from NCEP/NCAR reanalysis
products (Kalnay et al., 1996). The MLD climatology, using a threshold criterion of 0.03
kg m-3compared to density at 10 m, was obtained from Ifremer (de Boyer Montégut et
al., 2004). Monthly climatologies of SSS (0 m), dissolved oxygen concentration, and
nutrient concentrations (0 m) were downloaded from the World Ocean Atlas 2013
(Boyer €t al., 2013). DGhin was defined as the minimum oxygen concentration in the
upper 500 meters as in Luo et al. (2014). ®@lay averaged PAR, light attenuation
coefficient [K4(490)] and [Chl] measured by SeaWiFS and MODIS satellite were
downloaded f rom the NASA OceanColor website. PAR denotes the spectral range of the
surface downward solar radiation accessible to photosynthetic organisms. The average
PAR in the mixed layer was calculated based on the following equations (Morel et al.,
2007):

O 0O U XID TWNTBIMPEP T WT (3)
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[Chl] and nutrients were log10 transformed. Observations and matched

predictors were binned in to 2°x2° grids on monthly scale. After these transformations,

we were left with 536 matches of Nz fixation rates with predictors.

2.2.2 Linear regression and machine learning approaches

Regression and statistical analyses were performed using the MATLAB machine
learning toolbox. Simple regressions were first applied to examine the relationships
between N2 fixation rates and individual predictors. Stepwise multiple linear regression
(MLR) was then utilized to build a model between N : fixation rates and indi vidual
predictors as described in Luo et al. (2014). After these preliminary analyses, two
machine learning methods - RF (Breiman, 2001) and SVR (Vapnik, 2013) were applied to
derive empirical models of N 2 fixation rates as a function of the suite of environmental
predictors. These machine learning methods are increasingly used in oceanic studies, for
example recently applied for building maps of pCO: (Gregor et al., 2017) and net
community production (Li & Cassar, 2016). See Breiman, 2001 and Smola & Schéopf,
2004 for a more thorough description of these machine learning techniques.

For both machine learning methods, we followed the steps described in Gregor
et al. (2017) to train and test the models. Briefly, we randomly divided the 536 data
matches into a training -validation dataset (70%, n=375) and a testing dataset (30%,
n=161). In the RF and SVR model training, the optimal parameters were determined by

17



minimizing the mean absolute error (MAE) between the observed and predicted N 2

fixation rates. For the RF algorithm, we built 30 decision trees and set the minimum leaf
size to 3. For the SVR algorithm, data were standardized to their z scores @ —5 and a

Gaussian kernel was used. The trained models were evaluated against the test dataset.
After the model construction and evaluation, the derived models were used to predict

the global distribution of monthly N 2 fixation rates with a 2°x2° resolution. Sparse and
uneven distribution of observations, mismatch of observations with predictors, and
methodological biases (i.e. ARA, *N2 gas addition, and dissolved 5N 2 addition)

introduce noise in our predictions. A more detailed discussion of caveats, uncertainties
and future improvements can be found in the Appendix A (Bombar et al., 2018; Bottjer et
al., 2016; Cassar et al., 2018; Fernandez, Farias, & Ulloa, 2011; Hamersley et al., 2011;
Jickells et al.,2017; Landolfi et al., 2015; Luo et al.2014; Mohr et al, 2010;Monteiro,
Dutkiewicz, & Follows, 2011; Mulholland, 2007; Paulsen et al., 2017Ward et al., 2013;
Weber & Deutsch, 2014; Wilsonet al., 2012). We tested the sensitivity of our predictions
to the limited number of observations used to train the RF and SVR models. To this end,
we constructed in silico 100 additional N2 fixation datasets with the same size as the
original dataset using a bootstrap approach, i.e. randomly sampling N 2 fixation data

from the original dataset with replacement. For each of these 100 reconstructed datasets,
we conducted the same analyses as described above, derivingnachine learning models.

The errors associated with the sparsity in observations are represented as the standard

18



deviation of the 100 bootstrap global N2 fixation maps (Figure 21). Uncertainties can be
high, especially in regions where high N 2 fixation rat es were observed. This suggests
that, in some regions, the derived models are particularly sensitive to the training data.
We also tested methodological biases by training the machine learning algorithms using
data from each incubation method individually. These analyses show that simulations
are also sensitive to the incubation method (Figure 22). For future projections, we used
the environmental factors provided by MPI -ESM-LR from CMIP5 under the RCP 8.5
scenario to evaluate changes in N fixation rates estimated by RF and SVR from 2006 to

2100.

2.2.3 Outputs of Nz fixation from other models

Multiple models simulate the global distribution of marine N2 fixation. Riche and
Christian. (2018) underscored the large discrepancies among models, comparing 5
CMIP5 models and the UVic Earth System Climate Model (CanESM2, MPI-ESM-LR,
GFDL-ESM2M, IPSL-CM5A -LR, CESM1-BGC, and UvicESCM). The first two models
apply diagnostic relationships between N 2 fixation and environmental properties like
excess phosphorus, temperatue and light, while the other models include prognostic
diazotrophic groups with nutrient limitations. N 2 fixation in IPSL -CM5A -LR was scaled
to balance denitrification, which may have been overestimated (Séférian et al., 2013). We
therefore rescaled N: fixation in IPSL-CM5A-LR by 0.17 following Riche and Christian,

2018. In our comparisons, we include models obtained from four additional studies: 1)
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Luo et al. (2014) derived estimates of global N fixation based on a stepwise MLR
between observed N: fixation rates and predictors; 2) Landolfi et al. (2015) combined
resource competition theory and a coupled ecosystem-circulation model to explain the
high N 2 fixation rates in nitrogen -rich waters of the North Atlantic, but also provided a
model for the global ocean; 3) Jickells et al. (2017) evaluated the effects of atmospheric
nitrogen deposition on marine N 2 fixation using the output from the PlankTOM model
(Buitenhuis, Hashioka, & Quéré, 2013; Quéré et al., 2005); Finally, 4) Paulsen et al. (2017)
incorporated a prognostic representation of diazotrophs in MPI -ESM to map marine N2
fixation. We also compare CMIP5 RCP 8.5 future projections of Nz fixation to our two
machine learning predictions under the assumption that the semi -empirical
relationships derived as part of our study hold for the future. All the model outputs

were reformatted to 2°x2° lat-lon resolution.

2.3 Results

2.3.1 Observations of marine N2 fixation and relation to environmental
properties

Observations of marine N fixation range froQwOl UUwUT EQwY d vwUOwodYIT U
N m-2d-1with high rates estimated in the western tropical Atlantic and tropical Pacific
(Figure 2). Of the three methods commonly used to measure N: fixation rates, the 15N>
gas addition method has been applied through out the global ocean while the updated

dissolved N2 addition method is increasingly applied but mostly in the Atlantic. The
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North Atlantic remains the most studied ocean basin while the Indian Ocean, the Arctic
and the Southern Ocean are poorly explored, totaling less than 10 measurements.

Simple linear regressions reveal weak correlations between N fixation rates and
environmental properties although some are statistically significant (Figure 3 and Table
1). For instance, DQnin explains the highest percentage of variance in the observed N
fixation rates showing a negative correlation (R=-0.3, p<0.01). SST is positively correlated
to Nz fixation rates (R=0.2, p<0.01). Other statistically significant predictors include SSS,

WS, P*, [Chl], and DIP.
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Figure 3: N2 fixation rates versus environmental predictors. Is, WS, SST, PAR
and [Chl] are contemporaneous with N 2 fixation observations while SSS, nutrients,
DO min and MLD are monthly climatologies. The figure is color -coded according to the
density of observations (Eilers & Goeman (2004)).

2.3.2 Machine learning estimates

Compared to simple regressions or MLR, machine learning methods are
expected to improve predictions by better portraying nonlinearities between the
predictors and the predictand. We evaluated the performance of our two machine
learning algorithms with a test dataset (Figure 4). Predicted and observed N: fixation

rates generally converge onto the identity (1:1) line for both of our models. In contrast,
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the stepwise MLR (R?=0.22) does not capture as much variance of NMfixation as the
machine learning methods (Figure 23). The machine learning methods display biases at
UT 1T wOOPIl Uwogpd@tyand 0 OO WY w@s huO Y ¥dy)wernd ©fdhd tanges @vhile
this tends to flatten the geographical variability of N 2 fixation, 89% of the N2 fixation
UEUT UwPOwUT 1T wUI UOWEEUEUIT U wdip.iotkutkd range] theO whiwE O E wh
., SwbhbUwl 6t Rdiswhih@s22%u(RF) and 25% (SVR) less than over the entire
test dataset. Comparison of the seasonal climatology of modeled and observed N
fixation rates at the Hawaii Ocean Time-series (HOT) shows good agreement,
suggesting our models are able to capure the seasonal cycle of N fixation in some
regions (Figure 24). Longitude, SSS and DGwn were the most important features in RF
training (Figure 25).

Global marine N: fixation rates of 68 and 90 Tg N yr! are estimated based on the
RF and SVR models, respectively. The Pacific Ocean contributes most to this global flux
(see Table 2 and Discussion). The two machine learning models both predict high Nz
fixation rates in the tropical Atlantic and in the weste rn tropical Pacific (Figure 5). In
comparison, low N 2 fixation rates are estimated in the subtropical North and South

Atlantic, with non -negligible rates in temperate and polar regions. In these regions, the

SVR model simulates slightly higher N 2 fixation rates than the RF model.
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Figure 4: Comparison of observed and predicted N :fixation rates for the test
dataset using (a) random forest (RF) and (b) support vector regression (SVR) with data
points color -coded for density of observations.

2.4 Discussion

2.4.1 Environmental controls on marine N2 fixation

In the study of Luo et al. (2014), DGnn, Isand SST were found to be the best
predictors of N 2 fixation at the global scale. DOmin might affect the extent of nitrogen loss
in the water column leading to conditions favorable for diazotrophy with an excess of
phosphorus (P*>0).Meanwhile, solar radiation has been hypothesized to constrain the
biogeography of diazotrophs in light of their large energy requirement (Mahaffey et al.,
2005). In contrast to Luo et al. (2014), we find that none of the properties studied shows a
strong correlation with N 2 fixation rates (R2<0.1 for all the predictors in Table 1 and
Figure 3). This is the case even when applying the MLR approach of Luo et al. (2014).
We attribute the lower predictive power to the additional observations in our meta -

analysis further confounding the relation of N 2 fixation to predictors. For example, low
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N2 fixation rates were recently observed in the Eastern South Pacific despite the low
DOnmin and high P* (Knapp et al., 2016). In addition, organic matter as a source of energ
in heterotrophic N 2 fixers may partially offset the light energy requirement (Rahav,
Giannetto, & Bar-Zeev, 2016), thereby broadening the potential niche of Nz fixation and
weakening the correlation to surface solar radiation or to SST. This is in line with the
recent discovery of diazotrophs in colder waters (Blais et al., 2012; FernandezMéndez et
al., 2016). We also did not find significant correlations of N2 fixation rates to modeled
Fe:N and P:N nutrient supply ratios (Ward et al., 2013) or subsurfa@ nutrient
concentrations (Figure 26). Overall, these results challenge some of the traditional
assumptions of what regulates Nz fixation in the ocean. It also implies that simple
regression analyses may not capture the complex interplay of environmental f actors

regulating the distribution and magnitude of N 2 fixation.

2.4.2 Comparison among different model simulations

Our machine learning approaches and other models in the literature show
substantial discrepancies in the spatial distribution of N 2 fixation rates (Figure 5). Below,

we compare the model simulations for different ocean basins.
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Figure 5: Global distribution of N 2 fixation rates estimated by various models.
Daily N 2 fixation rates are calculated by summing monthly N 2 fixation rates and
dividing by the number of days in a year.

Global oceans: Modeled global marine N2 fixation vary widely from 5 to more

than 300 Tg N yrt (Table 2). Our RF and SVR model estimates of 68 and 90 Tg N ytare

in line with others derived fr om upscaling of field observations (Grofl3kopf et al., 2012;

Luo et al., 2012). We however note that our machine learning results represent rough

estimates of the magnitude of the global marine N: fixation because we extend our

predictions to regions outside the range of values of the predictors. The North and South

Pacific generally contribute most to the global marine N: fixation budget owing to their

large surface areas. The majority of models display relatively high N 2 fixation in the

tropics and subtropi cs, such as the western tropical Atlantic and Pacific oceans (Figureb
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and Figure 6a), in line with field observations (Bonnet et al., 2017; Capone et al., 2005).

The N: fixation rates in temperate mid -latitude regions simulated by many of the models

is supported by some studies (Needoba et al., 2007; Shiozakiet al., 2015), but will need

UOWET wi UUUT T UwbOYI UUDPT EUT ESw" OOxEUI EwUOwWUT T wxU
predictions are more similar, and more in line with MPI -ESM-LR and Luo et al. (2014)

(Figure 5 and Figure 27). The models of Paulsen et al. (2017), UvicESCM and Landolfi et

al. (2015) show the largest spatial heterogeneity while our two models display more

spatially uniform N 2 fixation, which may result from the flattening of predictions as

described above (i.e. under-(over-) estimation of high (low) N 2 fixation rates). A

comparison to field observations further illustrates the current difficulty in modeling N 2

fixation rates (Figure 6¢).
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Table 2: Estimated N2i PREUDP OO wi OURT UwbOwliY) wh OUOE 7z U

North South North South Indian
Models Global
Atlantic  Atlantic Pacific Pacific Ocean
RF (this study) 6.9 3.7 19.6 19.0 11.5 68
SVR (this study) 10.2 4.8 22.6 24.6 124 90
CanESM2 18.2 11.6 44.1 33.1 28.5 143
CNRM-CM5 0.64 0.47 1.14 0.87 1.11 5
GFDL-ESM2M 20.9 16.1 38.2 33.0 26 146
IPSL-CM5A-LR 9.4 11.6 36.5 29.6 12.4 106.4
MPI-ESM-LR 12.9 14.9 54.8 56.2 215 193
CESM1-BGC 24.7 20.1 39.2 325 43.4 170
UVicESCM 30.5 16.3 84.9 90.0 55.0 303
Jickells et al.(2017) 27.4 13.9 51.7 30.5 21.4 164
Paulsen et al.(2017) 9 12.8 63.5 30.5 17.2 135.6
Landolfi et al. (2015) 35 4 34 21 40 134
Luo et al. (2014) 9.1 4.5 23 14 23 74

Atlantic Ocean: The Atlantic Ocean, which is the most studied ocean basin
(Figure 2), displays a small coefficient of variation (CV) among models (Figure 6b). In
contrast to the subtropical oceans, the equatorial Atlantic is estimated to harbor intense
N2 fixation rates, consistent with some of the field observations and geochemical

estimates (Marconi et al., 2017; Montoya, Voss, & Capone, 2007; Snow et al., 2015).
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However, these hotspots are not consistently identified in all models (e.g. Gulf of Guinea
and northeast Atlantic with relatively large CV). Some field observations report different
extents of Nz fixation in the subtropical northeast Atlantic (Benavides et al., 2011;
FonsecaBatista et al., 2017)which may be attributed to differences in methodol ogies,
sampling time and heterogeneous distribution of N 2 fixation. Many models estimate
comparable levels of N2 fixation in the South and North Atlan tic (e.g. MPI-ESM-LR in
Figure 5 and Table 2), in line with the recent study of FonsecaBatista et al.(2017).

Indian Ocean: In contrast to the Atlantic Ocean, the Indian Ocean has received
much less attention which makes it difficult to evaluate model predictions. A majority of
the models consistently (i.e. low CV) predict significant N 2 fixation across the entire
ocean basin. Conversely, the limited number of measurements currently available depict
a heterogeneous distribution of N 2 fixation (Shiozaki et al., 2014b), with some hotspots
near the coastal Arabian Sea (Ahmed et al., 17; Gandhi et al., 2011; Kumar et al, 2017).
Some models (e.g. MPIESM-LR, CESM1BGC and Landolfi et al. (2015)) display
significant N 2 fixation rates in the northern Indian Ocean where high denitrification
rates are associated with the oxygen minimum zone (Ward et al., 2009). In contrast, our
two models predict a more homogeneous N: fixation distribution annually but with
strong seasonal variations. The RF model predicts high Nz fixation in the western Indian
Ocean near Madagascar Island in austral summer, whidh is supported by some

observations (Poulton, Stinchcombe, & Quartly, 2009).
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Pacific Ocean: Noticeable discrepancies in model predictions are observed in the
Pacific Ocean. On one end of the spectrum are models simulating elevated N fixation
rates closeto the eastern boundary, as expected should there be a coupling between
nitrogen inputs and losses (GFDL-ESM2M, MPI-ESM-LR, and Deutsch et al. (2007)). On
the other end of the spectrum are models exhibiting low rates around the equator
flanked by higher ra tes in subtropical waters (CanESM2, UvicESCM, Paulsen et al.
(2017) and Landolfi et al. (2014)). N fixation in some of the models are parametrized to
be inhibited by high nitrate concentration, leading to predictions of low rates in the
upwelling regions of the eastern Pacific. The remaining models show some combination
of the above and/or more complicated distributions. For example, CESM1-BGC predicts
low N 2 fixation rates in a large portion of the eastern Pacific but increasing N fixation
rates westwards. Knapp et al. (2016) suggested Fe availability limits diazotrophy in the
Eastern Tropical South Pacific (ETSP). However,Loscher et al. (2016) measured high N
fixation signals in anticyclonic eddies in the ETSP especially when accounting for N2
fixation in the aphotic zone. Our semi-empirical approach, which includes the datasets
of Knapp et al. (2016) andL6scher et al. (2016), shows high N fixation during some
seasons (e.g. austral summer) but midrange annual N fixation rates in the ETSP. More
observations of Fe supply and concentration in the eastern Pacific and a better
representation of Fe in earth system models will potentially improve the simulation of

Nz fixation in this region.
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Polar oceans: Not too surprisingly, there is a large level of disagreement between
models (i.e. high CV) in N zfixation rates in polar oceans (Figures 5 and 6). While many
models predict N 2 fixation to be confined to tropical and subtropical areas (e.qg.

UVIESCM, Paulsen et al. (2017), and Landolfi et al. (2015)), othergredict substantial N 2
fixation in colder waters such as in the Southern Ocean, subpolar Pacific and Arctic
Ocean (MPI-ESM-LR, Jickells et al. (2017), and Deutsch et al. (2007)). We extrapolate our
machine-learning predictions to polar regions with the cave at that they are particularly
tenuous because they are outside the range of observations used to train the models. The
estimated N2 fixation rates based on the RF and SVR models are low but not negligible.
This is in line with recent observations that sugg est that Nz fixation may not be confined
to warm and nutrient -poor waters (Blais et al., 2012; Shiozaki et al., 2017). UCYM has
recently been found in cold waters (Harding et al., 2018; Shiozaki et al., 2018®) and N:
fixation could provide as much as 3.5 Tg N yr-1to the Arctic Ocean (Sipler et al., 2017).
Differences between model simulations may be attributed to the parameterization of the
types of diazotrophs in the models. For example, using Trichodesmiunas a model
organism limits diazotrophy to warm waters (Paulsen et al., 2017). In contrast, the
biogeography of N 2 fixation is extended to extratropical regions in models based on
geochemical proxies such as the supply of excess phosphorus (Deutsch et al2007).

Additional measurements in temperate and polar regions, and a better model
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representation of the large diversity in diazotrophic ecophysiologies (in addition to
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Figure 6: (a) Mean distribution of N 2 fixation calculated based on averaging the
13 model estimates shown in Figure 5. (b) Coefficient of variation (CV) in N 2 fixation
estimated by the different models. (c) Taylor diagram of N 2 fixation rates (logarithmic
scale) estimated by different models with observations (a) as the reference value.
Dashed blue and dotted green lines represent the correlation and centered root -mean-
square difference (RMSD) between observations and other estimates, res pectively.
Solid black lines, the radial distance from the origin, represent the standard deviation
of the spatial distribution estimated by each model, with lower values indicating less
spatial variability. Note that the observed and simulated N 2 fixation are not well
temporally matched when only annually averaged N 2 fixation rates from models are
available. b -n represent the following models: RF, SVR, CanESM2, CNRM -CMS5,
GFDL -ESM2M, IPSL-CM5A -LR, MPI -ESM-LR, CESM1-BGC, UvicESCM, Jickells et
al. (2017), Pausen et al. (2017), Landolfi et al. (2015), and Luo et al. (2014).

2.4.3 Future projections of N2 fixation

Since nitrogen, carbon and climate are tightly coupled (Falkowski, 1997;
Falkowski, Barber, & Smetacek, 1998; Gruber & Galloway, 2008), improvedsimulations
of N2 fixation is critical in assessing future climate. Over the next century, a multitude of
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factors known to affect N 2 fixation are expected to change, including SST, CQ, pH, Oz
levels, and many other known and yet -to-be determined factors (Stocker et al., 2013).
While our understanding of how these multiple stressors impact the model organism
Trichodesmiums improving (Hong et al., 2017; Jiang et al., 2018), we now also realize
that differences between ecotypes and strains, let alone specis, can be significant
(Hutchins et al., 2013). The challenge is to estimate how these potentially interactive
regulating factors will evolve and how they may influence the broad umbrella of N 2
fixers with their distinct niches. Within this context, it is n ot surprising to observe
substantial differences in future projections of marine Nz fixation and its contribution to
export production. Differences in projections under RCP8.5 based on our machine
learning methods, CMIP5 and UvicESCM models are presented in Figure 7. While all
CMIP5 models under RCP 8.5 experiments grojects an average 13% decrease in export
production under a warming world (Figure 7b), the magnitude and sign of the change in
N2 fixation varies between models, further highlighting the diffic ulty in simulating N 2
fixation, especially under a changing climate. Several models project moderate (411%;
RF, SVR, CNRM-CM5 and UvicESCM) to substantial (33%; CanESM2) rise in marine N
fixation by year 2100. In contrast, other models simulate quasistaus quo(GFDL-ESM2M)
or a decline in Nz fixation (MPI -ESM-LR, IPSL-CM5A -LR and CESM1-BGC). The large

uncertainties in N 2 fixation predictions reverberate on the simulated contribution to
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export production, albeit with four models converging on ¢.12% by yea r 2100 (Figure

7c).
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Figure 7: Projections of (a) N 2 fixation rates, (b) export production and (c)

contribution of N 2 fixation to export production under the RCP8.5 scenatrio.

2.5 Conclusion

Based on an updated metaanalysis, we found that no single environmental
factor can effectively predict marine N2 fixation at the global scale, suggesting that N:
fixation may be regulated by an interplay of environmental factors. In light of this, we
modeled the marine distribution of N 2 fixation by training two machine -learning

algorithms with multiple environmental predictors. While the RF and SVR estimates of
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global Nz fixation of 68-90 Tg N yrt are in line with previous estimates, the predicted
biogeographies are distinctly different from other simulations. The disagreement
between the semiempirical and the process-based models and the sensitivity to the
training datasets indicates that current observations may not fully capture the variability
in N2 fixation and/or that we have a po or grasp of the regulating factors. This is in line
with the parallel realization that diazotrophs are more diverse and widespread than
originally thought (Delmont et al., 2018; Shiozaki et al., 2018b). Predicting current and
future marine Nz fixation remains a challenge which may be best addressed with a

multi -pronged approach, combining improved measurement methods, physiological
studies, satellite estimates, expanded observations in undersampled regions, and refined

models.
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3. Data-based assessment and modeling of the
distribution of diazotrophs in the global ocean

This chapter is a collaboration with Nicolas Cassar.

3.1 Introduction

Marine microbes drive biogeochemical processesmportant to our global climate
(Sunagawa et al., 2015; Woren et al., 2015)Among them, d iazotroph s are keystone
microorganisms converting Nz gas into bioavailable nitrogen, thereby relieving nitrogen
limitation and supporting marine production in OEQa wUI T POOU WOl wUT 1T wp OUOE
(Karl et al., 1997 Sohm, Webb,& Capone, 201). Trichodesmiumand diazotrophs
associated with diatoms (e.g. Richelig have traditionally beenassumedto be the
dominant diazotrophs in the ocean (Caponeet al., 1997; Villareal, 1991)However,
thanks to advances in molecular techniques and gene sequencing,our appreciation for
diazotroph diversity is rapidly evolving (Bombar, Paerl, & Riemann, 2016; Delmont et
al., 2018; Zehr, 2011; Zehr, Mellon, & Zani, 1998). For example, unicellular cyanobacterial
diazotrophs have recently beenfound to account for a large proportion of the
diazotrophic community and to contribute substantially to Nzfixation in the tropical
Atlantic (Martinez -Pérez et al., 2016)Despite much progress, our view of the global
distribution of marine diazotrophs remains qualitative .

Luo et al. (2012 compiled the first databases of diazotrophs and N 2 fixation in

the global ocean. While the database onN: fixation has been the subject oseveral
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analyses(Luo et al, 2014; Tang, Li, & Cassar, 2019}he database on thedistribution of
diazotrophs has received much less attention. It consists of 109 observations of depth-
integrated and 921 points of volumetric diazotroph abundance s determined by
guantitative polymerase chain reaction (QPCR) assays targeting thenifH genes. Since
publication of the database in 2012 the number of observations of the diazotroph
abundances has rapidly expanded, with new observations in coastal, aphotic, and polar
waters (Benavides et al., 2018; Shiozaket al., 201®; Tanget al., 2019) In light of this, it
is timely to update the databaseon diazotroph abundances and re-evaluate the
environmental controls on their distribution sBOwU0T | wp OV OE7z UwOEIT EO

In addition to field observations, prognostic parameterizations have been used to
model the regional and global distribution of diazot rophs. For example, Hood et al.
(200) simulated the seasonal cycles ofTrichodesmiurmat BATS, and Paulsen et al.(2017)
included a prognostic representation of Trichodesmiumn a global ocean biogeochemcal
model. Most models focus on TrichodesmiumAs a result, the biogeography of
diazotrophs with ecophysiologies distinct from Trichodesmiunis poorly constrained. As
recently discussedin Tang, Li & Cassar. (2019, amodel which incorporates other
dominant diazotrophic groups may improve on the characterization of the distribution
of Nz fixation .

In this study, we provide an initial attempt at constructing data-driven

biogeographies of various diazotrophs. To that end, we first updated the meta-analysis
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of Luo et al. (2012 on diazotroph abundances. After identifying the dominant
environmental predictors of diazotroph abundances, we applied the machine learning
technique of random forest (RF) to simulate the global distributions of four major
marine diazotrophs including TrichodesmiumUCYN-A, UCYN -B, and Richelia We

ended by comparing our data-based estimates to traitbased models.

3.2 Materials and methods
3.2.1 Updating the global diazotrophs database

Our new databasesupplements the datasetpresentedin Luo et al. (2012 with
measurements presented in 16additional public ations (Berthelot et al., 2017; Halm et al.,
2012; Hashimoto et al., 2016; Henke et al., 2018; Krupke et al., 2013; Martind2érez et al.,
2016; Moreira-Coello et al., 2017;Shiozaki et al., 2014a, 2014b, 20852017, 2018a, 2018b,
2018c; Stenegren et al., 2018; Wen et al., 201The data were either extracted from the
published papers or provided by the authors. 263 and 1967 observations of depth-
integrated and volumetric di azotroph abundances (i.e. nifH gene copies)were obtained,
respectively. This represents increases of 141% and 114% inthe number of data points
compared to the databaseof Luo et al. (2012) Our new database includes 223 (1428), 253
(1536), 226 (1424) and 144 (958) observatioms$ depth-integrated (volumetric)
abundances of TrichodesmiumUCYN-A, UCYN -B and Richelig respectively. The
updated global distributions of the four major diazotrophs are shown in Figure 8, with

the vertical profiles of their volumetric abundances presented in Figures 28-31.
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Figure 8: Global distributions of four major diazotrophs quantified using
gPCR assays (a)Trichodesmium, (b) UCYN-A, (c) UCYN-B and (d) Richelia.

3.2.2 Correlation analyses and machine learning simulation of
diazotrophs

The volumetric abundances of diazotrophs were compared to the field measured
environmental variables hypothesized to regulate diazotr ophy, including depth,
temperature and nutrient concentrations (Karl et al., 2002; Sohm et al., 2011)The depth-
integrated abundances were matched and compared to various contemporaneous
environmental factors derived from satellite observations, re -analysis and models,
including solar radiation (Is), wind speed (WS), sea surface temperature (SST), sea
surface salinity (SSS), surface dissolved inorganic nitrate (DIN), surface dissolved
inorganic phosphate (DIP), surface excess phosphoris (0° $) 0$ ) Zp @ minimum

oxygen in upper 500 m (DOmin), photosynth etically available radiation (PAR), mixed
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layer depth (MLD), averaged PAR in the mixed layer (PAR mia), chlorophyll -a
concentration ([Chl]), and modeled surface iron concentration (Fe). We first applied
linear and nonlinear regressions to evaluate the correlations between diazotroph
abundances (for both volumetric and depth -integrated) and environmental factors. We
then used a random forest (RF) algorithm to simulate the global depth -integrated
distribution of the four diazotroph groups based on the environm ental variables
described above. The processes of data matching and correlation analyses are shown in a
workflow chart (Figure 32).

Is and WS were obtained from NCEP/NCAR reanalysis products (Kalnay et al.,
1996). Monthly climatologies of SSS (0 m), dissofed oxygen, and nutrient concentrations
(0 m) were downloaded from the World Ocean Atlas 2013 (Boyer et al., 2013). DGhin was
defined as the minimum oxygen concentration in the upper 500 meters as in Luo et al.
(2014). 8day averaged PAR and [Chl] measured by SeaWiFS and MODIS satellites were
downloaded from the NASA OceanColor website. The MLD climatology was obtained
from Ifremer (de Boyer Montégut et al., 2004).Annual mean Fewas estimated based on
the CESM1-BGC model under pre-industrial control experiment aspresented in CMIP5
(Moore et al.,, 2013; Taylor, Stouffer, & Meehl, 2012) We used monthly climatologies
when contemporaneous predictors were unavailable. For the machine-learning training
(see belaw), sampling coordinates (i.e. latitude and longitude) and time were also

included. Following Tang, Li, & Cassar.(2019, they were transformed to preserve
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continuity in the data using sine and cosine functions. A more detailed description of the
environme ntal factors can be found in Tang, Li, & Cassar.(2019. Overall, 193, 218, 198
and 131 matchesto environmental variables were obtained for the depth-integrated
abundances of TrichodesmiumUCYN-A, UCYN -B and Richelia respectively.

During the model construction of the depth -integrated diazotroph abundances,
we used a bootstrap approach to obtain additional 100 datasets of matches between the
abundance of each type of diazotroph and environmental predictors. This aimed to
reduce the bias in the spatid and temporal distribution of observations. For each dataset,
we randomly divided our matchesinto a training -validation dataset (70%) and a testing
dataset (30%). In the model training, the optimal parameters were determined by
minimizing the mean absolu te error (MAE) between the observed and predicted
diazotrophs abundance. We built 100 decision trees and set the minimum leaf size to 3.
The trained models were evaluated against the test dataset. After model construction
and evaluation, the algorithm was used to simulate the monthly abundance of the four
diazotroph groups in the global ocean with a 2°x2° resolution. By training and
predicting through bootstrapped 100 datasets, we produced the mean, standard
deviation and coefficient of the variation of 100 simulations of the global distribution of
diazotrophs. A thorough description of random forest and its applications can be found

in Breiman, 2001.
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3.3 Results and discussion
3.3.1 Distribution of diazotrophs and environmental controls

Most observations of marine diazotroph abundancescome from the tropical
Atlantic and western tropical Pacific (Figure 8), with sparse observations in the Indian
Ocean, South Atlantic, and Eastern Pacific.Observations now extend to temperate and
polar regions, along with th e discovery of Nz fixation in cold and nutrients -enriched
environments (Shiozaki et al., 2017 Harding et al., 2018). Trichodesmiunreaches up to
10 copies mr2 near the warm and nutrient -poor Caribbean and Solomon Sea. This is
likely due to Trichodesmiurg Uwx UT I 1 Ul OET wi OUwi T T 1T Uwl0Il Ox1 UEUU
9). Lab culture experiments have also shown that Trichodesmiurg tptimal growth is at
~26°C (Breitbarth, Oschlies, & LaRoche, 2007; Fu et al., 2014). UC¥R displays a
distribution similar to Trichodesmiunin the Pacific but appears in lower abundance in
the North Atlantic. This pattern may be driven by UCYN -! z Uwx OUPUDPYI wEOUUI OE |
temperature (Moisander et al., 2010) andhigher requirement for DIP (Figure 9).
Therefore, the phosphate-depleted North Atlantic (Mather et al., 2008; Wu et al., 2000)
may restrict the growth of UCYN -B. The diatom associated diazotroph Richeliagenerally
has lower depth-integrated abundance (below 10° copies nr?). But it thrive s when their
optimal temperat ure and nutrient requirements are met, e.g. in the warm and silicate -

rich Amazon River plume (Foster et al., 2007; Weber et al., 2016). In contrast, UCYMNA

presents a distribution distinct from other diazotrophs (Stenegren et al., 2018). For
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example, UCYN-A has recently been shown to actively fix Nzin the cold Arctic waters
(Harding et al., 2018). UCYN-A has asomewhat lower optimal temperature at around
24°C. It is the only diazotroph analyzed in study to be present at high abundance when
temperatures are below 10°C (Figure 9).

The meta-analysis at the global scale alsareveals someintriguing patterns not
necessarily captured by regional studies. For example, previous studies have attributed
depth niches to diazotrophs, with Trichodesmiunmand UCYN -A generally believed to
dominate at the surface and subsurface, respectively(Shiozaki, et al., 201&; Stenegren et
al., 2018). Although all diazotrophs generally decreasein abundance with depth, high
abundances (up to 1G copies L1) of Trichodesmiunand UCYN -A are observed down to
100 metersdeep (Figure 9). No clear separation of diazotrophic groups with depth is
found at the global scale (Figure 33).

As mentioned above, temperature seems to bean important predictor , setting a
distinct upper bound in abundance for each diazotrophic group (Figure 34). Similarly,
temperature has been shown to set the upper bounds for other biogeochemical processes
including the maximum growth rate of phytoplankton (Eppley, 1972). The ability of
diazotroph to reach maximu m abundance at a given temperature is likely modulated by
other growth factors, including light availability as a function of depth, nitrate,
phosphate, top-down control ( Wang et al., 2019 and other yet-to-be determined factors

(Figure 35). This may in part explain the different temperature -diazotroph relationships
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observed at regional scales (Church et al., 2009; Shiozakiget al., 2014). Our meta-

analysis also substantiates that diazotrophs may not be restricted to nitrogen-poor

waters. Although diazotroph s generally become less abundantwith increasing DIN,

they are still present, e.g. 18copies LTEE OY 1 wk w4 , wR6). ThisdUdddistént | w
with lab culture s showing substantial N2 fixation rates in the presence of high DIN

(Knapp, 2012).

A surprising result is that the d iazotroph abundances are generally negatively
correlated to phosphate concentration (Figure 9). This could be due to the correlation of
phosphate to other factors negatively impacting the diazotrophs (e.g. depth and
temperature) (Figure 35). When only considering data collected at surface (depth <5 m),
the negative correlations weaken dramatically, notably for the correlation coefficient of
UCYN -B changing from -0.24 to 0.23. After removing the effect of depth and
temperatur e using partial regression, the correlation coefficient between DIP and
diazotroph abundance except for UCYN -A become close to 0 and nonsignificant. Taking
these results into consideration, future studies need to evaluate and/or separate the
environmental controls from multiple non -independent properties. The N:P ratio and
iron also display an ambiguous relationship to the diazotroph abundances. Iron is a key
elementin nitrogenase enzymes (Hoffman et al., 2014) thought to influence the
distribution of diazotrophs (Moore et al., 2009. Becausesimultaneous field observations

of iron and diazotroph s are limited, it is difficult to evaluate the effects of iron on their
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global distribution (Figure 36). Furthermore, we find that t here is no clear relationship
between modeled Fe and the depth-integrated diazotroph abundances (Figures 37-40).

We also find that the correlation analyses between depth-integrated diazotrophs
and spatially and temporally matched contemporaneous satellite-parameters (Figures
37-40) generally support the relationships shown between volumetric diazotrophs
abundances andfield -measured environmental variables (Figure 9). In summary,
TrichodesmiumUCYN-B and Richelia blooms are generally found in warm and tropical
waters within the approximate range of 25°N and 25°S.0On the other hand, UCYN-A
dominatesin the subtropical and coastalwaters and is able to grow in temperate and
polar waters. Next, we use RF to estimate the depthintegrated abundance of

diazotrophs based onenvironmental fa ctors.
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Figure 9: Relationships between volumetric abundances of diazotroph and

field observed environmental properties

inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP) and N:P ratio

(DIN:DIP) color-coded by the density of observations (Eilers and Goeman, 2004) . The
relationships in full ranges of environmental properti

46

including depth, temperature, dissolved

esare shown in Figure 36.



3.3.2 Machine learning estimates and comparison to other model
simulations

Our RF estimatesare in line with observations, but with significant scatter
(Figure 41). In some cases, our algorithm produces false positives, i.e. incorectly
predicts the presence of a diazotroph when it is not observed in the original dataset. This
could result from some controls on diazotroph abundance not being included in our
predictors. For example, the work of Wang et al. (2019)shows that grazing may regulate
the abundance of diazotrophs. Below, we describe and compareat global and basin
scales ourestimateswith other model simulations (Dutheil et al., 2018; Hood, Coles, &
Capone, 2004; Monteiro, Follows, & Dutkiewicz, 2010; Paulsen et al., 201;/Ward et al.,
2013.

Global Ocean:As far as we know, only one other study has estimated the
distribution of diazotrophs other than Trichodesmiun{Monteiro et al., 2010).Analogs of
Trichodemsiumunicellular diazotrophs and diatom -diazotroph associations are
estimated to co-exist in that model. However, o ur RF method predicts distinct
biogeographies for the four major diazotroph groups (Figure 10). Trichodesmiums
prevalent in the tropical and subtropical ocean, dominating in the tropical Atlantic,
western Indian Ocean and western Pacific. In contrast, the UCYN -A distribution extends
from temperate to polar regions. UCYN-B shares a similar distribution as Trichodesmium
but has a smaller depth-integrated abundance. Richeliashows a relatively homogeneous

distribution in the tropical ocean with hotspots predicted in the Amazon River plume
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and near Hawaii, in agreement with observations from studies not included in our
training dataset (Villareal et al., 2012 Weber et al., 2016). In addition,diazotrophic
hotspots are predicted in coastal waters(e.g. eastern American coast, coast of islands in
the western Pacific), in line with the recent study of Tang et al. (2019. Generally, the R~
estimated distributions of diazotrophs combining TrichodesmiumUCYN-A, UCYN-B

and Richeliamatch the modeled distribution of N :zfixation by Tang, Li & Cassar. (2019)

Trichodesmium

180" W 90" W 0 90" E 180 E
90" N
60" N
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Iogm(nifH copies+1) m2

Figure 10: Simulated global distributions of (a)  Trichodesmium, (b) UCYN -A,
(c) UCYN-B and (d) Richelia.

Atlantic: The highest abundance of Trichodesmiunhas been reportedin the

western tropical Atlantic (Capone et al., 200%. This pattern is consistently captured by

our RF model and other simulations (Hood , Coles, & Capone,2004; Monteiro et al., 2010;
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Paulsen et al., 2017)While data arelimited in the Gulf of Guinea off Africa , the R~
model also simulate s a hotspot of Trichodesmiunabundance in this region. Our RF also
predicts seasonal cycles ofTrichodesmiumn the tropical Atlantic comparable to the
model estimate by Hood et al. (2004. A predicted shift from Trichodesmiunin the
western tropical Atlantic to UCYN-A in to the eastern tropical Atlantic matchesfield
observations (Benavideset al., 2016; MartinezPérez et al., 2016)On the other hand, the
simulated high abundance of UCYN -A south of 30°S deserves further confirmation since
only a few observations are currently available . The RFpredicted lower abundance of
UCYN-B in the North Atlantic matches field observations as described in Section 3.1
(Figure 8).

Pacific: The abundance of diazotroph s is low at the equator and high in flanking
subtropical waters (Figure 10). This pattern may be driven by iron limitation near the
equator especially in the eastern tropical Pacific (Ellwood et al., 2018; Knappet al., 2016).
Iron limitation is relieved in the western subtropical Pacific , notably close toislands
(Shiozaki, Kodama, & Furuya, 2014). RFestimates of the abundance of Trichodesmium
matchesa recent model based on thephysiology of Trichodesmiun{Dutheil et al., 2018).
On the other hand, Paulsen et al., 2017 shows high abundance oTrichodesmium
extending to the eastern Pacific.Also worth noting is a discrepancy in the N -S
distribution of diazotrophs. Monteiro et al., 2010 simulates substantially higher

diazotroph abundan ces in the North Pacific than in the South Pacific similar to the
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diazotroph biogeography constrained by the Fe:N supply ratio (Ward et al., 2013),
differing from our RF model, Paulsen et al. (2017) and Dutheil et al. (2018).

Indian: Few studies have expored diazotrophy in t he Indian Ocean (Figure 8).
Although models generally simulate vigorous diazotrophy in the Indian Ocean, there
are large discrepancies in the spatial distribution. The RFmodel predicts high
abundance of diazotrophs in the tropical waters near Madagascar and off the coast of
western Australia, which is consistent with field observations that captured
Trichodesmiunmand unicellular diazotrophs blooms in these areas (Holl et al., 2007,
Poulton, Stinchcombe, & Quartly, 2009). In comparison, Monteiro et al., 2010 and
Paulsen et al., 2017 simulate abundant diazotrophs in the Arabian Sea and the Bay of
Bengal, which is also supported by some studies (Jyothibabu et al., 2017).While non-
cyanobacterial diazotrophy is currently not simulated in all the models, recent studies
have highlight ed their potentially overlooked importance in the Indian Ocean (Bird &
Wyman, 2013; Shiozakiet al., 201b).

Other regions: Most models generally restrict diazotrophs to the oligotrophic
tropical and subtropical surface waters. However, this classic paradigm is increasingly
being challenged by observations of diazotrophs in aphotic, polar and coastal waters
(Bonnet et al., 2013; Harding et al., 2018; Tanget al., 2019) Our RF model predicts
diazotrophs, mostly UCYN -A, to be presentat higher latitudes in part because of its

lower optimal temperature and tolerance of high DIN (Figure 9). We note that this is
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speculative as we extrapolate beyond the ranges of some environmental factors used in
the model training. However, these predictions are supported by the recent report of
UCYN-A in Arctic waters (Harding et al. 2018). Our RF-algorithm may be used to guide
future sampling strategies. For example, while South Atlantic, Southern Indian Ocean
and polar regions have rarely been studied, our model predicts high abundance of

diazotrophs in these areas

N, fixation rate (unitiess)

N, fixation rate

Figure 11: Conceptual diagram of an alternative approach to model N : fixation
accounting for the granularity in the ecoph ysiologies of diazotrophs . (a) Distinct
environmental controls among diazotrophs are coupled with  (b) the distributions of
environmental properties to simulate (c) global marine N 2 fixation.

3.3.3 Caveats and limitations

Because of the limited number of gPCR observations, werestricted our study to
four of the major diazotroph groups. In reality, there is a multitude of diazotrophic
species,clades or sublineages.For example, UCYN-A1 and UCYN -A2 were combined
despite potentially having distinct niches (Farnelid et al., 2016; Thompson et al., 2014).
Similarly, diazotrophs associated with diatom s are combined into the single group

Richelia Recent studies have also highlighted the potential important of non-
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cyanobacterial diazotrophs (Delmont et al., 2018; Farnelid et al., 2011)ln addition,
estimating diazotroph abundances based on nifH gene copy numbers introduces errors
because of variations in cell-specific number of nifH gene copies For example,
Trichodesmiummay contain 1 to >600 copies ofnifH gene per cell(Sargent et al., 2016).
The presence ofnifH gene copiesalso does not imply expression of nifH genes and N
fixation.

As mentioned above, extrapolating beyond the range of observations (e.g. low
temperature), and not capturing the full range of environmental variables influencing
the abundance of diazotrophs may introduce uncertainty. While our updated database
includes new observations in the North Pacific, Southeast Pacific, the Indian and Arctic
Oceans, the majority of observations remain in the North Atlantic and western Pacific
(Figure 8). Macronutrient concentrations observed in the field do not necessarily reflect
true in situ biological nutrient limitation. Also, the observed diazotroph abundances may
represent a time-integrated response to environmental conditions . Lastly, spatial and
temporal mismatch may bias our estimates (e.g. using climatologies of environmental
factors instead of contemporaneous measurementsto estimate the depth-integrated

diazotroph abundances).

3.4 Conclusion

This study sets a foundation identifying regions worthy of further investigation

because they may bediazotrophic hotspots, undersampled, or with large discrepancies
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in model simulations. Our study also shows that four of the major diazotroph ic groups
display distinct biogeographic niches. Other diazotrophs not studied here (e.g. non-
heterotrophic diazotrophs) likely further diversify the range of marine ecosystems
where N: fixation may be prevalent. In light of the diverse ecophysiologies of the broad
spectrum of organisms fixing N 2 and their dependence on environmental factors, one
strategy may be to combine their individual distributions and diazotrophic activit iesto
represent global distribution of N 2 fixation ( Figure 11) akin to the growth rate as a
function of temperature for different phytoplankton (Eppley, 1972) . With a changing
ocean, he distributions of each group is expected to evolve differently . A more granular
representation of diazotrophs in earth system models may therefore improve our
projections of the feedbacks betweenmarine microbial communities and the

biogeochemical cycles of carbon and nitrogen.
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4. Revisiting the distribution of oceanic N2 fixation and
estimating diazotrophic contribution to marine
production

This chapter has been published in Nature Communications (Tang et al., 2019).It
is a collaboration with Seaver Wang, Debany FonsecaBatista, Frank Dehairs, Scott
Gifford, Aridane G. Gonzalez, Morgane Gallinari, Héléne Planquette, Géraldine Sarthou

and Nicolas Cassar.

4.1 Introduction

Approximately half of global primary production occurs in the oceans (Field et
al., 1998) In the vast expanse of the oligotrophic oceans, marine primary production is
limited by nitrogen (Moore et al., 2013) In these regions, nitrogen (N2) fixation by
diazotrophs has been hypothesized to be an important source of new nitrogen
ultimately influencing the uptake and sequestration of CO 2 (Capone et al., 2005;
Falkowski, 1997; Karl et al., 1997) For instance, in the North Atlantic subtropical gyre, a
significant seasonal carbon drawdown in the absence of measurable nutrients has been
attributed to episodic and patchy N : fixation events (Lipschultz et al., 2002; Michaelset
al., 1994) These events are however difficult to capture using current methods, which
rely on discrete sampling. Furthermore, most observations to date have been collected in
tropical and subtropical open oceans, overlooking the potential role of coastal regions

(Holl et al., 2007; ReesGilbert, & Kelly -Gerreyn, 2009).The limited number of
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observations impede our ability to close regional marine nitrogen budgets, scale
estimates globally, and identify factors controlling N 2 fixation (Gruber, 2016)

Marine N 2 fixation is generally believed to be regulated by various factors
including light, temperature, nutrients, and trace metal availability (Sohm, Webb, &
Capone, 2011) While low light, low temperature, and high bioavailable nitrogen h ave
traditionally been assumed to limit N 2 fixation, recent studies have reported significant
diazotrophic activities in darker, colder and more nitrogen -rich environments, thereby
broadening the putative biogeography of marine N : fixation (Bentzon-Tilia et al., 2015;
Bonnet et al., 2013fernandez, Farias, & Ulloa, 2011 Needobaet al., 2007) The discovery
of these new niches has been accompanied by increasing appreciation for the large
diversity of species fixing N 2, ranging from the well -known Trichodemium and diatom -
diazotroph associations (DDA) to more recently -recognized unicellular cyanobacteria
(Moisander et al., 2010)and non-cyanobacterial diazotrophs (Bombar, Paerl, & Riemann,
2016)

Taken together, the large uncertainty in regional and global budgets of marine N 2
fixation, associated with its patchy and recently broadened biogeography, demands new
tools to adequately map this important biogeochemical process. We recently deployed a
new method across more than 6,000 kilometers of the North Atlantic to revisit the
geographical distribution and assess the controlling factors of N 2 fixation. Our near -real-

time, continuous high -resolution measurements allowed us to locate hotspots of N2
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fixation and adapt our sampling strategy to characterize plank ton communities and
environmental properties (Cassaret al., 2018)(Appendix C ). The contribution of N 2
fixation to net community production (NCP) was simultaneously evaluated at high
resolution. Our new observations reveal hotspots of marine N 2 fixation along the Eastern
Seaboard, and highlight the overlooked significance of N 2 fixation to coastal and global

nitrogen and carbon cycling.

4.2 Results and discussion
4.2.1 N2 fixation distribution and controlling factors

Our survey revealed substantial variability and diel cycling behavior in surface
N2 fixation rates, which ranged from less than 0.01 nmol N L1 h-1to nearly 15 nmol N Lt
h-1 (Figure 12 and Figure 42). When integrated over 24-hour N 2 fixation diel cycles,
continuous estimates of daily surface N2if DPREUDOOWUE UI UwopAyPwe wUOwWNA 6
in line with discrete N 2 fixation rates concurrently determined by 15N:2incubations (n=7,r
=0.97,p < 0.01,Figure 12b and Appendix C ). To extrapolate surface measurements to the
entire euphoti c zone, we derived an empirical relationship between surface and depth-
integrated N 2 fixation rates (Figure 43). Our lower -end measurements of less than 10
5 O O O ur-dede within the range of published rates near Bermuda (Orcutt et al., 2001)
(Figure 12c). In contrast, highN2i PREUDOOWUEUT UwUIl EEheirthe wt YYY ws O
New Jersey coast are among the top 2 percent of rates ever reported in the global ocean

(Luo et al., 2012) further underscoring the high N 2 fixation along the continental shelf of

56



the eastern seaboard Mulholland et al., 2012), and the value of high-frequency
OEUI UYEUDPOOUWI OUwPETI OUPI apOT wi 6Uroe O)Etandawd I 1| wE OE
sharp contrast to open ocean areas, with depthintegrated N 2 fixation rates in the coastal

OEUT T UwUT EOQwOx1 OwOEI EOQWUEUT Bdrgpl 1 OO1 UUPEwWOT EQwO

Figure 12: N:fixation rates (NF) measured and calculated in Augus t 2015 and
2016 over the western North Atlantic Ocean. a, In-situ hourly surface volumetric N 2
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fixation rates determined by the continuous underway incubation method, overlaid
on chlorophyll -a concentrations measured by the MODIS satellite during the
respective cruise periods (Aug 3 to Aug 12 in both 2015 and 2016). Note that
chlorophyll -a concentrations are shown on a logarithmic scale. b, Calculated daily
surface volumetric N 2 fixation rates overlaid on the August climatology of surface
excess phosphateP* "E ~ "E'E "E"E ¥ ). Nutrient data were obtained from the
World Ocean Atlas 2013 version 2. Red vertical bars represent N 2 fixation rates
determined by the discrete dissolved !Nz incubation method during the 2015 cruise. c,
Estimated depth -integrated N 2 fixation rates overlaid on the August climatology of
subsurface excess nitrogen N* ("E ~ "E'E "E°E ).

Sea surface temperature did not appear to drive the spatial variability of N 2
fixation in our study area ( Figure 44 and Figure 45). In open ocean regions, Nfixation
rates varied substantially even when the temperature range was narrow. Moreover, high
Nz fixation rates were observed at temperatures ranging from 23°C off New Jersey to
30°C near the Florida coast. Fixed nitrogen is known to suppress Nz fixation, but the
threshold of inhibition differs among diazotrophs and can be fairly high (Knapp, 2012).
Observed dissolved inorganic nitrogen did not effectively regulate N3 fixation rates
(Figure 45). We also note that a recent study shows that these coastal waters may be
nitrogen limited in summer (Sedwick et al., 2018) In addition, the excess of nitrogen in
subsurfacewaters (. © . / 0/ p § commonly used as a geochemical proxy
for the distribution of N :zfixation (Gruber & Sarmiento, 1997), was not a strong predictor
of overlying N 2 fixation rates (Figure 12c and Figure 45). This comparison should be
interpreted with caution, as N* integrates over longer spatial and temporal scales than
our observations. N* is also not well resolved in coastal waters and may be affected by

other processes such as atmospheric nitrogen deposition(Benavides & Voss, 2015)In
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contrast, some of the N fixation hot spots coincided with high phosphorus concentration
and excess phosphous (0° 0/ . | 7p Pat the ocean surface Figure 12b and
Figure 45). Regions of N: fixation have been hypothesized to be coupled to areas of
denitrification via the upwelling of wa ters deficient in nitrogen relative to phosphorus
(Deutsch et al., 2007) The phytoplankton bloom near the New Jersey coast, where the
highest Nz fixation rates were observed, recurs almost every summer and may be
associated with local upwelling (Glenn et al., 2004) High N 2 fixation rates have also been
reported in other upwelling systems worldwide, including the equatorial Atlantic Ocean
(Subramaniam et al., 2013) the northwest African coastal upwelling % OOUI EE1 ! EUPUUE
al., 2017) and the BenguelaUpwelling System (Sohm et al., 2011) The excess
phosphorus may also result from terrestrial and/or riverine runoff. For example, N 2
fixation and carbon sequestration in the tropical North Atlantic were shown to be
enhanced by the Amazon River plume (Subramaniam et al., 2008)

A recent study in the Eastern South Pacific suggested Fe, rather than
phosphorus, may limit N 2 fixation (Knapp et al., 2016) questioning the spatial coupling
between Nz fixation and denitrification (Bonnetet al., 2017) However, we did not find a
strong relationship between dissolved Fe and N: fixation rates across our study (Figure
45). Dissolved Fe ranged from 0.5 nmol Lt near Bermuda to around 1.8 nmol L1 along
the Florida coast, which is higher than Fe measured in the EasternSouth Pacific. Fe

concentration is admittedly a poor predictor of Fe availability, as concentrations merely
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reflect snapshots of the complex interactions between sources and sinkgTagliabue et al.,
2017) Consequently, we calculated Fe* @ A & A 2 0/ ;where2

m | T&4& 1 T 0/ )toevaluate whether Fe potentially limits phytoplankton

growth (Parekh, Follows, & Boyle, 2005) Positive values of Fe* across the study area
indicate Fe was not limiting. The coupling between N : fixation and N loss may be a
dominant factor in regions where Fe is abundant, notably in coastal oceans. We
hypothesize that, in contrast to the Eastern South Pacific, North American coastal waters
support substantial N 2 fixation due to high sedimentary nitrogen loss (Fennel, 2010)and
high Fe input (e.g. from sediment and atmospheric dust deposition) (Conway & John,
2014)(Figure 46). Interestingly, N 2 fixation rates correlated well with dissolved
manganese (Mn) concentrations. While the correlation of Nz fixation to Mn could be
coincidental or symptomatic of other factors, it deserves further investigation as the
physiological requirement for Mn in marine diazotrophs is poorly characterized.

Our N 2 fixation measurements strongly correlated to satellite estimates of
chlorophyll -a concentrations ([Chl]) (Figure 12a and Figure 45). This is unexpected as N\
fixation is generally believed to be most significant where nitrogen is limited such as the
low biomass regions of the subtropical gyres. The low-[Chl] waters of the Sargasso Sea,
typically viewed as N 2 fixation hotspots (Leeet al., 2002) exhibited lower N 2 fixation
rates than those measured in the Mid-Atlantic Bight. This pattern was further supported

by a meta-analysis which showed that N 2 fixation is correlated to [Chl] in the global
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ocean (Figure 47). This pattern may be related to the stimulation of non -autotrophic N 2
fixation by organic matter in high [Chl] waters (Rahav, Giannetto, & Bar-Zeev, 2016)
However, while our field observations identify phosphorus, P*, and [Chl] a s predictors
of spatial variations in N 2 fixation in our study area, a meta-analysis of published results
shows that none of the putative regulating factors of N 2 fixation can satisfactorily
explain variations in volumetric rates globally ( Figure 47). We posit that N 2 fixation is
likely driven by a complex interplay of spatially -variable environmental factors, also
reflecting the heterogeneity and the large diversity of marine diazotrophs and their

niches.

4.2.2 Distribution of diazotrophic phylotypes

Diazotrophs and their potential hosts were identified via high -throughput
guantitative 16S rRNA and 18S rRNA gene sequencing from our 2015 cruise (Methods).
Although the 16S rRNA gene approach differs from the nifH method for characterizing
diazotrophs in term s of specificity and coverage (Gaby & Buckley, 2014) it provides
some insights into the broad distribution of diazotrophs. To address the cases where
organisms may not be capable of N fixation despite sharing a similar 16 rRNA gene
with diazotrophs, we o nly searched for diazotrophs known to fix N 2 among our 16S
rRNA gene sequences. Distinct diazotrophic communities were found to dominate in
different ecological domains (Figure 13a). Heterotrophic groups which include members

known to be diazotrophs (3 U UKQWo et al., 2014 were more abundant than
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diazotrophic cyanobacteria in the open ocean, where N: fixation was relatively low.
These observations are consistent with recent recognition of the widespread distribution
of non-cyanobacterial diazotrophs, whose activities remain poorly constrained (Bombar,
Paerl, & Riemann, 2016).Trichodesmiunpeaked off South Carolina. Richelia intracellularis
showed relatively high abundances in the oligotrophic open ocean and peaked in coastal
waters, where its hosts - Rhizosoleniand Hemiaulus- were also found at relatively high
abundances Figure 13b). The most striking N 2 fixation hotspot off the New Jersey coast
was likely driven by a UCYN -A bloom that reached 2x10 16S rRNA gene copies L,
which is of comparable magnitude to UCYN -A abundances (2.53.5 x 10 L) observed
previously in the same region using the nifH method (Mulholland et al., 2012). One of
Across all samples, the ratio of UCYN-A (16S rRNA gene)B. bigelowii(18S rRNA gene)
varied from 0.1 to 35 with median of 0.24. The two organisms cc-occurred in most
samples, consistent with previous studies that suggest obligate symbiosis (Cabello et al.,
2015 Thompson et al., 2013. There is a growing interestin UCYN- z UwUOQUUUE Quw
physiological and ecological traits (Zehr et al., 2016) Its genetic diversity, evolution, and
the niches inhabited by its different lineages deserve further investigation. Meanwhile,

its presence in the coastal oceans provides new opportunities to study this unique
organism. The divergent geographic distribution of different diazotrophs in our research

area likely reflects their respective niches. For example, warm seawater is more
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favorable to Trichodesmiun{Breitbarth, Oschlies, & LaRoche, 2007)while UCYN-A

prefers temperate environments (Moisander et al., 2010) This difference may partly

explain why Trichodesmiunabundances peaked off the South Carolina coast (~30°C)

while UCYN -A dominated in regions with lower temperatures (~23 °C). Overall, the

guantitative 16S rRNA and 18S rRNA gene sequencingmethods revealed spatial

patterns of diazotrophs and their hosts despite the assumptions of our quantitative

sequencing methods (Satinsky et al., 2013) e.g. equivalent recovery efficiency for both

the standard and the natural sequences in the sample Appe ndix C).
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Figure 13: Absolute rRNA gene abundances of various diazotrophs and their
potential hosts in surface seawater collected during the 2015 cruise. The inset map
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shows the locations where molecular samples were collected. The distributions of
diazotrophs (a) and hosts (b) are compared with surface daily N 2 fixation rates (solid
red line). Diazotrophs and hosts below detection limits at different sampling

OOEEUDPOOUWEUI wOOUwWUT OPOwWwDbOwWUT 1 wdigkdtrophic 6 w? . UT 1 U
proteobacteria belonging to Bradyrhizobium , Mesorhizobium , Novosphingbium , and
Paenibacillus .

4.2.3 Variable contribution of N2 fixation to new production

N2 fixation has been estimated to be an important source of new nitrogen in
oligotrophic waters, supporting as much as 50% of new production (Karl et al., 1997;
Mourino -Carballido et al., 2011), yet the contribution of N 2 fixation to productivity in
coastal oceans remains relatively understudied (Benavides et al., 2013)To assess the
proport ion of production fueled by N 2 fixation, we combined N 2 fixation observations
with underway estimates of NCP based on high -frequency measurements of the
dissolved O2/Ar ratio (Methods). NCP was mostly positive, with higher rates along the
North American co ast where high [Chl] and N 2 fixation rates were also observed (Figure
14a). NCP was relatively low in the open ocean likely due to nutrient limitation. As a
rough estimate, we converted N2 fixation rates and NCP to their carbon equivalents
using a theoretical C:N:O2 stoichiometry of 106:16:138. Regional differences in
stoichiometry would modify but not erase the large gradients of N 2 fixation and NCP
observed over our cruise transects. We found that the contribution of N 2 fixation to NCP
varied substantiall y over the western North Atlantic ( Figure 14b). Across large portions
of the oligotrophic subtropical ocean, no more than 20% NCP was generally fueled by
N2 fixation (with some high excursions). Other mechanisms of nutrients supply, such as
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revised estimates of vertical nitrate flux (Stanley et al, 2015) must therefore be invoked
to support the NCP rates we observed and those that have been reported in the Sargasso
Sea. In contrast, the ratio of N fixation to NCP exceeded 50% in some regions off te
Cape Hatteras and New Jersey coastsKigure 14b). The high contribution of N 2 fixation

to primary production off the New Jersey coast is supported by dual -tracer 5Nz and 13C
incubations (Figure 48). Despite methodological differences between these techiques,
both methods independently capture similar spatial patterns of contribution of N 2

fixation to biological carbon fixation (see NCP estimates in Methods). Our results

highlight that N 2 fixation is not only high in coastal regions, but may also contri bute

significantly to marine production.
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Figure 14: Distribution of Net Community Production (NCP) and contribution
of N 2 fixation to NCP. a, Color-coded NCP with negative values shown in grey color
scale. b, Distribution of th e ratio of N 2 fixation -supported carbon production to NCP.
Circle size in (b) represents the magnitude of NCP, contextualizing the large
uncertainty in calculated ratios when the denominator (i.e. NCP) is small.
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4.2.4 Updated N2 fixation budget and global implications

To contextualize our findings, we performed a meta -analysis combining 5Nz
incubations collected during our cruises with discrete N :fixation measurements
compiled from the literature, not including our und erway continuous measurements
(Figure 49). Our updated database contains over 80% more depthintegrated
observations (1172 points in total) than the most up-to-date database currently available
in the literature (630 points) (Luo et al., 2012) Less than 15% of obervations reported in
the literature were collected in coastal waters. However, these observations support our
findings of high N 2 fixation rates in the neritic environment ( Figure 15), notably on the
eastern American coast(Capone et al., 2005; Mulholland et al., 2012) eastern Arabian
Sea(Gandhi et al., 2011)and estuaries of the Baltic SegBentzon-Tilia et al., 2015) The
similar magnitude of depth -integrated N 2 fixation rates in coastal and open oceans leads
to significantly higher volumetric N :fixation rates in the coastal oceans due to shallower
integration depths (Figure 15and Appendix C ). However, recent reports of N2 fixation
in the deep ocean(Bonnet et al., 2013; Fernandez et al., 20)Inay reverse the pattern of
marginally higher depth -integrated N2 fixation rates in coastal waters if N 2 fixation is

integrated to the aphotic zone of the open ocean.

66



O
o

1 1L I 1

["1Open 5445 _
100 4 |[C__ICoastal 56£5 L +

1 I

Open 0.5+6.8
L [(—ICoastal 1.444.6

s
\S)
o
B
[=}
o

o]
o
1
T
w
o
o
i
T

200 - o

B
o
1
T
=
o
o
L
T

Number of non-zero data points
N (o2}
o o
1 L
|
Number of non-zero data points

(=]

t 0 T T T T
10 10 10° 10* 1% 102 10" 10° 10" 107 10°
Depth-integrated N2 fixation rates (pmol N m2 d'1) Volumetric N2 fixation rates (umol N m= d'1)

2 2

c 120 1 1 1 1 1 d 300 1 1 1 1

[_lopen0.87.6 [ JOpen 962
1004 |[[ICoastal 1.5:5.0| L 250 - [ ICoastal 3442

o]
o
1
T

B
o
L
|
T

N
o
L

Number of non-zero data points
[=2]
o
1
\
Number of data points

&
o
T

L[ B - 50 1 L -
0 [ l rﬁ’ mlls! 7_q=\=r 01+ — !:ﬁ': [ L1 —==
10° 102 10" 10° 10" 107 10° 1 10 100 1000

Integration depth (m)

Surface volumetric N, fixation rates (umol N m* d'j)

Figure 15: Histograms comparing N 2 fixation rates in open and coastal oceans.
a, The magnitude of depth -integrated coastal N 2 fixation rates (red) is slightly larger
than N 2 fixation rates in the open oceans (blue). Volumetric N 2 fixation rates at all
depths (b) and at the surface (c) are generally higher in coastal regions than in the
open ocean. d, Integration depths used to calculate the depth -integrated N 2 fixation
rates from the volumetric N : fixation rates. Geometric means and geometric standard
deviations are shown in the legends.

In light of these new observations, we re-asessed the budgets of marine No
fixation globally as well as separately for the neritic and oceanic regions (Figure 50). Our
updated geometric and arithmetic mean estimates of marine N 2 fixation for the global
ocean at 70.8 Tg N yrtand 196.1 Tg N yrtrespectively, are slightly higher than other

estimates (Grol3kopf et al., 2012; Luo et al., 2012fTable 3 and Table 4). Earlier studies
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report coastal Nz fixation rates of 15 Tg N yr-1, with most activity associated with benthic
diazotrophs (Capone, 1988. Our updated analysis shows that a significant portion of N 2
fixation is also occurring in the water column of coastal regions, contributing an
additional 6.6 (geometric) or 16.7 (arithmetic) Tg N yr 1 to the global budget. This
nitrogen input could support t he equivalent of 95 Tg C yrt of primary production. These
updated N 2 fixation budgets have large uncertainties since they are sensitive to the
extrapolation method to scale the sparse data to the global ocean. Recent studies have
also identified methodolo gical issues in historical observations which could lead to
under- or over- estimations (Dabundo et al., 2014;Mohr et al., 2010) However, the
number of observations resulting from the revised dissolved 5Nz incubation method is
currently too limited to derive robust global estimates. Nevertheless, after accounting for
both aquatic and sedimentary N2 fixation, the coastal oceans may play a larger role in

the nitrogen cycle than previously considered.
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Table 3: Nz fixation rates in the open and coastal ocean compared with
previous studies. Uncertainties are shown in parentheses. a. Arithmetic estimates ; b.
Geometric estimates in italics ; c. Station weighted estimates. 177 Tg N yr -1 is obtained
after correcting for the underestimation due to incomplete dissolution of BN2in
incubations; d. Range of mean N: fixation rates for different latitudinal bands. Mean
N2 fixation rates in latitudinal bands are shown in Table 4.

Area Range of rates Flux
Estimates Measurements
(16km?) 4y O0O0O0adHw  (Tg Nyr)

1.2-397.3 16.7 (14.3)
Coastal ocean 143 24.5
1.2-160.2 6.6 (0.3)
7.5-288.9 179.4 (143.4)
Open ocean 857 290.2
7.4-90.9 64.2 (2.2)
1.2-397.3 196.1 (144.1)
Global sum 1000 314.7
1.2-160.2 70.8 (2.2)
13-590 137 (9.2)
Luo et al., 2012 630 288.5
7.9120 62 (5273)
GrolRkopf et al., 2012 335 215.1 19115 17F

Using an underway method recently developed in our lab for continuous high -
resolution N 2 fixation measurements, we mapped N2 fixation at unprecedented scales
across the western North Atlantic, identifying hotspots of N :fixation in the Mid -Atlantic
Bight. Our study challenges the classic paradigm of N fixation distribution and further

underscores the central role coastal regions play in the global cycling of nutrients and
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carbon (Bauer et al., 2013). With coastal regions being exposed to everincreasing
anthropogenic disturbances (Doney, 2010) expansion of coastal monitoring efforts using
high -resolution methods will be critical to evaluate ongoing biogeochemical changes

and their global repercussions.
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5. Unusual distribution of marine nitrogen fixation and
diazotrophs revealed by high-resolution sensing and
sampling methods in the western North Atlantic

This chapter is a collaboration with Elena Cerdan Garcia, Hugo Berthelot,Despo
Polyviou, Seaver Wang Alison Baylay, Hannah Whitby, Héléne Planquette, Matthew

Mowlem, Julie Robidart, and Nicolas Cassar.

5.1 Introduction

Nitrogen (N 2) fixation, conducted by a group of specialized microorganisms
called diazotrophs, provides the largest external nitrogen input into the ocean (Gruber &
Galloway, 2008; Sohm, Webb, & Capone, 2011). Aleviating nitrogen limitation over a
large portion of the global surface oceans, N fixation supports new production and net
oceanic carbon uptake (Capone et al., 2005; Karl et al., 1997; Ko et al., 2018). Over
geological time scales, N fixation is belie ved to compensate for nitrogen removal from
denitrification and anammox (Deutsch et al. , 2004). The balance between these microbial
processes influences oceanic productivity, export of carbon to the deep ocean and
ultimately atmospheric CO 2 concentrations (Falkowski, 1997; Michaels, Karl, & Capone,
2001), therefore understanding the factors regulating N: fixation and diazotrophs is
important to evaluate and to predict changes to nitrogen and carbon cycling in the
global ocean.

The dominant environmental con trols on Nz fixation rates and diazotrophs in the

global ocean remain elusive. Various factors have been proposed as controls, including
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temperature (Moisander et al., 2010), phosphorus Qeutsch et al, 2007; Safiude
Wilhelmy et al., 2001), iron (Bonnet etal., 2018; Knappet al., 2016), zooplankton grazing
(Wang et al., 2019) and a combination of multiple factors (Mills et al., 2004; Weber &
Deutsch, 2014). In the North Atlantic, phosphorus and iron are believed to be the major
factors regulating diazotroph s (Mills et al., 2004; Moore et al., 2009; Ratten et al., 2015;
Safudo-Wilhelmy et al., 2001; Straub et al., 2013). However, observations used in these
analyses are mostly distributed in the central and eastern North Atlantic, leaving the
western and temperate North Atlantic relatively undersampled. In addition, although
pioneering studies on N: fixation date back to the 1960s in the Sargasso Sea (Dugdale,
Menzel, & Ryther, 1961), much of the early work focused on large-size Trichodesmium
colonies captured via plankton nets (Capone et al., 2005). This sampling technique may
overlook the potential role of small unicellular cyanobacterial (e.g. UCYN -A) and non-
cyanobacterial diazotrophs, whose importance is increasingly recognized (Delmont et
al., 2018; Martinez-Pérez et al., 2016; Moisander et al., 2017). Thusside from
Trichodesmiumthe diazotrophic community in the western North Atlantic remains

poorly characterized. Since N2 fixation is the cumulative product of the diazotrophic
activity of different microorganisms, a more comprehensive characterization of
diazotrophs is required to resolve the environmental controls on N 2 fixation in the North

Atlantic.
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To that end, our study re-visits some of the regions explored in Tang et al. 2019
including the hot spots along the US Eastern Seaboard, and extends observations to
higher latitudes (30°N -43°N) using a method we recently developed to estimate N2
fixation continuously (Cassar et al., 2018). We couple these measurements with a newly
developed high -frequency autonomous microbial molecular sampling approach to
contextualize these rates with diversity and gene expression patterns of N-fixing
organisms (Robidart et al., in prep). This combination of high -resolution N 2 fixation
observations and molecular sampling allows us to capture and characterize episodic

diazotrophic blooms, and evaluate their environmental controls

5.2 Materials and methods
5.2.1 Sample collection and analyses

During a 10-day cruise between July 29 and August 7, 2017 traveling from
Bermuda to the Nova Scotia coast to the New Jersey coast and back to Bermuda, surface
seawater (~5 m) was continuously pumped via a trace-metal clean tow-fish system
(GeoFish) into the laboratory aboard the R/V Atlantic Explorer This seawater was used
for nutrient, trace metal, and microbial molecular sample collection and for N 2 fixation
incubations. Nutrients (nitrate+nitrite and phosphate) were sampled in acid -washed 15
mL polyprop ylene tubes (Falcon, Corning, USA) and immediately preserved in a -20°C
freezer. Nutrients were then analyzed with an Automatic Nutrient Analyzer on land.

The detection limits for nitrate+nitrite and phosphate were 0.0 14 , w EOE w YOoYhKws, w
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respectively. Trace metals were collected and analyzed following GEOTRACES
protocols (Cutter et al., 2010). The detailed description of the trace metal sampling and

analyses can be found in Wang et al., in review in ISME Journal.

5.2.2 Measurement of N2 fixation rates

Surface N: fixation rates were measured continuously underway via Flow -
through incubation Acetylene Reduction Assay by CAvity ring -down Spectroscopy
(FARACAS) (Cassar et al., 2018) (Figure @a). Net community production rates (NCP)
were concurrently estimated based on continuous dissolved Oz/Ar measurements by
equilibrator inlet mass spectrometry (Cassar et al., 2009). By calculating the carbon
fixation potential supported by the new nitrogen supplied from N :fixation, the
contribution of N 2 fixation to NCP was assessedfollowing Tang et al. (2019) with some
caveats and limitations. Nz fixation rates and primary production at discrete stations
were also measured using the dissolved N2 and 3C addition methods (Mohr et al. ,
2010). The detailed description of theisotope incubation protocols can be found in

Berthelot et al., 2017

5.2.3 Molecular sampling

Molecular samples were collected at high frequency using a newly developed
autonomous filtration system: MAPS (Robidart et al., In prep) (Figure 16b). Briefly,
around 2 L of seawater taken from the tow -fish system was filtered through a 0.2 um

Sterivex filter (Millipore, MA, USA) approximately every hour. The Sterivex filters were
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further preserved by adding RNAlater solution and stored in a -80°C freezer within 24
hours. In addition to hourly sampling by MAPS, we collected discrete molecular
samples in triplicate nearly every 6 hours (i.e. ~4 times daily). Depending on particle
concentrations and biomass, approximately 1.5 L to over 4 L of seawater was filtered on
each Sterivex filter using a peristaltic pump. The Sterivex filters were flash -frozen in
liquid nitrogen and stored at -80°C. These filters were later used for DNA and RNA
analyses. A portion of the data from the MAPS samples as well as from the discrete

molecular samples collected at around noon local time daily are presented in this study.

5.2.4 DNA, RNA extractions and cDNA generation
DNA and RNA were extracted from the Sterivex filters using the AllPrep
DNA/RNA Mini kit (Qiagen, MD, USA) followingthe OEOUiI EEUUUI Uz UwbOUUUUE
was digested from RNA samples using a RNase-free DNase set (Qiagen, MD, USA) and
the RNA Clean & Concentrator kit (Zymo, CA, USA). The DNA and RNA extracts were
guantified using the Qubit ™ DNA/RNA HS Assay Kit (Invitrogen , CA, USA) according
UOwUT 1T wOEOUI EEUUUI Uz Uwl UPEI OPOI Ubw( OWEEEDPUDPOOO

using RNA chips on an Agilent 2100 Bioanalyser (Agilent, CA, USA).

5.2.5 nifH PCR amplification, amplicon sequencing and sequence
analysis

Diazotroph ic communities were characterized by sequencing nifH genes from 9
discrete samples collected at around noon during the cruise. DNA extracted from

stations 7, 8 and 9 were pooled together due to their low DNA concentrations. nifH
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genes were amplified using a nested PCR protocol gehr & Turner, 2001), using second
round PCR primers (nifH1 and nifH2) that contain lllumina tag sequences. nifH
amplification and P CR conditions are described in Turk et al., 2011 Equimolar
concentrations of nifH amplicons were pooled and sequenced using the Miseglllumina
platform at the Environmental Sequencing Facility in National Oceanography Centre
(Southampton, UK).

We used QIIME1 to process the amplicon sequencing data (Caporaso et al., 2010).
Raw sequences were merged and gality filtered, whereby sequences with a quality
score <20expected number of errors >1,and reads <208bp long were removed using
USEARCH (Edgar, 2010). Sequences were clustered into operational taxonomic units
(OTUs) at 97% sequence identity after remaving the chimeras via UPARSE (Edgar,
2013). Representative sequences frommifH OTUs were assigned putative taxonomies

using the BLAST resource on NCBI.

5.2.6 Quantification of nifH genes and expressions

The abundance and expression ofnifH genes from selected major diazotroph taxa
were guantified using quantitative PCR (gPCR) and reverse transcription gPCR (RT-
gPCR), including TrichodesmiumUCYN-A, and CrocosphaeréChurch et al., 2005).

Complementary DNA (cDNA) was synthesized from purifi ed RNA using the

NN o~ s oA N

T UPEI OPOI UOwWUUDPOT why wOT wOi wxUUDI Pl Ewl- wl RUUEE

76



nifH2 and nifH3 primers (Turk et al., 2011). Negative controls (no -RTs) were generated

for each sample in parallel. Protocol of gPCR reaction conditions and thermocycling

parameters are described in Robidart et al., 2014 Briefly, the reactions were prepared in

96-well optical reaction plates with optical caps (Applied Bios ystems, CA, USA) and run

on a Realtime PCR System (Roche LightCycleP 96 Instrument, Germany) with the

following thermocycling settings: 95°C for 75 seconds, 45 cycles of 94°C for 15 seconds
ECEwWKkNS" wi OUwt YwUT EOOEUS w31 | wtipiGte@idwUl EEUDOOU W
EOOUEDPOI Ewhk wsQwail w, BRW( wopdiOYDUOUOT T O0Ow" Ows2 2
MgCl2UOOQUUDPOOOWNG Wt ws Owdi wk wO# wOUEOI EUI wi Ul 1 whEU
Ul T wi OUPEUEWEOGEWUI YT UUI wxUDOI UU Empy-lableds , wi DOE Ow
BEQ®, EOQOwxUOET wopyYd!l ws, wi POEOWEOOE]I OUUEUPOOAWEODE w
series ranging from 10° to 107 gene copies were used for each reaction. Negative controls
EOOUEDOI E wl wy O-ued watek (Mdbiony CA BSN) ifstéd d of the template

DNA and were run on each plate to check for contamination. All negative controls

showed no amplification. The efficiency of the gPCR reactions ranged from 98.6% to

107.2%, with an average at 103.7%.

5.2.7 RT-gPCR of phosphorus stress maker gene expression in
diazotrophs

To characterize the physiological status of diazotrophs, we designed primers and
standards targeting the pstSgene for phosphorus stress for both Trichodesmiunand

UCYN-A. pstSgene expression was quantified using RT-gPCR to evaluate potential
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nutrient limitation in diazotrophs collected near noon across large spatial gradients
(stations 1-9). We normalized pstStranscription LUl EPE Ul UwU O wUdifH WEDE &4 OU U «
gene abundances, and we reported both transcriptsL-* and transcripts per nifH copy for

Trichodesmiumand UCYN -A.

5.3 Results and discussion
5.3.1 Distribution of N fixation rates

Large spatial variations in surface Nz fixation rates were observed in the
northwestern North Atlantic, ranging from less than 0.1 to over 160 nmol N L -1d-
(Figure 1646 w3 T DPUWEOUUI Ux OOEUWUOWE x x ARaEAEDE U1 Oa wWK WE
applying the equation for converting surface volumetric to depth-integrated rates as
presented in Tang et al. (2019)(Figure 51). FARACAS N: fixation agreed strongly with
the results of discrete >Nz incubations over a wide range of rates (n=22, r=0.7, q<0.01;
Figure 52). While the oligotrophic open ocean is tr aditionally believed to harbor
conditions favorable to N 2 fixation, we found relatively low N :fixation rates in this
Ul T BDOOwpl 1 001 UUD E wé ik Naiv@tionudari halveveOstli@ceasior@lly
support a large fraction of local net community production (NCP) and net primary
production (NPP) due to lower NCP and NPP offshore (Figure 17).

High N 2 fixation rates were primarily located in relatively nutrient -rich, cold
subpolar North Atlantic and coastal waters from Nova Scotia to the Mid-Atlanti ¢ Bight

ol 1 601 OUPE wOI E O wAdi).mrhelintesai: xatiGruin caaStal waters has

78



recently beenreported by Tang et al. (2019) However, such high N 2 fixation rates as
those that we observed in the subpolar North Atlantic has rarely been detected in the
subpolar oceans anddeserve further exploration. N 2 fixation has been reported at
measurable rates in the Arctic Ocean (Shiozaki et al., 201®; Sipler et al., 2017) and
temperate areas (Needobaet al., 2007;Shiozaki et al., 2015). The appearance ofelevated
rates that we measured off the cold Nova Scotia coast (above 25 nmol N i dtin 13°C
seawater) further extends the distribution of high N 2 fixation rates (Figure 16). Despite
their substantially smaller surface area (~5.7xD° vs 1.6x10 km?), the Nz fixation flux in
the subpolar gyre including the coastal waters (~3.7 Tg N yr) exceeds the flux in the
subtropical gyre (~1.4 Tg N yr-1) within our research area (30°N to 45°N and 60°W to
80°W) when assuming the constant N2 fix ation rates over the entire year. Our estimate of
disproportionately large N 2 fixation fluxes in subpolar and coastal waters confirms the
high contribution of N 2 fixation in the North American continental shelf waters, which
was estimated to be 0.32 Tg N y-1between Cape Hatteras and Nova Scotia (3945°N) by
Mulholland et al., 2012. Estimates of N inputs from N 2 fixation in the North Atlantic
range between 4.3 to 89.6 Tg N y# (Benavides & Voss, 2015), and have mostly been
derived from tropical and subtro pical regions. Our work highlights overlooked N -
fixation fluxes in the coastal ocean and the subpolar gyre,which could be significant

contributors to global N 2 fixation.
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Figure 16: N2 fixation rates and molecular sampling sites. a. Nz fixation rates
(colored points) superimposed over surface currents (arrows). The 200 m bathymetry
is depicted by the solid black line. The position of the Gulf Stream is roughly shown

by the strong surfa ce currents. b. MAPS samples are shown as cyan circles and
discrete noon samples (number 1 -9) are shown as red stars overlaid over satellite
mean sea surface temperatures observed during the cruise. The subpolar gyre and
subtropical gyre are separated by t he north wall of the Gulf Stream (purple line)
which is defined as the intersection of the 15°C isotherm with the 200 m isobaths
(Fuglister & Voorhis, 1965).

Extremely intense N2 fixation activity observed near the New Jersey coast
reached the top 1% of N fixation rates ever reported in the literature (Luo et al., 2012).
The annual recurrence of these diazotrophic blooms makes thisregion one of the most
significant N 2 fixation hotspots in the global ocean, alongside the tropical North Atlantic
(Capone etal., 2005), the westerntropical South Pacific (Bonnet et al.,, 2017) and the coast
of the eastern Arabian Sea (Ahmed et al., 2017; Gandhi et al., 2011). Phytoplankton
blooms in the Mid -Atlantic Bight are generally thought to be enhanced by nutrients
suppli ed from physical mixing, upwelling (Xu et al., 2011), and riverine runoff (Moline

et al., 2008). Here we demonstrated that N\ fixation could also be an important source of

80



new nitrogen, contributing substantially to both NCP (up to over 80%) and NPP (over
30%) in this area (Figure17). We should interpret the fraction of NCP fueled by N 2
fixation with caution mainly because of the differences in timescales of incubation and
integration. FARACAS estimates hourly and daily N 2 fixation rates while O 2/Ar -NCP
observations integrate productivity over a few days in this region. However,
simultaneous measurements of Nz fixation and NPP in 1N 2- and *°C- addition
incubations avoid such bias shown in Figure 17b. N2 fixation and marine production are
thus closely linke d, albeit with significant spatial variations in the western North
Atlantic. These results also underline the need for further investigation of poorly

sampled and unexplored regions for N 2 fixation.
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Figure 17: Role of Nz fixation (NF) in the marine productivity . (a) Contribution
of NF to net community production (NCP) and (b) to net primary production (NPP).

5.3.2 Diazotrophic communities

During the transition from regions of low to high N 2 fixation , the diazotrophic

community shifted dramatically from Trichodesmiurmmand non-cyanobacterial
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diazotrophs dominating in the subtropical gyre to UCYN -A in the subpolar gyre and
coastal areas(Figure 18). For example, Trichodesmiunaccounted for over 50% of nifH
gene sequences at sttions 1-2. In contrast, UCYN-A constituted a greater portion of nifH
gene sequences at stations -%. Unidentified diazotrophs observed in the subtropical

gyre matched an organism (accession number: AF016613.2 in NCBI) sampled within the
same region in Zehr, Mellon & Zani. (1998). Over our study area, low N 2 fixation rates
were observed when non-cyanobacterial diazotrophs were abundant. In addition,
Crocosphaerand Richeliawere not detected in nifH amplicon sequencing. Crocosphaera
abundances werealso below the limit of detection in gPCR. Nevertheless, a portion of
the diazotrophic community may not be amplifiable with the sequencing primers used
in this study (Delmont et al., 2018), requiring refined primers to fully capture the
diazotrophic comm unity. Different spatial shifts of diazotrophs distributions have
previously been observed in the North Atlantic (Benavides et al., 2016; Ratten et al.,
2015) and in the western Pacific (Bonnet et al., 2015Chen et al., 2019; Stenegren et al.
2018). However, the potential factors driving such community changes vary spatially

and are not fully understood.
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Figure 18 Relative abundance of nifH OTUs recovered from community DNA
in discrete samples collected near noon daily . ?0thers? includes non -cyanobacterial
diazotrophs, unidentified diazotrophs and unassigned sequences.

5.3.3 Controlling factors on the distribution of Nz fixation

The spatial distribution of N 2 fixation rates paralleled phosphorus availability
(Figure 19 and Figure 53). Median N fixation rates were nearly 8 times higher when
dissolved inorganic phosphorus (DIP) or excess phosphorus (P*=DIP-DIN/16) exceeded
Y 6 Y k w4 Ao@roiithe Gulf Stream (Figure 54). In the subpolar gyre and coastal
waters, high DIP concentration may result from multiple processes including riverine
runoff, and physic al advection and diffusion (He et al., 2011; Nixon et al., 1996). In
contrast, DIP is depleted in the western subtropical North Atlantic (Mather et al., 2008;
Wu et al., 2000). Our results are consistent with modeling work suggesting phosphorus
limitation of N 2 fixation in the subtropical North Atlantic (Coles & Hood, 2007).

Although the transport of excess phosphorus across the Gulf Stream has been
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hypothesized to sustain Nz fixation in the subt ropical North Atlantic (Palter et al. , 2011),
relatively lower N 21 PREUDPOOWUE U1 4 ap@ie yhgawedindie subtrogical
North Atlantic in our study.

Iron is another potential factor limiting N 2 fixation (Moore et al., 2009). We
measured relatively high dissolved iron (D Fe) concentration (0.56 to 1.83 nmol L) over
our research area (Figure53), matching previous observations (Conway & John, 2014;
Rijkenberg et al., 2014). Thes@®Fe concentrations were generally higher than the iron
half saturation constant for the growth of Trichodesmiun{Boatman et al,, 2018). While \o
fixation was highest in regions with elevated DFe (Figure 54), a stoichiometric excess of
DFe @A $&A2 z$);Where2 m { | 19 &I T $))0Parekh, Follows, &
Boyle, 2005) suggested thairon was not limiting in our study area (Figure 53), a state
consistent with findings from recent nutrient addition experiments (Sedwick et al.,
2018). We acknowledge thata higher iron requirement has beenfound in diazotrophs
compared to other phytoplankton (Kustka et al. , 2003). The excesBFe at some coastal
stations could become negativeif increasing the DFe:DIP ratio by over 10 fold,
indicating Fe limitation. Overall, we propose that a fraction of the excess phosphorus
supply to the surface waters north of and near the Gulf Stream is assimilated by
diazotrophs, supporting intense N 2 fixation w here iron is available along the pathway of
phosphorus transport. Downstream of this phosphorus transport path way, the

subtropical gyre harbors less N: fixation due to phosphorus depletion upstream.
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Other good predictors of N 2z fixation include some trace metals e.g. dissolved
copper (DCu) and dissolved manganese ODMn), and chlorophyll -a concentrations ([Chl])
(Figure 54). Although copper may be toxic to diazotrophs and phytoplankton (Lopez,
Lee, & Mackey, 2019), a positive correlation was found between N fixation rates and
DCu. Manganesehas been shown to be essential for some terrestrial N-fixing bacteria
(Hood et al., 2017; Tucker et al.2001)but the physiological requirement for manganese
in marine diazotrophs is not well understood. Manganesehas similar sources asiron in
the ocean, including lithogenic dust deposition, sediments and rivers (Hulten et al.,
2017). Surface DIP may also be provided by riverine influx and coastal sediments
(Paytan & McLaughlin, 2007). A relationship between DCu, DMn and N 2 fixation
activity may simply reflect supplies of DIP or co-occurrence with other unrecognized
factors beneficial to Nz fixation in our study area (Figure 55). Finally, N 2 fixation rates
were highly correlated to [Chl] (Figure 54). This result further emphasizes the presence
of Nz fixation in highly productive regions in addition to in oligotrophic areas (F onseca
Batista et al., 2018; Tang et al., 20)9However, it is unclear whether N : fixation drives
increases in [Chl] and marine production or whether N 2 fixation is enhanced after
depletion of nitrogen relative to phosphorus and release of organic matter by

phytoplankton blooms.
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5.3.4 Controlling factors on the distribution of diazotrophs

Absolute nifH gene abundances indicate that Trichodesmiunwas more abundant
than UCYN -A in the subtropical gyre while UCYN -A dominated in the subpolar and
coastal oceans (Figurel9), paralleling spatial patterns of their relative abundances
shown in Figure 17. Temperature may be the dominant factor driving such community
shifts, with phosphorus availability acting as a secondary influence (Figure 19and
Figure 56). Trichodesmiunteached maximum abundances (3.7x10nifH copies L?) at
stations 2 and 7 near or within the Gulf Stream, where seawater was warm (28°C) and
DIP was low. Their nifH gene transcription was also high here compared to other
regions. This pattern may be driven by Trichodesmiurg Uwx UT i 1 U1 OET wi OO wi BT T
temperature with an optimal growth temperature at 27°C (Breitbarth, Oschlies, &
LaRoche, 2007) and their ability to exploit diverse sources of dissolved organic
phosphorus (DOP) (Dyhrman et al., 2006; Sohm & Capone,2006). Our results support
those presented in earlier studies (Lipschultz & Owens, 1996) suggesting that the Gulf
Stream serves as a transport highway for TrichodesmiumThis strong current carries
Trichodesmiundirom the tropical Atlantic and along the Eas tern American coast to
temperate oceans (Figure57). This may explain why Trichodesmiunwas captured by
continuous plankton recorder sampling at high latitudes as far as the British Isles
(Rivero-Calle et al., 2016). Thusthe Gulf Stream may also transport diazotrophs and

nitrogen incorporated into current waters via N 2 fixation in addition to its physical
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transport of nutrients (Pelegri & Csanady, 1991). Transport ofTrichodesmiunis also
observed in the Kuroshio current in the North Pacific (Shiozaki et al., 201%), indicating
the potentially widespread role of strong western boundary currents in transporting
diazotrophs. Although Trichodesmiunwas also present in coastal and cold waters, their
nifH gene transcription was undetectable (Figure 19). This may indicate physical
transport of inactive Trichodesmiunor growth on nitrogen species other than N 2. The
activity and preferred nutrient strategies of Trichodesmiumin the cold higher latitudes
warrant further study.

In contrast, UCYN-A was more abundant in subpolar and coastal areas where
temperature was low and phosphorus was more available. UCYN -A abundance reached
4x10 copies L1 near the New Jersey coast (Figurel9), among the highest abundances
ever reported in the literature (Luo et al., 2012). The highest N fixation rates across our
transect was likely driven by this UCYN -A bloom. High transcription of the nifH gene of
UCYN-A in coastal waters implies an active role in Nz fixation. This hotspot may well
have been missed without the high-frequency sampling by MAPS . The hypothesized
host of UCYN-A - Braarudosphaera bigelowialso thrived in this area (Figure 58), with co-
occurrence patterns suggesting it plays a key role in the regional microbial community
(Wang et al., in review in ISME Journa). The UCYN -A/B. bigelowiiassociation has
recently been reported the waters off California and Brazil coasts and in other

environments (Cabello et al., 2015; Ribeiro et al, 2018; Needham et al., 2018), suggesting
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widespread importance. High transc ription of the nifH gene of UCYN-A in coastal
waters implies their active role in N 2 fixation. The highest UCYN -A abundance observed
during our cruise occurred in ~24°C seawater, in line with its predicted optimal
temperature (Moisander et al., 2010). However, our observations revealed high
abundances (up to 1@ copies L1) in colder environments with temperatures as low as
13°C near Nova Scotia (Figuresb3 and 56). This is also consistent with a recent report of
UCYN-A actively fixing N zin the Arctic Ocean (Harding et al., 2018). These unexpected
findings expand the temperature -based distribution of active diazotrophs, a critical
result for future N 2 fixation observation and modeling efforts. Taken together, some
models may be consequently underestimating the Nz fixation budget by setting the
threshold for N 2 fixation based on the physiologies of Trichodesmiumoverlooking the
role of other diazotrophs in temperate and polar regions. Furthermore, UCYN -A was
more abundant under higher DIP concentrations (>Y 8 Y k w 4)QRiyGreuss). This is
consistent with Robidart et al. (2014 but contradicts the fin dings of Stenegren et al.
(2018)who showed a negative correlation between UCYN -A abundance and DIP
concentration. This discrepancy highlights our limited und erstanding of the yet-
uncultivated UCYN -A group, motivating further physiological observations.

The shift in diazotrophic community structure between subtropical, subpolar
and coastal waters andits relation to corresponding changes of environmental contr ols

was further confirmed and visualized by a redundancy analysis (Figure 59). Overall,

89



correlation analyses suggest that the best predictors of diazotroph abundancesvary
between N2-fixing species, potentially helping to explain why no single environmenta |
factor is significantly correlated to N 2 fixation rates at the global scale (Tang, Li, &
Cassar, 2019)Ultimately, measurements and modeling of N 2 fixation require
observation and simulation of more diverse diazotrophs across varying oceanic biomes.
We note that our assessment ofenvironmental controls on N 2 fixation and diazotrophs
were evaluated based on available observations with the caveatthat there may be
unobserved factors playing important role, including potentially top -down controls

(Wang et a., 2019).

5.3.5 Expression patterns of an inorganic phosphorus stress marker
gene in diazotrophs

We further evaluated the nutrient stress experienced by the dominant
diazotrophs by examining the expression of their phosphorus uptake genes, which have
barely been quantified in diazotrophs. pstSexpression in Trichodesmiunwas only
detected in the subtropical gyre with the highest transcription observed at station 2
(Figure 20a). In contrast, UCYN-A exhibited high pstStranscription in subpolar and
coastal seawaters where inorganic phosphorus concentration was higher (Figure 20b).
However, pstStranscription normalized to nifH gene abundance was significantly lower
in these subpolar and coastal regions compared to the subtropical gyre, indicating that
phosphorus limitation may be stronger in the subtropical regions where DIP was

depleted. In addition, substantially higher abundance -normalized pstSexpression
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occurred in UCYN -A compared to in TrichodesmiumUCYN-A may have experienced a

stronger phosphorus stress while Trichodesmiunwere able to employ other phosphorus

uptake strategies (e.g. hydrolyzing organic phosphorus) to mitigate phosphorus stress.

This is consistent with a previous study suggesting the importance of DOP metabolism

in Trichodesmiuntollected from the North At lantic subtropical gyre (Rouco et al., 2018).
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Figure 20: Phosphorus stress patterns in Trichodesmium (a) and UCYN-A (b)
detected at 9 discrete stations.

5.4 Conclusion

pStSIUCYN-A

By applying hig h-resolution biogeochemical and biological sampling techniques,

we captured contrasting large -scale distributions of N 2 fixation and diazotrophs from

the subtropical North Atlantic to the US East Coast Substantial variations in diazotroph

abundance were doserved within a small geographic area thanks to our high -resolution

sampling method, further demonstrating the patchy spatial distribution of diazotrophs.
Changes in Nz fixation rates and shifts in diazotrophic community structure were best

explained by phosphorus availability and temperature gradients respectively. Taken

together, our results imply that the environmental controls on N 2 fixation and
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diazotrophs were different. Acknowledging such diversity of diazotrophs and
differencesin controlling factors across various types of diazotrophs, the observation
and modeling of N 2 fixation will need to consider multiple dominant diazotrophs and a
wide range of environmental properties moving forward . Making p hysiological
measurements of diverse diazotrophs and conducting large-scale observations at high
resolution over broad oceanic regimes will be necessary to improve our understanding

of Nz fixation and our ability to model N 2 fixation in a changing climate.
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6. Conclusions

In this dissertation, | investigated the distribution and controlling factors of
marine N 2 fixation and diazotrophs at the local, regional, and global scales.

| first updated the global database of marine N 2 fixation to identify factors
potentially regulating its distribution. However, no single environmental factor
examined in this study was a strong predictor of marine N 2 fixation rates at global
scales. Therefore, | appliedtwo machine learning algorithms to simulate the global
biogeography of marine N 2 fixation and estimate global oceanic N: fixation flux es
Comparison between the machine learning estimates and other model simulations
showed large discrepancies in the simulated magnitude and distribution of N 2 fixation
POwUT 1 wb &él hippthesid®Ethat important factors regulating N 2 fixation may
not be captured by current models, explaining some of the discrepancy. Alternatively,
the diverse diazotrophs responsible for global marine N 2 fixation may respond to
different limiting factors because of their distinct niches.

In light of this , | further extended the meta-analysis to also include marine
diazotroph distribution . By more than doubling the number of observations of marine
diazotr ophs in the databasecurrently available in the literature , a global assessment
revealed distinct environmental controls on different diazotrophs. A machine learning
method was also used to estimate the distributions of four major diazotrophs in the

global ocean.
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The global evaluations of marine Nz fixation and diazotrophs uncovered broad
oceanregions with limited observations. | applied a newly developed method to map N 2
fixation rates in a large portion of the western North Atlantic. The unprecedented hi gh-
frequency measurements captured hotspots of Nz fixation along the American Eastern
Seaboard in contrast to the low rates in the oligotrophic Sargasso Sea. The contribution
of Nz fixation to marine production was assessedt high resolution as well by coupling
these observations with in situ dissolved O2/Ar -estimates of net community production.
Through a meta-analysis, | showed that marine N: fixation is likely important along
other coasts

The diazotrophs community structure was also characterized at high spatial and
temporal resolution in the western North Atlantic using a novel sampling technique.
Along with the changes in N : fixation rates, diazotrophs shifted from Trichodesmiumin
the Sargasso Se#&o UCYN-A in the subpolar and coastal waters alongthe Eastern
Seaboard. This pattern was likely driven by the changes in temperature, phosphorus and
iron availabilities.

Our understanding of N 2 fixation and diazotrophs is rapidly improving thanks to
the increasng OUOET UwoOi wOEUI UY E U pad.d plan B Reepupdatingptfiel OE 7 Uw O
database of N fixation and diazotrophs through compiling data from recent published

papers and through my own measurements in other under -sampled ocean regions such
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as in the Arctic Ocean and the Southern Ocean. These obgegations will help to better
characterize the physiology, distribution, and activity of diazotrophs.

In summary, this dissertation shed light on the marine N2 fixation flux and
diazotrophic community structure in the North Atlantic and in the global ocean . By
critically analyzing how different environmental factors shape the distributions of
marine N 2 fixation and diazotrophs, this dissertation provided a foundation to improve
the simulation of N 2 fixation in global biogeochemical models and ultimately the

evaluation of nitrogen and carbon cycles under changing oceans and climate.
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Appendix A (Chapter 2)

Caveats, uncertainties and future improvements

1. Sparse and uneven distribution of observations, and mismatch of N 2 fixation
observations with predictors

While our training dataset includes new observations in the South Pacific, the
Indian and Arctic Oceans (which were not available in Luo et al. (2014)), the majority of
observations remain in the North Atlantic Ocean (Figure 2). For example, only 6 points
are available in the Indian Ocean. This uneven and sparse distribution of observations
may bias the statistical models by giving some regions more weight. Given that factors
regulating N 2 fixation likely vary between biomes and regions (Monteiro, Dut kiewic z, &
Follows, 2011; Ward et al, 2013; Weber & Deutsch, 2014), models based on data mainly
collected in the warm and oligotrophic waters of the Atlantic and Pacific Ocean may not
accurately represent the other regions, including the recently discovered niches of Nz
fixation in cold and/or nutrient -rich waters. In addition, spatial and temporal mismatch,
and the coarse spatial and temporal resolution of our predictors and predictand may
introduce noise. Some of the predictors may also work over longer timescales or larger
spatial scales than the ones captured by the shoriterm incubations. Finally, some
environmental factors like nutrient supply ratios (Ward et al., 2013) may be better

predictors of the presence or absence of diazotrophs rather N fixation ra tes. Overall,
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observations over broader swaths of the oceans will help further refine the
biogeography and magnitude of oceanic N2 fixation.

2. Difference in methods measuring N 2 fixation

Our models rely on measurements of Nz fixation collected by three di fferent
incubation methods (i.e. ARA, 5Nz gas addition, and dissolved N2 addition). The
uncertainties, assumptions and drawbacks of each method introduce biases and noise in
our predictions. In line with this, training the algorithms with each individua | method
leads to significantly different biogeographies of N : fixation (Figure 22). The ARA
method detects bulk N2 fixation rates including the particulate and dissolved products
(Mulholland, 2007), but suffers from variable conversion stoichiometry of ac etylene
reduction to N 2 fixation (Wilson et al. , 2012) and other issues presented in Cassar et al.
(2018). It also displays a geographical bias with most applications being conducted in
the North Atlantic. The 15N2gas addition method is the most commonly used method so
far. Unfortunately, it has been shown to underestimate N 2 fixation rates because of
incomplete gas-liquid equilibration of the N2 tracer (Mohr et al., 2010) and other issues
(Bombar et al., 2018). While a correction may be applied for the incomplete equilibration
(Bottjer et al., 2016), it comes with significant uncertainty because of variability in the
degree of disequilibrium between studies. The dissolved N 2 addition method is how
believed to give the best estimates ofin-situ Nz fixatio n rates. However, the

measurements are too few at this time to meaningfully train our machine learning
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algorithms (Figure 2). Finally, varying depths of integration may also lead to significant
uncertainties. Some studies report Nz fixation rates integrated over the euphotic zone
while others report rates to a specific depth (e.g. 200 m). The recent discovery of aphotic
N2 fixation (Fernandez et al., 2011) exacerbates this issue. Although rates of Mfixation
are low at depth, they may be significant when integrated over deep water columns.
Observations should therefore be reported to a depth relevant to N2 fixation to simplify

inter -study comparisons.

98



a : Mean (pmol N m2 d:1) . d . Mean (pmol N m2 d:‘) i

180° W 90 W 0 90'E 180 E 180° W 20 W 0 90 E 180 E
90N 90N
60 N [ 60°N
30°N 30°N

0 0
30°s 30°s |
60 S 60°'S
90°'s 90°'s

Standard deviation (umol N m2 d'1); e Standard deviation (umol N m2 d'1)a

180° W 90 W 0 0 E 180 E 180 W 90w 0 90 E 180 E
90°N = 1000 9N
60N g > 60°N
30°N 3 100 30°N

0 ? N 0
30°s : ohy 10 30°s
60 S 60 S
90's : 1 90°s
c . = f . .

- Coefficient of variation 5 i Coefficient of variation .

180° W 90 W 0 90 E 180 E 180" W 90 W 0 90 E 180°E
90N 1
60’ N | 0.8
AN 06

0
S 0.4
60°S 0.2
90's 0

Figure 21: Mean, standard deviation and coefficient o f variation of global N 2
fixation from 100 bootstrap reconstructed N : fixation datasets by random forest (RF, a-
C), support vector regression (SVR, d -f) respectively.
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Figure 22 RF (ac) and SVR (d-f) model predictions of N 2 fixation based on

observations collected with a single method. a, d. Acetylene reduction assay (ARA). b,

e. 15Nz gas addition. c, f. Dissolved N2 addition.
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supply ratios are from Ward et al. (2013).
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Standard deviation

Figure 27: Taylor diagram of N 2 fixation rates (logarithmic scale) estimated by
different models with the alph abetical order shown in Figure 5 , with the estimate by
RF (a) as the reference value. Dashed blue and dotted green lines represent the
correlation and centered root -mean-square difference (RMSD) between estimates by
RF and other models, respectively. Solid black line s, the radial distance from the
origin, represent the standard deviation of the spatial distribution estimated by each
model, with lower values indicating less spatial variability.
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Appendix B (Chapter 3)

Trichodesmium
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Figure 28: Volumetric abundance of Trichodesmium within 6 depth ranges.
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UCYN-A
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Figure 29: Volumetric abundance of UCYN -A within 6 depth ranges.
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Figure 30: Volumetric abundance of UCYN -B within 6 depth ranges.
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